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Self-consistent study of electron confinement to metallic thin films on solid surfaces
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We present a method for density-functional modeling of metallic overlayers grown on a support. It offers a
useful tool to study nanostructures, combining the power of self-consistent pseudopotential calculations with
the simplicity of a one-dimensional approach. The model is illustrated for Pb layers grown on (hE)Cu
surface. The analysis provides the strength of the electron confinement barriers in thin slabs with accuracy,
supporting the interpretation of the quantum well state spectra measured by scanning tunneling spectroscopy.
On the other hand, it offers a benchmark to check the simple analytical models commonly used in the literature
to study metallic films on semiconducting or metallic surfaces. As a result, some deficiencies are detected in the
applicability of those models, which often lead to an overestimation of the number of wetting layers. Finally,
an improved formula is proposed.
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[. INTRODUCTION ning tunneling spectroscodBTS measures the QWS spec-
trum, and the width of the quantum well confining the elec-
The ability to manufacture nanostructures on solid surtrons is evaluated from £ In addition to the overlayer-
faces by controlled-growth or atomic-manipulation tech-vacuum surface profile, the QWS spectrum is also sensitive
niques has increased enormously during the last deégdesto properties of the substrate-overlayer interface. The infor-
At the same time, spectroscopic methods to study differenmation about the confining quantum well is important not
physical properties and phenomena of these structures haealy for determing the film thickness but also for the under-
also experienced huge development. In understanding arsianding and controlling the so-called electronic growth
interpreting the ensuing experimental results, rich in quanmode.
tum phenomena, accurate theoretical and computational Pb islands grown on G@ll) were recently studied by
modeling plays a vital role. Oteroet al?° They fitted the QWS spectra measured by STS
A widely studied phenomenon is the growth of thin Pbusing the finite-potential-well model and unexpectedly found
films or extended Pb islands on solids, for example, on Si othat, actually, the infinitely high-potential barriers give a bet-
Cu surfaces. These systems provide a laboratory to test ther fit than the more realistic finite barriers. There are also
so-called quantum size effea®SE arising because of the recent STS measurements of QWSs in Pb layers on
electron confinement perpendicular to the surface. The corBi(111).112122The effective thickness of the Pb overlayer is
finement results in discrete energy levels, the so-called quanthen obtained by fitting the energlifferencesof the con-
tum well statedQWSS9. With the increasing film thickness, secutive states. This is not very accurate and, in fact, there
QWSs become occupied, producing oscillations in the totahre contradictory results in the literature on the thickness of
energy, work function, and other physical properties. Thehe wetting layer, ranging from 1 MLRefs. 7-9 to 3
oscillations in energy are the origin of the “magic” islands ML.1%11.21.220Qur aim is to develop the formalism for the
heights*>~16 In a previous publicatiolf we successfully ap- determination of confinement barriers in order to resolve the
plied a one-dimensiondlLD) pseudopotential model to gain dilemma of these measurements of Pb on Cu or Si substrates.
physical insight into the magic heights of Pb islands on There are several theoretical works devoted to the study
Cu(112), by studying the energetics of that system. In fact,of QSE in thin films, within the density functional theory
the beating pattern obtained has been measured in tH®FT). First-principles atomistic approaciés? or jellium
Pb/S(111) systemt’ In contrast, in the present paper we model$?-3¢ have been used. Usually, because of the high
focus on the determination of confinement barriers. computational demand, the substrate is not included, and the
The most important feature characterizing an overlayer oglectronic structure is calculated for a slab describing the
a nanoisland is its height. However, measurements based @verlayer only. The work by Hongt al3’ for Pb/S{111) is
different physical processes may provide different valuesone exception. On the other hand, there are several simple
X-ray diffraction® can be used to directly determine the analytical models used for the confinement barrférs;38
number of atomic monolayer®IL) in thin films. Scanning but a priori assumptions about the barrier type, its position,
tunneling microscopy(STM)? gives the thickness of finite or quantum numbers of the measured states can lead to an
nanoislands. In helium atom scatterifigAS) the specular erroneous interpretation of the experiments. The simplifica-
returning point of He atoms is measure?.STM and HAS  tions made in the modeling effectively hinder the analysis of
reflect the electron-density profile of the surf4é@.Scan- the experimental results.

1098-0121/2005/7120)/20540110)/$23.00 205401-1 ©2005 The American Physical Society



OGANDO et al. PHYSICAL REVIEW B 71, 205401(2005

In the present work we perform self-consistent electronic  The effective or screened potential of the Kohn-Sfam
structure calculations, including the effect of the substrateequations in the direction is written as
film boundary, so that the penetration of the QWS into the , ,
substrate is realistically described. Second, with our self- , (Z):f Mdrwv [N.(2)]+V,d2), (3)
. . . eff e XcLt = p !
consistent results we study the above-mentioned simple ana- [r=r’|
lytical models and point out their deficiencies as well as the

most important factors for the proper description of the elecyvhere the first term on the right-hand side is the Hartree term

tron confinement. This knowledge is especially importantVH(_Z)_’ wh_|c_h mcIu_d_es the electron _densruy(z) and the neu-
alizing rigid positive charge density.(z). The second term

