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Quantum size effects in metal films: Energies and charge densities of PHL1) grown on Cu(111)
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Energies and electron densities of free-standinglPH slabs consisting of 1 to 15 layers have been
determined by means aib 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 @f8Efs for the
total energies in agreement with experiments by Toenetied. [Europhys. Lett10, 341(1989], who moni-
tored the epitaxial growth of thin Pb films on a @&1) 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 scatteriSgirf. 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 by1h& Cu
substrate, are important factors when it comes to a quantitative comparison between theory and experiment.
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l. INTRODUCTION resistivity* the Hall coefficient® and the critical tempera-
ture in superconducting film&all of which depend all on the
Electron confinement causes quantization, and hence newgnsity of states at the Fermi energy. To our knowledge, no
fundamentally interesting and possibly technologically rel-clear direct experimental evidence exists so far for QSE-type
evant phenomena. A good example is the occurrence of smscillations in the work function of metallic films. Moreover,
called quantum size effectQSE’9 (Ref. 1) in thin metal the recently discovered oscillatory interlayer coupling be-
films, where conduction electrons move quasifreely in theween two ferromagnetic layers separated by a nonmagnetic
lateral (x,y) directions, while their motion perpendicular to spacet’ has been found to be closely related to the appear-
the film surface(z), is quantized in a particle-in-a-box-like ance of quantum well states at the Fermi level in the spacer
fashion. Many other nanostructured systems are known tthin metal film!® These experimental findings inspired a
exhibit QSE, ranging from “zero-dimensional” freand de-  great amount of theoretical work, amdb initio calculations
posited clusters and islandisyver fractal aggregattsand  have been performed which confirmed the experimental long
quasi-one-dimensional, chainlike structutesto two-  and short range periods of the oscillatidRsdovel applica-
dimensional arrangements such as semiconductometal tions of these QSE’s such as giant magnetoresistance and

films. tailoring of magnetic sensors and spin valves, are nowadays
While QSE’s have long been known to exist in the subject of a number of first-principles studi&$!
semiconductor§, their occurrence in metallic, quasi-two- In this paper we study oscillations in the energies and the

dimensional structures has been established only more relectron densities of thin nonmagnetic metal films. To this
cently. On the basis of self-consistent jellium calculations,end first-principles slab calculations using gradient-corrected
Schulté predicted that a number of electronic propertiesdensity functional theoryDFT) have been carried out for the
would exhibit oscillations as a function of the metal film example of PtL11) films consisting of 1 to 15 monolayers
thicknessD due to QSE’s. These properties include, among(ML’s). Oscillations in the total energy are expected to in-
others, (1) the total energy(2) the electron density inside fluence the growth mechanism of a film, while differences in
and outside the film(3) the density of states at various en- the electron densities—in particular in the “vacuum” re-
ergies, and4) the work function. Several theoretical studies gion, i.e., outside the metal—should, indirectly, determine
asserted that characteristic oscillations should also exist fahe work function and hence, for example, the reactivity or
“real” metal films, when treated by more sophisticated first- the spectroscopical properties of the system.
principles electronic structure methdti! Examples have The motivation to study lead films comes from two key
been reported for A¥® Li,2° Rh& and Pb filmst! experiments by Toennies and co-workers. The first one re-
Experimentally, QSE’s were first seen for metals in thevealed, by helium atom scatteritglAS), oscillatory behav-
pioneering work of Jackleviet al. who measured tunnelling ior in the total energies with the number of Pb monolayers
currents in metal-metal oxide-metal juncticiisand later in  during the epitaxial film growth on a €111) substraté? In
low-energy electron transmission experiments by Jonkeparticular, regions were identified where a double-layer
et al!® Since then, QSE-related oscillations have been foungrowth pattern dominated over a layer-by-layer mode, sug-
in other transport properties of thin films, such as the electrigesting that “magic numbers” exist for extended film struc-
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tures, as well as fofmeta) clusters? In the second, more ergy functional in the space of the plane-wave expansion
recent experiment HAS was used in an interferometric modeoefficients. Geometry optimization is achiewdd a BFGS
to measure the “apparent step height” of Pb layers grown omminimizer2 Finally, since we are dealing with metallic sys-
Cu(111).%® Roughly speaking, in this experiment one probestems, we take advantage of the improved convergence
regions of constant electron density above the film, andjelded by smearing the occupation of the bands around
therefore the extent of the “spill-out” of the electrons into E-r by a finiteT Fermi function and extrapolating to
the vacuum. Again, characteristic oscillations were foundr— g K 34.31
with a double-layer period, which show that the electron
density outside the film is influenced by QSE'’s, as predicted
by Schulte” Toennies and co-workers rationalized their find- B. Specifics for Pb films
ings in both experiments nicely with the help of particle-in- L , )
a-box—type models. The major aim of the present contribu- Th.e initial convergence tests to determine suitable com-
tion is to provide a more solid theoretical understanding ofPutational parameters were done for bulk Pb. For the primi-
the underlying physics, which also accounts for the “real” tive unit cell (1 Pb per layer, with a 5X5X5 k-point mesh
electronic and geometric structure of thin Pb films. To thiswhich corresponds to 1R points in the irreducible part of
endab initio electronic structure theory is applied, supportedthe Brillouin zone(IBZ) according to the Monkhorst-Pack
by more simple concepts. algorithm® and with a plane-wave energy cutoff @,

