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Quantum size effects in Pb islands on C{111): Electronic structure calculations
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The appearance of “magic” heights of Pb islands grown o1 is studied by self-consistent electronic

structure calculations. The Cil1) substrate is modeled with a one-dimensional pseudopotential reproducing
the essential features, i.e., the band gap and the work function, of the Cu band structurd iriftdeection.
Pb islands are presented as stabilized jellium overlayers. The experimental eigenenergies of the quantum-well
states confined in the Pb overlayer are well reproduced. The total energy oscillates as a continuous function of
the overlayer thickness reflecting the electronic shell structure. The energies for completed Pb monolayers
show a modulated oscillatory pattern reminiscent of the supershell structure of clusters and nanowires. The
energy minima correlate remarkably well with the measured most probable heights of Pb islands. The proper
modeling of the substrate is crucial to set the quantitative agreement.
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The confinement of valence electron states in low-tum size effects in unsupported metallic slabs. For example,
dimensional systems has a strong influence on the size dithe pseudopotential-slab calculation by Materzaminal 2
tributions of nanostructures produced in experiments. Irenlightened the origin of the double ML periodicity in appar-
clusters of alkali-metal atoms the confinement occurs irent heights, and they discussed also the importance of the
three dimensions and the structures corresponding to closetrain induced by the Cu substrate. However, the effects of
electronic shells are the most stable and the most abundatite substrate have not been explicitly considered in the cal-
ones! Alkali-metal nanowire$ and metallic overlayers on culations thus far.
solid surface®® exhibit two- and one-dimensionélD) con- We model the whole system consisting of the Pb over-
finement, respectively. In these systems the sinking of théayer and the C{111) substrate by using the stabilized jel-
bottom of a new subband below the Fermi level is accompalium (S) model* for the overlayer and a 1D pseudopotential
nied with an increase in the total energy destabilizing theor the substrate and obtain results with a quantitative pre-
system. The detailed understanding of the mechanisms coulictive power. We calculate electronic structures using the
trolling the growth of nano-objects is of vital importance local-density approximatiofLDA) of the DFT. The free-
when producing highly organized atomic-scale structures irelectron character of Pb at the Fermi level justifies the use of
nanodevices. the SJ model withry=2.3a, to describe the overlayer. The

In this work we focus on the 1D confinement in Pb is- SJ model gives the work function of 4.1 eV, which is close to
lands on the C(111) surface. The growing of Pb occurs in the experimental value of 4.0 eV for PbThe relevant fea-
the [111] direction. Hinch and Toenniéstudied the island ture giving physical insight is that the SJ model allows us to
height distribution of Pb using the He atom scatteringsimulate overlayers of any thickness. For th€11d) surface
(HAS). Brown and Toenniésdetermined by HAS the appar- we have constructed a 1D pseudopotential. We start from the
ent height of the Pb coverage as a function of the number ofD model potential by Chulkoet al.® cosinelike bulk part
Pb monolayergML's) and found a double ML periodicity. of which reproduces correctly the experimental energy gap
Recently, Otercet al® have determined the height distribu- of Cu in the(111) direction. The position of the Fermi level
tion of Pb islands using the scanning tunneling microscopevith respect to the model potential determines the electron
(STM) up to heights over 20 Pb MLs. The lateral dimension density. We subtract then the interactions between valence
of the islands is large, of the order of 500 A, justifying the electrons from the model potential within the LDA and ob-
1D modeling of their energetics. The vertical confinement intain an unscreened local 1D pseudopotential. The pseudopo-
the Pb overlayer is due to the potential barrier between Pkential is constructed to give the experimental Tlil) work
and the vacuum and the energy gap in the projection of théunction of 4.94 e\}® The self-consistent screening of this
Cu bulk bands in th¢111] direction. A closed shell occurs 1D pseudopotential within the LDA accounts correctly for
periodically when the thicknesd of the Pb layer satisfies the energy gap in thél1l) projection, both in width and in
D=n\g/2, where\g is the Fermi wavelength of Pb amds  position with respect to the Fermi level. The details of the
an integer. The effect of this shell structure on the physicatonstruction are described in a forthcoming pdper.
properties was recognized already in early jellium slab In numerical calculations a semi-infinite crystal is simu-
calculation$ and the stability as a function of the thicknesslated by the slab geometry in which 25 layers of Cu are
was discussed on the basis of density-functional-theorgovered on both sides by Pb-SJ with the desired thickness. In
(DFT) calculations already two decades &goater jellium  Fig. 1 we show the effective potential in the case of 3 ML of
and pseudopotential calculatidns® have dealt with quan- Pb; 1 ML corresponds to the thickness 5.41a,. In Cu, the
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FIG‘. 1. Effective poter!tlal as a fur_lctlon .Of the dl_st:_:mce o the FIG. 2. Eigenenergies of the QWS'’s as a function of the Pb
Cu/Pb interface. The vertical dotted lines give the limits of the 3 . : ! .
layer thickness. Open circles and filled diamonds show the calcu-