when using these models in analyzing the STS results fo'ir_

completely covered substrates or for systems with wettin@!VeS the LDA exchange-correlation potential. The third term
layers of unknown thicknesses. A pragmatic aim of th accounts for the pseudopotential that improves the simple

present paper is to document the construction of the unl€/lilum scheme. For the supported overlayer systegyz)
screened 1D pseudopotential and provide a simple parametff&S two contributions, one from the Pb overlayer and the
zation that can be used in future studies, e.g., for differenpther from the C(L11) substrate. The free electronlike char-
nanostructures on surfaces. acter of Pb at the Fermi level justifies the use of the stabi-
In Sec. Il we report the construction of the @y  !ized jellium or averaged pseudopotertidP*®approach to
pseudopotential and the resulting self-consistent electronig’®del Pb. In practice, the jellium model allows us to simu-
structures for the Pb/QL11) system. In Secs. Ill and IV we laté any Pb overlayer thickne¥sThe Pb contribution to
describe analytical models to calculate the confinement ba/ps?) gtabmzmg the electron gas at the densitn
riers, whose reliability is analyzed by applying them to the=3/47Ts) corresponding tos=2.3(y is a constant shif¥/sz,
results of the self-consistent calculations. Finally, in Sec. Welative to the vacuum level restricted to the region of the
an improvement to the analytical expressions is introduced iROSitive background charge. The stabilized Pb provides a
order to acquire accuracy in their determination. Section VIProper work function so that the spilling of the electron den-
contains the conclusions of the work. Atomic unite., % sity into the vacuum is well described. It also gives a proper
=e?=m=1 and distances measured in Bohr radius uaijts value for the bottom of the valence electron band. This guar-

=0.53 A) will be used throughout this work, unless other- antees the correct Fermi wavelength which is of crucial

wise specified. importance for the properties related to the electron confine-
ment.
Il. ONE-DIMENSIONAL PSEUDOPOTENTIAL MODEL For the Cul111) support we have obtained a 1D pseudo-

potential (see Appendix A with the positive background

) i density ofrs=2.55, and a surface profile given by a Fermi-
The present calculations are performed in the frameworkjke distribution

of the DFT (Ref. 39 within the local density approximation
(LDA).4%4%Instead of finite Pb islands we consider infinitely n(2) = n.(Cu) @)
extended films on the Cu surface. This is justified because in * @ Do)/Az 4 1’

the experimengs® considered the characteristic lateral di- , . B
mension of the Pb islands is around 18Q0so that the lat- Where Do is the surface edge position adz=0.0%, ac-

eral electron-confinement effects are irrelevant. We assumgPUnts for the smoothingor numerical reasonsat the edge.
perfect translational invariance, i.e., a homogeneous free- '€ 1D pseudopotential obtained in Appendix A correctly
electron gas, along the surfa¢ey plang. Hence, single- reproduces the experimental @l work function and the

A. Construction of the pseudopotential

particle wave functions are taken to be of the form [111]-projected band structure, including the band gap. In
_ this way, we also obtain the correct confinement potential at
d(r) = yn(2)€4M, (1)  the CU111)-Pb interface. The method presented for its gen-

eration is extensible to other substrates as well and, for the
system considered, it can be fitted using the form of(Bq)
ith Ajp=-1.89 eV andA;=5.01 eV.

wherey,(2) is the wave function in the direction perpendicu-
lar to the surface, and plane waves are used for the surfa
parallel directions. The eigenenergies are given by
2
Enig = €0+ % 2) B. Electronic structure
The main results of this paper are obtained with the

wheree,, being the eigenvalue of theh perpendicular state pseudopotential for the Cil1) surface and the stabilized
n(2) describes the bottom of theth subband. Kohn-Sham jellium model for the Pb overlayer. In the inset of Fig. 1 we
equations are solved numerically only in thelirection(1D  sketch the geometry used in the calculations. In the middle
problem) that enables the calculation of electron wave func-there are 25 ML of Cu and Pb overlayers corresponding up to
tions extending deep into the Cu substrate and the modeling3 ML (one ML of Pb is 5.4,) are attached symmetrically
of systems having tens of Pb ML. The real-space MIKAon both sides. Complementary calculations have been per-
packagé—+ for electronic structure calculations has beenformed for unsupported Pb slabs as well.
used to solve these equations within a model of finite and Figure 1 shows the electron and positive background den-
periodic systems in the direction with Dirichlet and peri- sities corresponding to the coverage of 4 ML of Pb. We note
odic boundary conditions used, respectively. six Friedel oscillations in the Pb electron density, with the
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243107 of the Pb slab. The charge transfer obtained when comparing
1 the Pb/C@l111) system with its free-standing counterparts

(An_=n_[Pb/Cy111)]-n_[Cu(11D)]-n_[Phb]) reveals

charge accumulation at the interface. A small amount of

charge(~5% of one Pb ML chargas transferred from Pb to

Cu in order to equilibrate their chemical potentiats,

-4.1 eV and -4.94 eV for Pb and Cu, respectively.