The rest of the paper is organized as follows. In Sec. |l the=320eV the experimental lattice constant agxp:4.95A
methodology of the present calculations is outlined, togethe(Ref. 36 could be reproduced to within 2%,.=5.02 A).
with a few specific numerical details. In Sec. liklayer Pb The use of larger cutoff energies krpoint meshes did not
films (n=1—15) are studied to rationalize oscillations in the alter this value significantly. A Fermi broadening of 0.2 eV
total energies. The role of interplane relaxation of the Pb iorwas chosen to smear out the Fermi surface according to the
cores is investigated by comparing the results of calculationfinite-T scheme mentioned above. Total electronic energies
with and without structural relaxation. We observe trendswere converged to withiss2x 10’ eV/atom.
that are consistent with the growth mechanism of lead films The convergence also of other computed properties was
on Cu11l) suggested in Ref. 22. The computed interlayerchecked carefully. For the QSE to be studied below an ac-
distances for the optimised geometries are compared tourate determination of the Fermi surface and the band struc-
experiment® In Sec. IV theab initio based method used to ture aroundEg is crucial. Increasing th&-point mesh to 7
compute the apparent step heights is outlined, and the resultg7x 7 (20 k points in the IBZ did not alter the computed
are presented and related to experinfénit.turns out that  band structure for bulk lead significantly—the bands around
not only the interplane relaxations but also the inclusion ofE. were typically shifted by~0.1 eV to lower energies,
intraplane strain imposed by the @d1) substrate is an im-  without notable influence on their shapes and widths. Also,
portant factor when it comes to a quantitative comparison t&pin-orbit corrections play only a minor role for the band
the HAS dat&’ Finally, Sec. V contains a summary of the structure aroundt,. This conclusion was drawn from com-

work and our conclusions. paring our scalar-relativistic calculations for bulk Pb to
an older DFT calculatiof in which spin-orbit coupling
Il. METHOD had been included. Our Fermi surface was in quantitative
N agreement with the spin-orbit corrected one by Herral3’
A. Generalities In particular, the numbers and positions of those points along

For performing ground-state electronic structure calculahigh-symmetry lines in the IBZ that arise from the crossing
tions on the PE11) slabs within the DFT formalism, we Of bands withEg, were in excellent agreement. For ex-
have used the Cambridge Serial Total Energy Packagample, there are two bands which cré&salong thel'K line
(casTEP, employing a supercell geometfy. The program at|k|=0.52 and 0.7[k« — k| according to Ref. 37, whereas
solves the periodic Kohn-Sham equations of density funcwe find two points at 0.55 and 0Kk —kp|, respectively.
tional theory(DFT).2® For all calculations the generalized- For bulk Pb the Fermi surface arises from the two lowegst 6
gradient approximatiofGGA) was used in the form given levels, whereas thestband is located between about 11.5
by Perdew and Wang. For the 14 8l, 6s, 6p Pb valence and 6.9 eV belowEr. Band widths in the Fermi region as
electrons a plane-wave basis set is used, the size of which vgell ass-p band gaps at various points are in good agree-
determined by an energy cutof, and the volume of the ment with Ref. 37, typically to within a few tenths of eV.
unit cell?® The ionic cores of the Pb atoms are representedRemaining differences are mainly due to the use of different
by fully separable, ultrasdft pseudopotentials. A scalar- functionals in both works. Significant differences due to
relativistic treatment has been chosen in which the mass vepin-orbit coupling are found almost exclusively for bands
locity and the Darwin terms are retained in the full-core po-well aboveEr. An exception to the rule is a spin-orbit split-
tential, while neglecting the spin-orbit correctfdrof the  ting of about 1.5 eV observed in Ref. 37 for the two lovger
fully relativistic pseudopotentiaf As will be argued later, levels at pointW of the IBZ which are situated close By ;
this single-component approach does not affect any of outhis splitting is not recovered in our calculations. In general,
conclusions significantly. however, the electronic states arouBd are largely unaf-

Further, conjugate gradient and density mixingfected by spin-orbit effects, and we expect the same for the
scheme®* are used for iteratively minimizing the total en- QSE’s to be studied below.
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For the film calculations below, free-standing Pb films in

periodic slab geometries were employed; the presence of a S

Cu(11l) substrate was treated indirectlyee below. For a Q2 «----« unrelaxed (a)
film consisting ofn Pb monolayers, the unit cell contains L leesy =— relaxed
atoms. A 5x5X 1 k-point mesh was used, corresponding to g .