ML Pb slab. T_he dark gray area corresponds to thelCy energy lated and measure@Ref. 18 values, respectively. The dotted lines

gap and the light gray to the potential well at Pb due to its deeper A . - .

effective potential compared with the average of Tlil) potential are plotted as a guide to the eye. The energies are given with respect
" to the Fermi level of Pb/Qud11) system.

potential maxima due to the 1D-pseudopotential mimics the The total energy of the Pb/CLL1) system can be written
orthogonalization of the valence states to core states. The P the sunEc,+ Epy+ Ecy po+ Epbvac, WhereEc, andEpy,
jellium edge begins, as is usual in jellium calculationsd0.5 are contributions calculated by using the bulk energies cor-
above the outermost “Cu-atom layer.” At the Pb/Cu interfaceresponding to the 1D-Gi11) pseudopotential and the Pb-SJ,
the potential is affected by the alignment of the Fermi levelsespectively. The sum of the energies due to the Cu-Pb and
of the substrate and the overlayer accompan.ied by the chargy-yacuum interface€ ¢, py+ Epp_vac, CONtains the oscil-
transfer from Pb to Cu. The dark gray region denotes thating parto of the total energy. In order to see the oscilla-
energy gap induced by the Cu potential and the light grayions clearly also at high coveragesis multiplied in Fig. 3
region gives the energy range between the potential in PRy the thickness of the Pb layer. As a continuous function of
and the bottom of the Cu bulk band. These two regions wilkhe thickness the oscillations are regular and their wave-
accommodate the quantum-well sta@@WS's) localized  |ength is half of the Fermi wavelength/2=3.77a,, for the
perpendicular to the surface and mainly in the Pb overlayeipy je|ljum.

QWS's in the Cu band gap determine the energy shell struc- The solid line in Fig. 3 links the points corresponding to

ture. . ) _ ) completed Pb MLs. Because the interlayer spacidg
The QWS eigenenergiethottoms of two-dimensional

bandg are shown in Fig. 2 as a function of the number of Pb 15T
ML's completed. They are compared with the results mea- I
sured by STM The agreement is good for coverages UEHEE
thicker than 6 ML. In particular, both the theory and the __
experiment give a QWS at0.65 eV for every even number o
of ML's (no experimental data are available for 14, 18, 20,3
and 22 ML). For coverages less than 6 ML the correspon-E o7 5
dence is worse. This disagreement may be due to the fact thiq / G
we omit the compression of the surface atom layeedf- * 5 ’
compression effegtand the expansion in perpendicular di- ©
rection due to parallel intraplane compression of the Pb lay- -107]
ers at the interfacéstrain due to the Cu substrafe'? The {
discrepancy between the experimental and calculatec -isT——T— -
eigenenergies can also be due to the omission of the interac Lo 79 i B s a3

tion of the Cu 3l electrons with the delocalized Pb electrons Pb overlayer thickness (ML)