In Fig. 2(a) the effective potentiaV/.; and its components
are shown; the total pseudopotentig)s is not plotted for
clearness. The dark gray shadowing gives the rough spatial
extension where the localized QWSs can appear because of
the CY111) energy gap. The light gray area marks the po-
tential well between the vacuum barrier and the Pb-Cu inter-

-4 . . - . . face barrier. This well is created because the potential in Pb
-1 0 10 2 0 0 % is~2 eV lower than the average Cu potentiabte the dash-
dotted curve corresponding to the stabilized jellium calcula-

FIG. 1. Electron densitysolid line) and average positive back- tion Vs).
ground densitydashed lingfor 4 ML of Pb on Cy111). The origin In Fig. 2(b) the eigenvalues are plotted as a function of
z=0 is at the Cu-Pb interface. The dotted curves show the electrothe wave vectok,. The QWSs fall on the dotted parabola,
densities of the free-standing A1) and Pb slabs. The dashed- which is the free-electron-model band for Pb. The states ex-
dotted curve shows the charge transfer in the combined systetending over the whole Cu-Pb system and forming a continu-
relative to the free-standing ClL1) and Pb slabs. The inset ous band are plotted with open circles. The nearly parabolic
sketches the symmetric geometry used in the calculations iz the band reflects the free-electron character in our description of
direction. the Cu substrate. The QWSs in the lower, light gray area

have a minor relevance on the electronic properties of the
wavelength of about half the Fermi wavelength. This kind ofsystem. In contrast, QWSs in the upper dark gray area play
well-developed Friedel oscillation pattern commensuratén important role because increasing the Pb thickness lowers
with the thickness of the overlayer is characteristic for thethe QWS energy and they become occupied one by one,
stable “closed shell” or “magic” overlayer systems. In producing the oscillations in the electronic properties.
Cu(11)) the electron density oscillates strongly, according to
Fig. 1, as a consequence of the oscillating_ pseudopoten'_[ial. IIl. INTERPRETATION OF STS EXPERIMENTS
The electron densities of the corresponding free-standing
Cu(111) and Pb slabs are also given for reference. It is re- Scanning tunneling spectroscopy is capable of resolving
markable that the electron density moves from Pb towarenergy levels of QWSs. Nevertheless, the interpretation of
Cu(111), indicating a possible increase in the effective widththe experimental results is still difficul£® Our model pro-
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FIG. 2. (a) Effective potentiaVMq¢(z) (solid line) and its components for 4 ML of Pb on (11). The originz=0 is at the Cu-Pb interface
and the energies are measured with respect to the vacuum level. The potential obtained with the stabilized jellium Cu is shown as well
(dashed-dotted line The vertical dotted lines represent the edges of the Pb slab, and the diamonds mark the atomic C(bpEmnegy
eigenvalues as a function of the wave vedtprStates extended over the whole syst@pen circles and QWSs trapped in the Pb layer
(filled circles are distinguished. The dark and light gray areas correspond to tlELILenergy gap and the potential well in Pb,
respectively. The free-electron-model band parabola itid@kted ling and the Cu and Pb Fermi wave vectors are marked for reference.
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3 IV. ANALYSIS WITHIN THE PHASE-ACCUMULATION
1 O seli-consistent & experiment inf. pot. D’=D+4.65a¢ MODEL
o o QO % 6 m? 009 K¢} A. Phase shifts
1 O . ()C’ _ * o RS In order to clarify the reasons of contradictions or dissimi-
< el . ' e lar results mentioned above, here we use the phase-
i ] BRI B SRS ey acpumulation modeﬂsee Appen_dix E'Bto evaluate thg phase
% | 0B56Ve g o s g 0. 0m00 shifts for the confinement barriers in our self-consistent cal-
S o 5 .................. Rl ) culations. We use the unsupported Pb slab to calculate the
Te O K phase shift¢py.,ac @nd then we evaluate the phase shift
T s o - : dcu111-pb iN the Pb/C@111) system. The procedure used is
o o % to choose a QWS with an energy just below the vacuum
o .~ O. level and then to identify the corresponding quantum number
i n. After the wave vectok, is calculated from the kinetic
0 2 4 6 3 10 P::»ZML energye=k2/2, the phase shiftbpy,.cis evaluated for the

QWS energy level by EqB1) for the unsupported Pb slab.
FIG. 3. Energy eigenvalues of QWSs in the Pb overlayer on théncreasmg the Slab_ thlckn_ess, the energy eigenvalue de-

Cu(111) surface as a function of the number Pb ML. Open circlesCI€aSes andpy.qde) is obtained as a function of the energy.

and filled diamonds give the calculated and experimental ST he phase shift depends on the potential profile of the sur-

values? respectively. The dotted curves link points calculated withface. Therefore, we check that it remains unaltered for thick-

the infinite-potential-well mode{see Appendix Bwith the effec- ~ Nesses over approximately 2 ML. Finally, we determine, ac-

tive well width of D' =D +4.65,,. cording to Eq.(B2), the shifts in the surface and interface

POSItions, dpp.yad €) and dcy111)-po(€), respectively.