5k points in the irreducible Brillouin zone, together with the Ly -teses

cutoff energy determined for the bulk. The convergence cri-

teria were 5<10 % eV/atom for the electronic energy, and —

r.m.s. atom displacements less than 0.01 A and forces less %, -1664.5 |

than 0.05 eV/A for the geometry optimization. Unless stated g

otherwise, a vacuum gap of 13 A was employed. This gap S emast

was sufficient to yield energies converged to within 1 “é

X 10"2eV per layer. More importantly, the electron density -1665.1 |

tails in the vacuum region are very sensitive to the vacuum 1 3 5 7 9 11 13 15
gap between slabs. This in turn makes the calculation of the n

apparent step heightsee below sensitive to the choice of

vacuum gap The Value Of 13 A |S SuffICIent fOl‘ these pur' FIG. 1. (a) M0n0|ayer energief(n)/n for relaxed and unre-

poses. laxed PI§111) slabs as a function of the number of monolayers
The slab calculations have been carried out with and withtb) corresponding energy differencA€(n) [Eq. (1)].

out geometric relaxation of the ion cores. Relaxation ) )

amounts to optimizing the interlayer distances within a cellll B). Closer inspection shows that from=1 ton=6 three

of fixed volume, since the shortest Pb-Pb distance within Scillations with a double-layer period are presgimegion

layer is fixed by virtue of the periodic boundary conditions.A™ ), and similar oscillations occur between=10 andn

This latter distance wasy,/2/2=3.55A, slightly larger =14 (“region C"). Betweenn=7 andn=9 the oscillations

than the experimental value of 3.50 A. In the unrelaxed cal@re basically absent‘region B”). As we have carefully

culations the intraplane distance was also fixed at the thegshecked the convergence of the total energies and of the

retical bulk valuedy=age/v3=2.90A. Finally, to include smgIeTpartche energies at the Fermi I_evel over_tehp_omt

the strain imposed on the Pb films by the rigid(CLd) sub- s_ampllng(see Sec. I B these changes in the_oscnlatlon pe-

strate in an approximate way, calculations with in-plane”OdS cannot be due to numerical inaccuracies. Conversely,

compression were carried o(gee Sec. IV C for details the oscillations in regior\ suggest that there films with an
even number of monolayer®,4,6, are more stable than

those with an odd numbei,3,5, whereas in region C the
odd-layer slab$11,13,15 are energetically favored over the
The first part of this work aims at an understanding oféven oneg10,12,14. This suggests further that in regions A
QSE'’s previously detected during the growth of Pb overlay-and C double-layer growth should prevail to maximise sta-
ers on a C(111) substraté? Total energy calculations of the bility, whereas in region B monolayer-by-monolayer should
type described above were carried out on Pb slabs@@itty ~ dominate. In fact, Toenniest al. have observed precisely

surfaces, ranging from 1 to 15 layers thick. this kind of behavior for Pb growing on €14.1), i.e., for up
to n~ 25 there are regions dominated by a double-layer pe-

riodicity with monolayer-by-monolayer regions between
) ) them. The oscillations are damped at largewhich is con-

In Fig. 1(a) we show the total energy per monolayee.,  sjstent with Fig. 1, and they are completely absent when Pb
per atom E(n)/n as a function of the number of layers in the jg deposited on Rf11) where exclusively monolayer-by-
slabn both for the unrelaxed and the relaxed geometries. It i~°mono|ayer growth takes plaé@.
seen thaE(n)/n is more negative at largex, with only little From a theoretical viewpoint, QSE in the total energies
structure in the curve. For larger, E(n)/n gradually ap-  are not new, not even for Phll). They have been found
proaches a constant value which in the limit is equal to thgfor n<7) by means of periodic Hartree-Fock calculatidhs.
energy per atom in the bulk. Note that geometry optimizationn more simple but insightful terms the oscillations arise,
lowers the total energies, as expected, but the overall effegfccording to Schulté,because the quantized one-electron
of interplane relaxation on the total energy trend is small. energies decrease with increasing film thickness: then, every

A quantity which is much more sensitive to QSE’s is thetime such a level falls below the Fermi eneifgy it becomes