in our model. Because of the very localized characterdf 3 i 3. Oscillating part of the total-energy per surface area of
electrons this interaction takes place mostly at the Cu-Plp/cy111) system ¢) multiplied by the Pb slab thicknes. The
interface and disappears at distances of a few Pb ML's due tgotted line is a function of the continuous Pb-SJ thickness. The
the screening by Pb electrons. The overall agreement b&olid line connects the values corresponding to completed MLs.
tween the theoretical and measured eigenenergies for thickhe dashed lines guide the eye in order to show the supershell
overlayers gives confidence to our model when studying the&tructure. The arrows denote the measured thicknesses of the most
behavior of the total energy. abundant island heightRef. 5.

5

DT

Texperimentally measured most probable islands heights
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=3\g/2, an even-odd staggering of the energy as function ofhat energy minima are shifted and the beat positions occur at
the MLs is obtained. However, the above relation is not6—7 and 14-15 ML, i.e., in a clear disagreement with the
exact and therefore the staggering amplitude diminisheseasurements. We have compared our unsupported Pb-SJ
regularly and the phase of the staggering changes at the bedgsults with those obtained for Pb slabs in pseudopotential
from that corresponding to minima at an even number ofalculations***These more sophisticated evaluations give a
ML’s to minima at an odd number of ML's or vice versa. The Similar wrong position of the first beat as our unsupported
pattern resembles that of the supershell structures for atomféb-SJ slabs. The damping of the energy oscillations makes
clusterd? and metallic nanowire® the second beat hardly recognizable in these calculations.

The arrows pointing upward in Fig. 3 denote the mostThus, the energy osciIIations are very sen;itjve to t'he correct
abundant island heights measured by Otetral® with the determination of the p_otentlal barriers and it is crucial to take
STM. Actually, the measurements give the percentage of aréf€ Cu111) substrate into account. _
covered with islands of a given height and the highlighted The shell structure of simple metal overlayers is a result
heights correspond to maxima in this distribution. The cor-Of the periodic sinking of new QWS's below the Fermi level
relation with the energy minima of our solid curve is remark-When the thickness of the overlayer increases. New QWS's
able. Even the even-odd phase changepershell structuje  increase the_ density of sta’;es at the Fermi level giving the
agree. The agreement means that the minima of the tot@Scillations in the energy with the wavelength)af/2. Ne-
energy determine the most abundant island heights at trH#lecting the damping we can write the oscillating part of the
growing temperature which is around the room temperaturdotal energy as a function of the overlayer thicknésss
According to Fig. 3 the energy differences between adjacerfeosd 2) =0s(ZrvD+ ), wherev=2/\ ¢ and¢ is a phase that
systems with even and odd ML's of Pb are of the order ofshifts the energy to the correct position depend!ng on both
0.05 eV per surface atom, i.e., higher than the thermal erthe Pb-vacuum and the Cu-Pb interface properties. The en-
ergy. Menzekt al! estimated the evolution of a seven-layer €rgy values corresponding dcompleted ML's are obtained
island from a five-layer island on @il1) to occur through a  from
barrier of 0.32 eV. They concluded that the thermodynamics
determines the most abundant island heights but the kinetic~ 1T
is important in determining the height distribution. 08l

However, there is some mismatch between the theory anc '
the experiment in Fig. 3. In experiments, islands of 13 ML's ‘
of Pb are not especially abundant. The experimental situatior'g 047
in which the substrate is not flat but contains steps or terrace « 0.2
may affect the height distribution at this pofiitAt the sec-
ond beat our model predicts similar energies for the island,
heights of 17 and 18 ML whereas according to experimentsg
the 17 ML island should be more abundant. The ordering inE —0-41
the beat region is very sensitive, e.g., to the small variations ™ -o.6
in the layer thicknesses. We note that the Pb overlayer ex

0.6 4

arb

0 4
-0.24

-0.84
pansion of~0.03-0.04 ML, estimated by taking into ac- .

count the self-compression and strain effe@#aterzanini P

et al!? and references therginwould still improve the

0.8 -
agreement.