The identification of the quantum numberused in Eq.
vides a good tool to enlighten the problems encountered an@d1l) is easy for states in free-standing Pb slabs. This is not
to suggest a simple but realistic picture with relevant paramthe case for the QWSs in the Pb/@01) system because, in
eters. principle, it is not known how many states are hidden as

Figure 3 shows the calculated eigenvalues as a function desonances in the region of delocalized states in[(De
the number of Pb ML. The comparison with the QWS energywhite area between the gray ones in Fit)2 Nevertheless,
levels measured by Oteret al2° shows a good agreement the local DOS integrated over the Pb overlayer reveals the
for large coverage heights. Below 6 ML the correspondenc&umber of the QWS resonances and, in addition, we have the
is a bit worse. This can be because of the absence of reRPSsibility to plot the eigenfunctions in order to check the
crystal structure of the Cu-Pb interface in our model as welfdentification. -~ _
as to the interaction with the Cd electrons omitted in the ~1he dependences of the phase and surface position shifts
calculations. The importance of these phenomena decreasgs the Energy eigenvalue are shown |n_F|g. 4. We note that
as the number of Pb ML increases. _nearly in t.he whole energy range the shift at _thdﬂQ—Pb

To explain the measured energy eigenvalues Qtea20 interface is larger t'han that at 'the'vacuum ;lde. This means
tried the finite-square-potential-well model first but the fit that the wave function penetration into (L41) is larger than

. : he spill out into the vacuum. The shift of the effective Pb-
was not satisfactory. However, they obtained a very goo

. o . acuum barrier is in agreement with the jellium-model cal-
agreement by using the infinite-square-potential-well mode ulations by Strattofi’ who obtained the average shift of

or by decreasing the width of the finite-square well by1_41a0 between the bottom of the potential wédt —9.5 eVf

~2.63,. o _ and the Fermi level. The present phase shift also agrees with
The fact that the infinite-potential well produces muchine atomic pseudopotential results by Wei and CFou.

better results than the more realistic finite-potential well is  The image-potential mod¢Eq. (B5)] reproduces our re-

counterintuitive. It has been proven for sl&B$] wires’®4°  gyits quite well with the exception of the energies close to

and cluster¥® that the real potential profiles are soft. In fact, the vacuum levelFig. 4@)]. This is due to the exponential

it can be seen in Fig.(3) that the self-consistent potential is decay of the LDA potential into the vacuum. The empirical

soft, with an effective width increasing as a function of theformula, Eq.(B6), gives good results at the Cu-Pb interface

QWS energy level. On the other hand, this effect seem# one corrects for the known downward shift af>! The

not to be counterbalanced by the confining potential on théinite-square-potential-well model does not produce phase

Cu-Pb interface. The QWSs penetrate inside th€1Cly  shifts in agreement with the self-consistent results.

(see Fig. 5 and the electron density in Fig. 1 moves toward

Cu. Nevertheless, a very good agreement with the experi-

ments is obtained with both the infinite-square-potential-well

model and soft self-consistent potentials. In addition, a good Combining the results of Fig. 4 and E@1) or (B2), the

fit is also obtained with the infinite-square-potential well, buteigenvalues in Fig. 3 are reproducé@he energy eigenval-

by using increased well widths in order to take into accountes have to be shifted downward by the width 9.5 eV of the

the wave-function spill outdotted lines in Fig. B occupied energy bandA good qualitative behavior is ob-

B. Slab and infinite-square-potential well
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FIG. 5. Electron density of a QWS in the 5 ML thick Pb over-
layer on Ci@11l) as calculated self-consistentlgolid line) and
compared to the free-standing Pb s(dashed lingand the infinite-
square-potential-well modéHashed-dotted line The gray region
denotes the Pb overlayer on @a2).

4(b)] is also given in Fig. 5. In conclusion, the two simple
models with our parameters reproduce the eigenfunctions in-
side Pb and at the Pb-vacuum barrier quite well, but not
beyond the C(L11)-Pb interface. In order to describe prop-
erties related to the penetration of the wave functions into the
substrate, the slab and infinite-square-potential-well models
are inadequate.

C. Importance of quantum numbers

The model based on the phase shifts or on the effective

Results of our DFT calculationésolid line) and values obtained width increase of the infinite-potential well reproduces the
with Egs.(B4) and(B5) for the Pb-vacuum interface and with Eq. eigenvalues and eigenfunctions of the self-consistent calcu-

(B6) for the Cu111)-Pb interface are shwolib) Shifts in the effec-

lation. Then, the good agreement of the self-consistently cal-

tive Cu111-Pb interface and Pb surface positions are given byculated eigenvalues with the experimental offesijows one

solid and dashed curves, respectively.

tained simply by using the mean effective widdh, which is

to fit the latter with the width increasé,~4a,. Neverthe-
less, Otercet al?® obtain a good agreement wiify=0.
To explain the contradiction we have compared the

the ideal widthD (the width of the Pb positive background infinite-square-potential-well energy spectriiiy. (B2) ob-

charge in the stabilized-jellium modelincreased by

~4.65,,

tained with 8,=0] to our model results corresponding &
# 0. For example, in the latter the quantum numibéor the