Ill. ENERGETICS OF THIN Pb FILMS

A. Total energies and energy differences

energy difference filled suddenly thus leading to a discontinuous energy jump.
In a simple particle-in-a-box type picture, the one-electron
AE(n)=E(n)—E(n—-1) (D energy levels afe
which is shown in Fig. (b). Now, clear oscillations which h2(K2+k)?  h2m?j?
are “damped” at highein become visible, both for the un- gj(ky,ky)= ;m Y 4 >mD2 +vg, 2

relaxed and the relaxed geometries. These oscillations arise
from the occupation of electronic levels close to Fermi surwherem is the electron mas@ssumed to be isotropidik,
face (see Ref. J, which arep-like as for the bulk(see Sec. and#k, are the electron momenta for free motion along

235405-3



MATERZANINI, SAALFRANK, AND LINDAN PHYSICAL REVIEW B 63 235405

andy, D is the box width, taken to be equal to the film -2
thickness,j>0 is a quantum number, angy a constant. o AT AT
Equation(2) clearly reflects how the energy levels are stabi- < -6 N N T e
lized with increasing film thickness. e (a)
Another equally intuitive and simple viewpoint was sug- P
gested in Ref. 22 where it was argued that the oscillations [ R S
can also be explained with the magnitude of the so-called 2 0 (b)
misfit, defined as e
—_ 1
A 2 /A.,\ J— e
S(n)= ndo—mf‘. ©) ;g_? SN (c)
I
(n is the number of layers], the distance between two lay- e 7n g

ers, \g is the Fermi wave length, anah an integer which

makess a minimum. The confining potential of the film is FIG. 2. Percentage interlayer relaxatiods, [Eq. (4)] for
modelled by a box of widttb=nd,. Whenevers is large  Ph(111), as a function of slab thickness Shown are the relax-
the standing electron waves do not fit properly into this boxations of the distance between the fif&tp) and second laye(a),

and the film is less stable. The mis#itn) as a function oh  the second and third layeb), and the third and fourth layec).

will be shown below; for now it is sufficient to say that _Th_e_dashed, horizontal lines are the experimental values for a semi-
according to Toenniess(n) correlates nicely with the ob- infinite PH111) surface(Ref. 24.

served growth pattern monitored with HAS. _ _
less pronounced than for tlig, 2) pair as might be expected,

and then=15 value of6,3is +2.4% and thus in good agree-
ment with experiment, which gives 1.9+ 1.4% 2* For the
Although the occurrence of QSE-related oscillations in(3, 4) pair we find only a small relaxation parametéy,,
the energies does not depend on interplane relaxation, theéhose sign depends on the layer thickness. The “fin&J}
latter is substantial, and does influence the apparent stefor n=15) of about+0.5% is smaller than the experimental
heights to be calculated below. It is therefore worthwhile tovalue of + 1.6+ 1.8% 2% Taking the experimental error bars
discuss the effects of geometry relaxation a little further andnto account and the fact that a film is still different from a
to judge on the quality of our calculations by comparing tosemi-infinite surface, the magnitude of the geometric relax-
experiment. Let us define ation is captured reasonably well by the calculations.

B. Interplane relaxation

Smi(M)=[Z,(n)=Zy(n) = (I=m)do]/do X 100% (4) IV. CHARGE DENSITIES OF THIN Pb FILMS