Hinch and Toenni€shave measured the shell and super- ~
shell structure of the Pb island heights with the HAS tech-‘E o4
nique. During the Pb deposition, a high intensity of the re- 2 45
flected He beam indicates smooth surfaces of islands o€ ‘
completed MLs. The heights of these islands are obtainec—
indirectly from the deposition rate and the exposition time. 5
The experiment shows the even-odd staggering which has a2 -0.4-
opposite phase in the comparison with the STM results byt 41
Otero et al® and our calculations. The beat positions by
Hinch and Toennies are located at coverages of 10-11 an : R PEN
20-22 ML, which are slightly larger than those by Otero S A A A
et al. and our predictions. Thus, it seems evident that the .
indirect measurement overestimates the Pb overlayer thick- Pb overlayer thickness (ML)

ness. . FIG. 4. Oscillating part of the total energy calculated using Egs.

We have calculated the total energy of free-standing Pb-Sd) and (2) for fcc metals grown in thé111) direction. (a) and (b)
slabs. The results show oscillations with the same wavecorrespond to two and four valence electrons per atom, respectively.
length and a similar amplitude as the dashed curve in Fig. 3rhe dotted lines are the energies as continuous functions of the slab
But the\g/2 oscillating pattern is now shiftedt 1/7 Pb ML thickness and the solid lines connect the energies corresponding to
forward. This changes the shell and supershell structure secompleted ML's.

0.6

0.8
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Eosd N)=cog27vdN+ 6). ) This makes the determination of the stable island heights
very sensitive to the variations of parameters such as the
interplane distances determining the overlayer thickness or
the penetration of the QWS wave functions into vacuum or/
and into the Cu substrate.

In summary, we have analyzed the electronic structures
3 and the stability of Pb islands grown on the(Cld) surface
) ~0.903 /3 ) as a function of the island height. The @W1) substrate is

v described by a 1D pseudopotential and the Pb overlayer by

the stabilized jellium model. As a function of Pb completed
- 9% ML's our model gives quantum-well states in a good agree-
Eosc 0f a fcc metal grown in thel11) direction. ment with measurement8.The total energy shows modu-
~ Using Eqgs.(1) and(2) and settingd=0 we have plotted  |5teq odd-even oscillations resembling the supershell struc-
in Fig. 4 the oscillating part of the energy as a function of theyre of simple-metal atomic clusters and nanowires. The
number of ML's forZ,=2 and 4. The experimental counter- pattern correlates well with the height abundance spectrum

parts are the abundance spectra of island heights. Fgpreasured by Oteret al® We demonstrate that a proper mod-
monovalent and divalent overlayer metals the model predlctgnng of the C((111) substrate plays a crucial role in predict-

strong peaks occgrring regularly after a certain number Ofng the beat positions of the abundance spectra.
ML's. However, this pattern may be suppressed in the real

experiments, because the energy differences between neigh-

boring completed ML’s are small and the growing of a meta- We thank R. Miranda for useful discussions. This work
stable island from the previous one requires several newas partially supported by the University of the Basque
ML's. For trivalent and tetravalent metals the energy oscil-Country (Grant No. UPV00224.310-14553/200Departa-
lates more rapidly. FOE,=4, vd is close to a half integer mento de Educaciodel Gobierno VascgGrant No. MAT
and the supershell structure with beats is clear. Note that th2001-0948, Spanish MCyT(Grants Nos. PB98-0870-C02
increase of the electron density as a functioZpfdecreases and MAT 2002-04087-C02-Qland by the Academy of Fin-
the wavelength oE{(z) as shown by the dashed curves. land through its Centre of Excellence Progré&000-2005.

For a fcc metal grown in thél1ll) direction the interlayer

spacingd=a/+/3, wherea is the lattice parameter. The
Fermi wavelength = (27/Z,)%a, whereZ, is the number

of valence electrons. These relations give

™

1(122,,
= —
3

and substituting this into Eq1) gives a general formula for
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