We compare in Fig. 5 our self-consistent DFT calculationeigenstates with the nearly constant eigenenergy of 0.65 eV
for the Pb/Ci111) system with two simple model calcula- aren=4,7,10,... for2,4,6,.. ML of Pb, respectively. Actu-
tions. There are 5 ML of Pb on the C11) surface and we ally, this is in agreement with the pseudopotential calcula-

plot the electron density of the QWS at-0.53 eV. The

tions for free-standing Pb slab%But 5,=0 gives the corre-

corresponding state in a free-standing Pb slab is obtained gponding quantum numbers as3,6,9,...,i.e., they are

shifting the left Pb-vacuum boundary by 0ag3o0 the left in

one unit smaller than the correct set. This explains why both

order to mimic the larger penetration of the wave functionsmodels reproduce approximately the same experimental en-

into Cu111) than into vacuum. The value of 0.d5repro-
duces the correct infinite-barrier shift in Fig(bJ. The

ergy spectrum. The wavelength of the states3,6,9,... at
0.65 eV in the infinite-potential well i3 g5=7.225. When

eigenenergy of this Pb slab state is also —0.53 eV. On thee increase the width of the well byyg5/2, the states
right surface, of course, both wave functions overlap and at4,7,10,... lieexactly at the same energy. This does not
the left surface the slab wave function tries to mimic, withouthold for energies far from 0.65 e\Wifferent wavelengths

oscillations, the decay of the wave function

in the and the eigenenergy spectra become different. Nevertheless,

Pb/Cy111) system. The corresponding state calculated usin the narrow energy window from -1 to 3 eV scanned in
ing the infinite-square-potential-well model with the appro-experiments, the energy spectra of both models are very

priate shifts of the barrier§l.66a, and 2.33, from Fig.

similar and fit the experimental results quite well. As a mat-
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ter of fact, an even better fit of experiments seems to be 8°

. . . . ) 4
obtained by increasing the width of the potential well by | © uncorrected formula o 7
Noesand usingn=5,8,11,.. .states. 0 O corrected formula K

We want to stress the general conclusion that the energy | + exact

spectra can be fitted with several sets of thickness and quar
tum numbers, but with the wrong set, other properties may _ ol
be wrongly determined. In particular, the correct determina-&
tion of the physical parameters reveals crucial in the descrip<¢ 4o}
tion of the envelope function, which plays a key role in de- E
termining the energetié$ of the QWSs or the magnetic sor

coupling in multilayer structure¥.
201 .

uncorrected 8p=14.2a

V. DETERMINATION OF CONFINEMENT BARRIERS 10f corrected  8y=5.402
A. Calculation of effective width with &, 0 . . ‘ exact ‘ % %'85 Ao
i ) . 0 10 20 30 40 50 60
The disadvantage of the previous method for determining D (a)

the positions of the confining barriers is a necessity to mea-

sure a large number of QWS eigenenergies in order to cor- FIG. 6. Effective thickness calculated from the theoretical QWS
rectly label the quantum states. However, there exists metlenergies in Fig. 3energy window from -1 to 3.5 eMas a function
ods in which the knowledge of the quantum numbeés not  of the Pb jellium slab thickness. Data and fits corresponding to Eq.
needed21-235%We now consider this kind of method and (6) (diamonds, dashed lineand Eq.(8) (circles, solid ling are

offer an improved formula for their application. compared. The crosses are the exact effective thickness. Data up to
From the energy differencAn between two consecutive 23 ML are used in the fitting, but only data up to 11 ML are plotted
states, for clarity.
_7(2n+1)

= , (5) model with the shiftsy, of the confining barriers reproduces
2(D + &)* quite accurately the energy spectrum as is demonstrated in
Fig. 7. But the determination of th&, value from the real
energy spectrum cannot be done using this scheme because
D'=D+ &= koTrAEl (6) the energy eigenvalue differencAg between the consecu-
, , ) ) ) . tive states behave differently in the infinite-square-potential
is obtained, wher® is the ideal overlayer thickness or, in \ye|| and in real systems. The inset of Fig. 7 shows that the
the case of experiments, the measured thickness kgnd ixfinjte-potential well results in a monotonically increasing
=m(n+0.5/D" is a wave vector depending anandD". & A whereas in the more realistic jellium modg| decreases
takes into account, e.g., the effect of the electron spill ougjgse to the vacuum level. The wrong trend in the infinite-
into the vacuum or into the substrate, the unknown thiCk”‘35§quare-potential—well model is compensated by the errone-
of the wetting layer, and effects due to stress or relaxation 36usly large effective width of the Pb slab or overlayer ob-

the boundaries. _ . . tained by applying Eq(6). In Secs. V B and V C we suggest
We consider QWSs in overlayers of different thicknessy method to overcome this effect.

and within a given window, e.g., the QWSs shown in Fig. 3.
Then, by plottingD’ as a function oD and by fitting to a B. Corrected formula for the calculation of &,

straight line, the slope providés averaged over the energy  \ye propose to correct the overestimation inherent to Eq.
window in question. For example, the theoretical data of Fig ) y introducing the effect of the finite potential barrier.
3 give ky=0.88,", which corresponds to the kinetic energy This is done by assuming that the surface shift is energy
of 10.5 eV, i.e., an energy1 eV above the Fermi level. The dependent ag=d,+d(e). Here, &, is the mean value we
intersection of the dashed straight line with the vertical axis; ant 1o determine. Our aim is to obtain information about
in Fig. 6 givesdo=14ag. This Vf”"“e is much Iarger tha_n tth the electron-confinement strength through thygparameter,
one obtained for the total shift of the potential barrlers Nywhich is energy-independent but reproduces satisfactorily the
\/Svgcbkl)\t/éiﬁirrgiy,l: ?é tfg)eiﬂztr%yfi t‘:aiv above the Fermi levelo 0y spectruntsee Fig. 6. Nevertheless, it is necessary to
. 0— . . - H H