as the percentage measure for the geometric relaxation of the
distance between tHéh and themth layers within am-layer . . ,
film. The convention used is that the outermost layer is the N this section we are concerned with the second key ex-
first one. HereZ,(n) is the position along of the ions in perlmentgl finding mentioned above, r_1amely the occurrence
layerl, andZ,(n)— Z,(n) is the optimized distance between of oscillations of the apparent step heights of _Pb films when
the two layers while I(—m)Xd, is the corresponding dis- 9rown on Culll), measured by interferometric HAS.In
tance in the unrelaxed case. Since the geometric relaxation {3€S€ €xperiments every time a monolayer of lead was half-
in general different for different slab thicknessess,,, de- completed the grov_vth process was halted, the energy of the
pends om. In Fig. 2 we Showd, (), 853 (b), anddy, (c), as  Nelium beam was linearly increased from 12 to 80 meV and
a function ofn. a _t|me-of-fI|ght spectrum was recorde(_i, from which the
By considering Fig. @) we find thats,, is (i) negative helghti of consecutive layers were obtained. The_\ term “ap-
and (ii) oscillates, approaching a final value of abotB%. parent hlnts_to Fhe fact Fhat not only the geometric distance
The first observation means that the distance between the tg}F™Veen the ionic cores in complete and half-complete 'aye.fs
and the second layer is smaller than in the bulk, a well- ontpbute to the step height, but also Fhe electron. density
known and well-understood effect for many surfad¥. outS|c_JIe the layers does. If the He_ scattering process is treated
The oscillations reflect QSE in Pb layers, and in fact theyCIass'C.a"y’ the.apparent step heightH in the fqllowm@,
have their consequences when the quantitative determinatim{ﬂr a f|lm consisting on—1 complete and one incomplete
of apparent step heights in HAS is of concern. After 15 ML '&Y€" 1S
the oscillations are still visible which indicates that the semi-
infinite surface limit is still not reached. The distance be- d(m=21(n)=Z4(n=1)+2p(N) = 2zp(n=1).
tween the top and the first subsurface layer of &1BhH  Here,Z,(n) [Z;(n—1)] is the geometric position of the ion
surface as determined by LEED 4s3.5+1.0% ?* which is  cores in the uppermost layer 1 of an(n—1) layer system,
in fair agreement with the theoretical value for 15. while z;,(n) [z,,(n—1)] is the height above that layer that
Figure 2b) shows(except forn=5) positive values for corresponds to the classical turning point of the He atom.
0,3, indicating that the distance between the second andthe latter probes constant electron density of the film in the
third layer is somewhat widened. The geometry change isacuum region as long as the kinetic energy of the He atom

A. Apparent step heights: How to calculate them
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is constant. In the range of He kinetic energies considered
here the attractive well in the rare gas-film interaction can be
neglected; then the He-surface interaction potential is repul-
sive and depends according to Esbjerg anttskov*® lin-
early on the electron density spilling out into the vacuum:

P S R T
13 14 15 16 17

V(z)=Ap(z). 6 —
(2)=Ap(2) (6) [0 . s
Here,A=111.0 when the interaction energy is measured in ?2 o8 | - \
eV and the electron density(z) in electrons/&A3° At the S o067 or
classical turning point above amlayer film, say, the kinetic ~ 04} 16 17 18 19 20
energy of the projectile He atoms equals the repulsive inter- =02l v
action with the film 0 o s
3 7 11 15 _19 23 27
z (A)
VIZ1(n)+2zp(n)]=Ex (7)

FIG. 3. Laterally averaged electron densifigz) [Eq. (8)] for
Ph(111) consisting ofn=3 (a) and n=4 layers(b), respectively.
Solid lines are for the relaxed films, dashed ones for unrelaxed slab
geometries. The insets show s z in the vacuum region.

such thatz;, can be extracted frork, and the electron den-
sity p(z). Hence, Eq.(5) suggests that the apparent step
height has two contributions, namely gaometricone [ow-

ing to the position of the ion cores;(n)—2Z;(n—1)], and

an electronic one [owing to the classical turning points
Zip(N) —z45(N—1)]. Both quantities depend on the number
of layersn because the interlayer relaxation is different for
different film thicknessegsee Fig. 2, but also the electron
density profile extending from the surface into the vacuum
depends om (see below. Furthermore, the ASH will depend
on the kinetic energy of the He atoms becaagewill be
smaller for higher initialgy,.

7.3x 10 * electrons/R. Hence only the low-density tails in
Fig. 3, far away from the film, are of interest when interpret-
ing these experimental data.

As a ‘“reference density” we will take p=1
% 10 *electrons/R. This is at the lower end of the He ki-
netic energies considered in Ref. 23, but test calculations
showed that densities higher by a factor of 10 give still very

. similar resultsee also Fig. @) below]. Occasionally, how-
The dependence of the apparent step height&oand o er jower densities will be considered. Note that it is diffi-

the dependence af,, onn have been investigated in Ref. 23 cult to calculate precise densities at low values. First, the

using simple square-well model potentials and particle-in-a;,(,icuum gap has to be chosen large enough to avoid interfer-

box-type energies. These calculations rationalized the X060 of the electron tails of neighboring slabs, and the nu-
perimental findings, namely, distinct oscillations of the ASH o e precision of the calculation must be high. Second, an

with thg nu'mber (.)f Pb monolayejrsd'aa 2 ML period around accurate sampling of the Fermi surface in particular ardund
do, which is again the geometric distance between two layyg required for the same reason—see Ref. 40 for the related

ers in the bulk. According to Ref. 23 these oscillations arg, piem of calculating matrix elements of STM currents. Fi-
due to different spill-outs of electron density into the oy another problem arises from the fact that neither the
vacuum, i.e., due to _QSE—reIated_d|fferences |n7the eIectrop_DA, nor the GGA functionals used here, give the correct
density above the film as predicted by Schulter the ;g mniotic behavior, which here translates to lazg&or

present Wor_k we will try to ration_alize these findings On aNatoms or molecules it is known that the correct asymptotic
ab initio basis, further discriminating between geometric anddensity 41

electronic contributions.

Again, as a first step free-standing(Pbl) slabs are con- lim p(r)= BeaVIr (9)
sidered and the Gi11) substrate neglected. The calculation ’
of the apparent step heights requires the knowledge of the
ion core positions and of the electron density outside thavherer is the distance from the atorfmoleculs, | is its
film. ionization potential, ané andB are constants. We can im-

The relevant quantity here is thaterally averagecelec- pose the correct exponential asymptotics for our film prob-
tron densityp, obtained from integrating over the ar@g of lem, i.e., at largez, p(z) should fall off exponentially. The
the two-dimensional unit cell: insets of Fig. 3, where [p(2)] is shown as a function c,

suggest that indeed from about 1 A above the surface the
_ 1 electron density falls off exponentially, i.e.,[{z)] de-
Pr(2)= A_of f pn(X,y,z)dxdy. (8 creases linearly with increasinglf the functional were “ex-
act,” we could extract the work function from the slope,
In Fig. 3 we showp,(z) for films consisting ofn=3  since according to Eq9) the exponent depends via a square-
[Fig. 3@] and n=4 layers[Fig. 3(b)], with and without root law on the energy required to remove an electron. At
geometry optimization. The HAS experiments of Toenniesdistances larger than ahbiof A from the surface, artificial
et alZ were carried out in a kinetic energy range between 1scillations occur which are due to the finite vacuum gap and
and 80 meV, thus indicating via E() that He is reflected finite numerical precision. With our choice of a 13 A gap we
from the film at electron densities ranging from %10 *“to  can see from Fig. 3 that electron densities down-tb— 2

r—oo
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FIG. 4. Apparent step heights (a) calculated values fop=1 % 02

X 10~ “ electrons/&; (b) experimental values from Ref. 23.

X 10" electrons/R can be calculated without encountering
these artificial structures. We have exploited the linear rela-
tion between Ifp(7)] andz in the density interval between i 5 (a) Apparent step heights for relaxed geometries, calcu-
102 and 10°? electrons/& to extrapolate to lower electron |ated at different values of the charge dengityalong with differ-
densities. The vacuum gap used here leads to an uncertaind)ices in the ionic core positios(n) —Z;(n—1); (b) the quanti-

in the apparent step heights of around 18 for electron  ties AZ(n) [Eq. (10)] and Az(n) [Eq. (12)], and their sumd
densities in the range between 78-10 2 electrons/&.  —d,, for p=1x10"*electrons/R.

There is still, however, an error due to the “wrong” density
functional. In passing we note that the extrapolation proce- .
dure does not make superfluous the need for a large enou%f’ theory—q0<0. Also, at least for large, 'Fhe amplitude
vacuum gap, because a gap too small renders the extrapofd- the oscillations seems to be too small in the calculated

tion inaccurate. In our case, gaps smaller than 13 A cause¥plues. We will address to these discrepancies shortly.
problems. As mentioned above the results shown in Fig. 4 are for a

5X5X1 k-point mesh in the IBZ, including thE point. To
address a possible sensitivity of the tails of the electron
clouds in the vacuum region dapoint sampling, fom=1,
Figure 4a) shows calculated apparent step heights as &, and 3 layers also test calculations with & 7x 1 mesh
function of slab thickness far ranging from 2 to 15. Values and, therefore, more accurate sampling arolindere car-
from both unrelaxed and relaxed calculations are showrried out. These resulted in changes of onlyd(n)
These are compared with experimental values in Fig).4 ~0.002 A, indicating that also the electron spillout was con-
The experimental data have been reported for um+®  verged with respect t&-point sampling.
only, with the exception of a single additional data point at We have computed the apparent step heights at a number
n=13. For the calculations it was assumed that He atoms aref densities to investigate their dependence on the incident
elastically scattered as soon as the electron density reacheg-atom kinetic energy. These are shown in Fig).5The
p=1x10 “*electrons/&. From the figure we can learn the range of densities corresponds to an incident kinetic energy
following. range of 1. 10 ® to 1.1 eV) In this figure we also show
First, both in theory and in experiment oscillations of theZ,(n)—Z,;(n—1) to illustrate the relative importance of the
apparent step heigldtaround the “expected step heightl,  electronic and geometric contributions do Several impor-
are found. In particular, distinct areas with a clear 2 MLtant points emerge from these results. We already know that
periodicity are visible. In both cases the oscillations appeaunrelaxed structures exhibit QSE’s in the apparent step
to be damped for larger. Hence, the DFT-slab calculations heights, and therefore that the QSE’s are in part related to the
account for the major experimental findings, namely forelectronic structure changes as a functiomoHere though
QSE-related oscillations of the ASH of thin @4.1) films. we see that the electronic and geometric contributiond to
Second, comparing the two theory curves it is obviousare of similar magnitude. We can also see that the amplitude
that relaxation is important. The unrelaxed slabs tend to dief the QSE oscillations increases with decreadig Both
minish the amplitude of the oscillations, and they may everthe QSE’s in the unrelaxed structures and the various theo-
predict a different sign fod—d,. retical models discussed earlier indicate that the density tails
Third, by comparing theory and experiment more closelydiffer for different n. The change in amplitude o with
we note certain differences between the two. The theoreticaflensity (incident kinetic energyis a direct consequence of
relaxed curve is shifted relative to the experimental one bythis.
one monolayer, e.g., d(6, experiment-dy<O, To further clarify the role of geometric and electronic
d(7, experiment-dy,>0, while d(6, theory—dy>0, effects, Fig. Bb) shows