The method described aboyEg. (6)] has been used to \szﬁléhse energy-dependefit) function to obtain relevand
determine the number of I.Db wetting layers in STS experi- The energy difference between the successive states can
ments for Pb/Jil11). Our finding is that the method over- be obtained to the first order as
estimates the distance between the confinement barriers. This
may explain the large valu¥s-23obtained by this scheme _de _7n wn’_ de
in comparison to other experimeritS. The reason for this "“dn D2 Fb‘(s)%’ (7)
disagreement is the basic fact that E¢S. and (6) corre- ]
spond to the infinite-potential well, whereas a finite potentialwhere §(¢) is the energy derivative of the surface shift. This
well is closer to reality. The infinite-square-potential-well equation has to be evaluated for a giverNote that for the

Ap=éen—&p

an effective thickness of the infinite-potential well
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FIG. 7. Energy eigenvaluethottoms of subbandsof a free-
standing 8 ML thick Pb slab as a function of the quantum number

FIG. 8. Derivatived(s) of the effective thick ith tt
The open circles and the filled diamonds give the results of th erivatived(e) of the effective thickness with respect to

Ghe energy according to the self-consistent and to analytical models

stabilized-jellium and infinite-potential-well models, respectively. E :
. : s.(B6) and (B5)] for the C(111)-Pb interface and Pb-vacuum
In the latter, the width of the well corresponds to 8 ML widened by [su?fac(e ')rhe e(ner;]y origin is L;t th)e Fe:mi level vacuu

4.55, in order to take into account the electron spill out. The inset
shows the energy differences between the consecutive states asmpiric phase shift$Eq. (B6)] provide results in a much
function of the energy. The energy range of the QWSs in thepetter agreement with experiments. We want to emphazise
Pb/Cy111) system is given. that even if the analytical phase shifts may not produce the
samed, values as the self-consistent calculations, they repro-

infinitely deep potential welb=0, and we do not recover the duce reasonably well the energy derivatdeeeded in the
exact result of Eq(5). This deficiency is corrected by evalu- correction of Eq(8). _
ating the right-hand side of Eq7) at (n+1/2). The corre- Figure 8 shows the derivativesfrom the self-consistent

spondingd is also evaluated a1 +s,)/2 using the self- calculation and from the analytical models of Appendix B.

consistents values shown in Fig. @). Then, rearranging the The agreement is quite good, even if the derivatives of the

. self-consistent calculation are generally smaller. Comparing
;esrms of Eq.(7) the corrected formula for the thickness castSgq ¢ o nsistent and analytical curves we note that small dif-

ferences in the phaséBig. 4] produce big differences in Fig.

8. We recommend the use of QWSs at intermediate energies
when determining the overlayer thickness because the cor-
rection is smaller in that region.

Table | shows a collection of, values obtained for sev-
eral systems using different approximations. In addition to
our theoretical results for the Pb/Cll) and the free-
standing Pb slab systems we analyze our similar results for
Na/Cul11ll) and the experimental QWS spectrum of
Pb/Cu111) systent® The “exactd,” values are obtained by
fitting a straight line through the exact resulié=7n/2e,,.

In general, the uncorrected E®) gives, for the Pb systems,
& values nearly three times larger than the exact one. In
contrast, the corrected value offers a submonolayer accuracy.
For the Na/C(l1l) system the difference between the cor-
rected and uncorrected, is large as well. Although the

; avelength of Na is larger than for P&, does not scale with
In orQer to apply the corrected sch.em.e of the prewouél’t"becauge the Na/thl?D interface p?c))perties are different.
subsection, the energy-dependent derivati€) has to be Equation (8) applied to the experimental data gives
known. We now study the reliability of different analytical =7.3a, and 4.3, with the numerical and analytical correc-
models in its estimation, with the aim of extending the pre-tions, respectively. It is noticeable that the analytical result is
vious analysis to other substrates or overlayers without doingjoser to the exact valué,=4.0a,. This can be explained by
self-consistent electronic structure calculations.  the correct description of the image potential by the analyti-

The finite-square-potential-well model does not provide 3| formula compared to the exponential LDA decay of the
correction large enough, because the potential is not a coRg|f-consistent one.
tinuous function of energy. Thé values are too smalkee This method has been used mainly for P1$i).112
Fig. 4a)]. The image-potential moddEq. (B5)] and the  For that system, values of 3 ML have been reported in STM

D' = mkoA - k25=D + 5. (8)