B. Apparent step heights for lead films
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FIG. 6. (a) Calculated apparent step heights for relaxed geom— FIG. 7. Calculated apparent step heights for compressed slabs

S i ; o po=1%x10"*electrons/ &, for relaxed and unrelaxed geometries,
etries,p=1Xx 10" *electrons/&; (b) the “misfit” & [Eq. (3)]. compared to experimental valuéef. 23.
AZ(n)=Zy(n)—=Zy(n=1)—dg (10 , , ,
o . tween theory and experiment with respect to the sigml of
and (for p=1x10"“electrons/ &) —d, (the 1 ML phase shift discussed in Sec. IY Bmains
uzzling.
Azip(n)=2p(N) — ip(N—1). 1y Puzzing

There are quite a few reasons, both from theory and ex-
These are measures of the change in apparent step heigigriment as to why this discrepancy might occur. Here we
over and above that expected simply from the addition of arwoncentrate on possible errors introduced by the neglect of
extra layer(i.e., dy), due to geometric and electronic effects, the Cy111) substrate. The substrate will influence both the
respectively. The sum of these quantitiesZ+Az,=d  geometry and the electronic structure of the Pb film. Here we
—do, is also shown. IfAZ+ Az, is >0, then the step ap- focus on the former. Because Cu and Pb have different lat-
pears higher than “normal,” and lower BZ+Az,<0. It  tjce constants, the Pb overlayers are compressed in the sur-
must also be emphasised that the electronic fayf is not  face plane with respect to bulk Pb, in particular for layers
independent of the geometric one, i.&z, depends on close to the substrate. From previous LEED studies on this
whether the structgre_was optlmlged or not. _ _ systen’?ie it is known that Pb on Cd11) arranges in & (4
From Sphulte’s jellium calculanons we I_<now that in thin X 4) pattern, which leads to &2.6% in-plane compression
metallic films, due to the progressive falling of new elec-;, o firqt jayer of the Pb film due to the different lattice

tronic states below the Fermi energy during the film grOWth’constants for Pb and Cu. More recent LEED stuffiegve
not only the total energy differences but also the electron

densities outside the surface oscillate as a function of fil [eported that after the completion of the first Pb monolayer

thickness. The same result is obtained from consideration T){Fe layers deposLt‘ed4on ﬁ]]ull) ark()e r_noregs;?med than in tdhe
the misfits(n) defined in Eq(3), which is a measure of how commensurate(4x4) phase, being 3.3% compressed at

well a standing electron wave fits into a box of widh(see 1.2 ML of coverage, and are still under 1.1% compression at

Sec. lll). Every timeéd is small the electrons are commensu-° ML. . L )

rate with the box and the electron density outside the film 10 account for this substantial intra-plane strain, we per-

will be small. Hencez,, and the apparent step height will be formed calculations where the in-plane lattice constan't was
small, because the He atoms can approach more closely. fmPressed by 3.3%. In other words, the supercell dimen-
contrast whers is large,d is expected to be large. The pro- SIons in the surface plane were reduced by 3.3%. No addi-
posed correlation betweehand & is impressively demon- tional constraints were imposed on the system geometry. Re-
strated in Fig. 6, where the geometry-optimized apparenucing the supercell dimensions imposes the same
step height fop=1x 10~ “electrons/ & [Fig. 6@)], is com-  compression on all layers. This treatment is of course only

pared with the calculated misfit for Pb(111) films consist- @PProximate but the main trends due to the geometric con-
ing of n layers[Fig. 6(b)]. For & larger than about 0.46, that straints imposed by a Qull) substrate should become ob-

is, about half its maximum value, we firt- do>0. For the vious. With such an in-plane compression the notion of an

calculation ofé according to Eq(3), the experimental bulk unrelaxed geometry is somewhat arbitrary: we chose to make
values for the interlayer spacirdp=2.86 A and the Fermi the unit cell volumes of the compressed and uncompressed

wavelengthh - = 3.66 A (Ref. 42 were taken systems equal for a givem and to expand the the interlayer
P ' ' spacings and the vacuum gap accordingly.

In Fig. 7 the apparent step heights with the intralayer
compression are shown and compared to experiment. Results

Although the oscillations i with the slab thickness are for both relaxed and unrelaxed geometries are shown. The
undoubtedly recovered from thab initio results and sup- step heights were calculated for a densitypof1x10 4
ported by the simple concept of a misfit, the difference beelectrons/&. There are several interesting points to note.

C. Influence of the substrate: Effects of strain
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First, the experimental and the theoretical apparent stepibution to the apparent step heights is typically of the same
heights are now “in phase”, i.e., maxima and minimacbf order of magnitude as the “electronic” effects and cannot be
appear at the sante neglected.

Second, the quantitative agreement between experiment (3) In-plane strain imparted by the Cu substrate appears to
and theory worsens asincreases. This is easy to understandhave a significant effect on the apparent step heights. It must
since the in-plane compression reduces in the real systeRf taken into account to yield the correct location of maxima
with increasingn while in our simple model the compression and minima in the calculated apparent step heights. When
remains the same. the effect of strain is accounted for, the agreement between

Third, the theoretical curves appear to be shifted upwarg@/culated and experimental data is very satisfactory.
relative to experiment. This may be because we have onl (4) As a methodological point we note that the accurate
accounted for the geometric influence of the substrate. Th etermination by DFT of electron spillouts far from the film
in-plane compression will “squeeze” the electron densityIS a challenge, poth for _fundament(alhe form of _the
into the vacuum and increase the spill-out. It is possible tha?xchange—correlatlon functionaénd practical reasonize
the change in electronic potential due to the Cu substratgf the vacuum gap
would counter this effect. Again, over compression exaggerin effect the oscillations in the charge density outside the
ates the problem at large film reflect oscillations in the work function, as is obvious

Despite these differences in detail, it is clear that the latfrom Eqg. (9). Therefore we expect that work function mea-
eral compression is an excellent candidate to explain remairsurements on thin lead films would indicate QSE-related os-
ing quantitative differences between theory and experimengillations as well® This is to be expected also for other
As a corollary, the major influence exerted on the Pb filmgmetal films or clusters and it is an important issue as the

by their Cu substrate is in-plane compression. work function, for example, directly relates to the chemical
and catalytic activity of a system.
V. SUMMARY AND CONCLUSIONS Of course, the present theoretical treatment can be im-

proved in several ways. For the electronic structure part the
In summary, quantum size effects in thin lead films epi-explicit inclusion of the C(1.11) substrate would be highly
taxially grown on a C(L11) substrate have been investigated desirable, and would also allow the determination of the ap-
with gradient-corrected periodic density functional calcula-propriate interfacial geometry. The details of this geometry
tions. QSE-related oscillations—often with a double-layerare bound to be important given our findings concerning in-
period—in the total energies and in the “apparent stepplane strain. As far as the modelling of HAS is concerned a
heights” have been detected, both of which have been meanore realistic He-film potential should be determined and
sured by HAS experiments by Toennies and co-workef8.  the He scattering process treated quantum mechanically.
Good semiquantitative agreement between theory and ex- |n any case the Qa11)/Pb(111) system is an excellent
periment was found, in particular when interplane relaxatiorcandidate for carrying out this type of calculation in the fu-
and in-plane strain imposed by the substrate was accountegre, largely because of the ongoing experimental interest in

for. _ _ this system as a “microlab” for the study of quantum size
The major conclusions are as follows. effects in metallic nanostructur&$?®

(1) The ab initio calculations confirm qualitatively the
jellium calculations by Schultéfor a “real” system.

(2) However, the existence of real ionic cores rather than Fruitful discussion with G.F. TantarditMilan) are grate-
a diffuse, positive jellium background is important when afully acknowledged. We thank the United-Kingdom Car-
more quantitative treatment is required. This is most evidenParrinello Consortium{UKCP) for a generous allocation of
from comparing unrelaxed with relaxed calculations. Whiletime on the CSAR National facilities. TheasTeEpcode was
the oscillations in total energies are somewhat insensitive tmade available to UCL through the UKCP-MSI Agreement,
the actual positions of the ion cores, the “geometric” con-1999.
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