Here, it is accurate enough to use teobtained previously
with Eq. (6). Omitting the dependence &éfon energy on the
right-hand side of Eq(8), i.e., settings=&,, we calculate the
value of &, by fitting a straight line foD’ as a function oD
(circles and the solid line in Fig.)6The new mean value
8=5.4a, is consistent with the electron spill out calculated
in Fig. 4b) and it is much better than the value ofap4
obtained with the uncorrected E¢6). Namely, the exact
valuesD’ =mn/\2s, (shown as crosses in Fig) give &

=4.85,,

C. Analytical models for the kg& correction
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TABLE I. & values determining the effective widths of the infinite-potential wells fitting the QWS energy spectra, as obtained from
different theoretical and experimental spectra by using the uncorrected and corrected schemes(®f &ub(8), respectively. The
maximum overlayer thicknesén ML) used in the fitting are given in the second column. The numbers in parenthesis give the linear
regression errors. The QWS of the DFT calculations used in the fitting span the energy rangelfevhbelow Fermi level, i.e., from the
bottom of the C11) band gap, to~1 eV below vacuum levelfor Pb/Cy111) corresponds to the experimently measured energy range of
QWSs.

& from Eq. (6) & from Eq. (8) & from Eq. (8)
System Up to uncorrected numerical correction analytical correction Exach,
Free-standing Pb 10 ML 12 5.50.6) 6(3) 3.90.3
Pb/Cy11)) 23 ML 12(1) 5(2) 3(2) 4.7(0.2)
Pb/Cy111) 10 ML 13(1) 6(1) 4(2) 4.80.3
Experiment& 24 ML 15(5) 7(5) 5(5) 4.00.2
Na/Cu111) 20 ML 7(3) 1(3) 3(4) 1.200.3

experiments, but with the corrected scheme we propose, &nd to determine the quantum numbers for a more accurate
would be of one ML, as reported in other experimentdn analysis of the confinement barriers.
a recent papéf concerning Pb/Cid11), the energy differ- Finally, the 1D-pseudopotential scheme provides a
ences are used to estimate the thickness of the slab to be A#ethod for future studies of nanostructures on solid surfaces.
ML, while the comparison to our calculation suggests that itThis work is focused on the Pb/CLL1) system, but the
is only 20 ML. analytical expressions derived from our analysis are general

When analyzing experiments, tidg value obtained by the and the results can be qualitatively applied to metallic
corrected scheme of E(B) can be used as an initial param- nanoislands on solid substrates, probed for instance with
eter to determine thae quantum number. Then, employing photoemission or STS.
the exact equation to fit the energy spectrum, improved re-
sults are obtained.

ACKNOWLEDGMENTS

VI. CONCLUSIONS The authors are grateful to R. Miranda for his valuable
) ) comments. We acknowledge partial support by the Univer-
We have pgrformed self-'conSIStent DFT Cglculatlpns tOSIty of the Basque Countr§9/UPV00224310-14553/20;&2
study the confinement barriers of electrons in Pb islandg,e Basque Hezkuntza Unibertsitate eta Ikerkuntza Saila and
grown on the C(L11) substrate. Additional calculations have he Spanish Ministerio de Ciencia y TecnologigAT 2001-
been done for free-standing Pb slabs, for comparison. Pb hg®se and MAT2002-04087-CO2-Q1This work was also
been described by stabilized jellium and the(Tl) sub-  atially supported by the Academy of Finland through its
strate. by a 1D pseqdopotentla[. The quel reprodupes theentre of Excellence Prograf@000—200% and by the Eu-
most important physical properties and gives results in googynean Community sixth Framework Network of Excellence

agreement with experiments. NANOQUANTA (NMP4-CT-2004-500198
The energies and wave functions of the quantum well

states in the Pb slabs characterize the confinement barriers at
the Pb-vacuum surface and at the_(m)—Pb interface. We _ APPENDIX A: GENERATION OF THE CU(111) 1D
have analyzed these states by using the phase accumulation PSEUDOPOTENTIAL
model and by determining effective widths of infinite-
potential wells reproducing the energies. The Pb-vacuum We have to obtain, first, an unscreened pseudopotential
phase shift is in good agreement with more realistic pseuddior periodic bulk calculations. Chulkost al>5%¢ proposed a
potential calculations. The C1d1)-Pb phase shift or the ef- fully screened 1D-model potential that varies only in the
fective width of the potential well accounts for the confining direction perpendicular to the surface. The model potential is
strength of the C{i11) energy gap. This strength is weaker successfully used to study, for example, the dielectric re-
than that of the Pb-vacuum barrier. sponse function and lifetimes of excited electron states.
The information provided by our calculations and analysisThe crucial point here is the proper description of the energy
allows one to improve the interpretation of QWS spectraband gap and work function. Moreover, the wave functions
measured by scanning tunneling spectroscopy. More specifare correctly described not only outside the substrate, but
cally, we have shown that the formula commonly used in thealso inside it. This is an important ingredient in the present
literature results in the overestimation of the effective widthapplication. Here we skip the surface part of the 1D pseudo-
of the infinite-potential well. We have offered an alternatepotential because we cover the (Cil) surface with several
expression to correct that deficiency, especially important foML of Pb. Nevertheless, it is also possible to build a pseudo-
high electronic densitysmall \g) metals. The results ob- potential that reproduces the surface and image stafidse
tained can be used to estimate the width of the potential webulk oscillating function of the 1D-model potenfiaP®is

205401-8



SELF-CONSISTENT STUDY OF ELECTRON PHYSICAL REVIEW B 71, 205401(2005

2k,D + ¢)Cu(11])-Pb+ Ppb-vac= 2m(n-1), (B1)

wherek, is the wave vector corresponding to the QWS ki-
netic energyD is the width of the potential well to model the
whered=3.943, is the interlayer spacing in Cu in th&11] Pb film, ¢pp.yac aNd deya11-pp are the phases of the eigen-
direction andA,y and A; are fitting parameters. Using peri- function accumulated at the Pb overlayer-vacuum and the
odic boundary conditions atd¢2 the Kohn-Sham equations Cu-substrate—Pb-overlayer interfaces, respectively, and
are solved for the fixe®(2) =Vinouel2) potential. With the  =1,2,3,... is theqguantum number of the QWS. For an in-
eigenfunctions obtained and with the experimental workfinitely deep square-potential well, the phase accumulated on
function we calculate the electron-density profile. Integratingeach surface is . It is more intuitive to apply the infinitely
over z we obtain the mean density with=2.5%,. This deep square-potential well so théby.yac= dcyu.pr=—, but
value is close to the experimentak2.67a, for Cu 4s elec-  Using an effective widtld’ =D + dcy111)-pb* ppvac ThEN EQ.

2 -d d
Viodel2) = Ajp+ Aq CO FZ , 7 <z< E (A1)

trons. (B1) gives
Once we have computed the density, it is straightforward -
to obtain the corresponding,.(z) potential. It is more chal- Scu110-pbt Opb-vac= Pl D. (B2)

lenging to calculate the Hartred,(z) term because in the z

absence of vacuum the height of the surface dipole-barrigHere, Scu111-pb @Nd Jpp_yac arise from the wave function
and the energy origin for the Hartree term inside the bulk ar§yenetration into the Ga11) substrate and the spill out into
not known. To solve the problem we fix, provisionally, the {he vacuum, respectively. The idea is tit should give a
zero of the Hartree potential to occur at the boundaries of thggjigple estimate of the actual thickness of the overlayer.
periodic cell. After adding a homogeneous neutralizing posi-thys, as the phase shifts, the effective well width also de-
tive backgrognd of,=2.55,, the Hartree potential can be pends on the QWS eigenenergy. It has been shown that
evaluated. Finally, we can calculate from H) the un-  the energy spectrum is very sensitive to the positions of the
screened and periodic pseudopotentigfz) by subtracting  parriers and relatively insensitive to the barrier hefdht.
from the effective potential th¥y(z) andV,((2) terms. Therefore, a mean surface shif§ can accurately reproduce

The pseudopotential obtained cannot be used in slab cajhe spectrum. According to EqéB1) and (B2) the surface
culations yet because the zero of thig(z) potential was position shifts and phase shifts are related by
arbitrarily chosen in the previous step.

In a second step we build a semi-infinite (Ci) slab by 5= i iy (B3)
repeating the pseudopotential of 1 ML of Cu. The slab is 2k,

]E.h'ﬁk e_nougfr; tto _av?:;dt mtgrgctlotrr]] bgthent sutrfaceﬁ_hand Below we give two analytical expressions for the surface-
Inite-size etfects n determining the band structure. Theny, ., phase shift, derived within the finite-potential-step

enough vacuum is added on both sides to annul boundary, 4" 1o image-potential models. The former gives the

effec_ts at the bordgrs of the .calculation volume. In the Se.lf'energy-dependent phase sHif®
consistent calculation for this system the electron density
spills out of C111) to the vacuum, giving rise to the dipole
Coulomb barrier, which shifts the Fermi le@ind the whole
band structure including the energy ¢gap the position that J— ) )
is not yet correct with respect to the vacuum level. wherek,,c=2|e| and the energy eigenvalueis measured

To correct the work function we shift the pseudopotentialWith respect to the vacuum level. In Ref. 20 this model has
by a constant inside the Cu slab. Here we define the Tl also been used fo_r the analygls of the Cu-Pb mt_erface barrier.
edge to be at half an interlayer spacing beyond the last atorhn€ image-potential model gives the phase Shift
plane. But the pseudopotential shift also changes the electron [3.4 ev
spilling into the vacuum and the dipole barrier. Thus, we find bpb—vac= T\ T — 7. (B5)
the potential shift iteratively so that the experimental value el
for the work function is recovered. The phase shift corresponding to the QWS'’s wave functions
penetrating into the Gall) depends on the position of the
QWS energy eigenvalue relative to the energy band gap. For
example, the empiric formuta

k,
Ppb-vac= 2 arCtaJ(_ %) , (B4)

Z

APPENDIX B: PHASE ACCUMULATION MODEL
FOR CONFINEMENT BARRIERS

€
The phase accumulation mogfeincludes the features of $cu111-pp= 2 arcsin — - (B6)
the QWSs in a simple way, through the phase shifts at the fuT e
limiting surfaces. For a Pb slab over @Y it yields the has been used, wherg, and ¢, are the upper and lower
following expression: edges of the band gap, respectively.
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