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Abstract

In this work, we have applied the self-compressed stabilized jellium model to predict the

equilibrium properties of isolated thin Al, Na and Cs slabs. To make a direct correspondence to
atomic slabs, we have considered only those L values that correspond to n-layered atomic slabs
with 2 < n < 20, for surface indices (100), (110), and (111). The calculations are based on the
density functional theory and self-consistent solution of the Kohn—Sham equations in the local
density approximation. Our results show that firstly, the quantum size effects are significant for
slabs with sizes smaller than or near to the Fermi wavelength of the valence electrons Ag, and
secondly, some slabs expand while others contract with respect to the bulk spacings. Based on
the results, we propose a criterion for realization of significant quantum size effects that lead to
expansion of some thin slabs. For more justification of the criterion, we have tested it on Li
slabs for 2 < n < 6. We have compared our Al results with those obtained from using
all-electron or pseudo-potential first-principles calculations. This comparison shows excellent
agreements for Al(100) work functions, and qualitatively good agreements for the other work
functions and surface energies. These agreements justify the way we have used the
self-compressed stabilized jellium model for the correct description of the properties of simple
metal slab systems. On the other hand, our results for the work functions and surface energies
of large-n slabs are in good agreement with those obtained from applying the stabilized jellium
model for semi-infinite systems. In addition, we have performed the slab calculations in the
presence of surface corrugation for selected Al slabs and have shown that the results

are worsened.

1. Introduction

A thin slab is a system composed of a few atomic layers in
such a way that it is finite in one direction (which we take as z
axis), and infinite in the other two directions of x and y. The
finiteness of the size in the z direction gives rise to the so-called
quantum size effects (QSE) [1-12]. The QSEs are significant
when the size, L, of the system in one direction is comparable
to the Fermi wavelength, Ap, of the electron in that direction
and become less important in the limit L 2 2.

To study the electronic structure and mechanical
equilibrium properties of the simple metal slabs of Al, Na, and
Cs, we have used the stabilized jellium model (SJIM) [13]. It

0953-8984/09/265002+10$30.00

has been shown that the SIM, in which the discrete ions of
atoms are replaced by a uniform positive charge density, is
a simple and realistic model to describe the bulk and surface
properties of simple metals. Moreover, it has been shown
that the self-compressed version of the SIM (SC-SIM) is
appropriate for finite systems in which the surface effects
cause the jellium background density to differ from that of the
bulk [14-16]. In the prior work by Sarria et al [9], the SC-SIM
has been applied to slabs with different sizes of L. For each
fixed L value, they determined the r; value for the background
that minimized the total energy per particle (E/N), and this
was always smaller than that of the bulk. That procedure was
repeated for different values of the L parameter. They have

© 2009 IOP Publishing Ltd  Printed in the UK
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shown that for certain values of L which are integer multiples
of Ap/2, the self-compression effects are more pronounced.
However, since in their work the self-compression procedure
was performed for constant L values, any change of the r value
was equivalent to a change in the number of atoms, and thereby,
the slab systems they studied would not correspond to realistic
isolated slabs. In order to apply the SC-SIM for isolated slabs,
one has to consider N as a fixed parameter and let the value of
L relax to its equilibrium value LY. For fixed N, the relaxation
of L relative to the corresponding bulk value leads to a change
in the r, value. We denote by r the value corresponding to L7,
and will show in the following that under certain conditions it
can assume values larger than that of the bulk.

In this work, using the SC-SJM, we have calculated the
equilibrium properties of isolated thin slabs of simple metals
Al, Na, and Cs. To make a direct correspondence to atomic
slabs, we have considered only those L values that correspond
to n-layered atomic slabs with 2 < n < 20 for surface indices
(100), (110), and (111). The calculations are based on the
density functional theory (DFT) [17] and solution of the Kohn—
Sham (KS) equations [18] in the local density approximation
(LDA) [18] for the exchange—correlation (XC) functional. In
our calculations the slabs are taken as isolated systems which
can undergo relaxations in the z direction. Our results show
that, in contrast to the r* values (obtained for fictitious constant
volume slab systems), for some slabs the r: (obtained for
realistic constant-N slab systems) assumes values that are
larger than those of the bulk. That is, in some cases the
relaxations are realized as expansions. The expansion behavior
which is predicted in this work, have been also predicted
by other first-principles calculations [6, 10—-12]. The results
show that the size of relaxations decreases for large-n slabs.
Based on the results, we explore a criterion for realization of
significant quantum size effects that lead to expansion of some
thin slabs. For more justification of the criterion, we have
tested it on Li slabs for 2 < n < 6 and (in contrast to the
results of [9]) have obtained some expansions. In section 2
we explain the calculational details and in section 3 we discuss
the results of our calculations and those obtained using first-
principles methods [2, 10, 8, 7] as well as those obtained from
SIM calculations for semi-infinite jellium systems [19, 20]. We
present a detailed derivation of the relationship between r; and
r! in an appendix at the end of the paper.

2. Calculational details

In the SC-SJM, the energy of a system with electronic
charge distribution n(r) and background charge n (r) is given
by [14, 21]:

Esmmln, ny]l = Ewln, ny]+ [em(rs) + wr(rs, 7o)l
X /drmr(l') + (Sv)ws (rs, re) /dr@(r)[n(r) —ny(r)],

ey

where, Eyy is the energy in the jellium model (JM) [22], em =
—9z/10r¢ and wr = 2mir? are the Madelung energy and the
average of the repulsive part of the pseudo-potential [23] over
the Wigner—Seitz (WS) cell of radius ry = z'/3r,, respectively.

z and (6v)ws = (31’3/2}’53 — 3z/10r¢) are the valency of the
atom and the average of the difference potential over the WS
cell, respectively [13]. n4 (r) = n®(r) is the jellium density in
whichn =3 /4nr3 and ®(r) takes the value of unity inside the
jellium background and zero outside. r is the core radius of the
pseudo-potential and is determined in such a way that the bulk
system becomes mechanically stabilized at the experimental
rs value. (All equations throughout this paper are expressed
in Hartree atomic units.) For a finite system (with a fixed
number of particles) at mechanical equilibrium, the r¢ value of
the background is different from that of the bulk and assumes
the value r{ for which

3(E/N)

=0, 2
o 2

n

where N is the number of electrons in the system.

In the SC-SJM, a slab of thickness L has full translational
symmetry in the x and y directions and therefore, the physical
quantities depend on the spacial z coordinate. Moreover, the
KS equation reduces to a one-dimensional equation,

1 d? _ 3
(—Ed—zz + Ueff(Z)> Y (2) = €, ¥, (2), 3)
where

Veif(2) = ¢(2) + Ve (2) + ($0)wsO(L/2 — [2]).  (4)

¢ (z) is the electrostatic potential energy,

¢(z) =4n /

satisfying ¢ (00) = 0, and the density is given by [1]:

dz’ (z — )[4 (2) —n"], %)

1
nz) =~ Y (Er—e)pp(2), 6)

en<EF

with the Fermi energy determined by the charge neutrality
condition.

To solve the KS equation for a slab of width L, we expand
the KS orbitals in terms of the eigenfunctions of a rectangular
infinite potential well [3] of width D ~ L + 4Ap, which
allows a 2Ar vacuum at each side of the slab. Our testings
show that this choice of the width D ensures that the results
are independent of the presence of the walls. The KS orbitals
are expanded in terms of 150 lowest eigenfunctions of the
rectangular box of width D. This number of bases ensures the
reliability of the energies to at least six significant figures.

For an X(hkl) slab with X = Al, Na, Cs and (hkl) =
(100), (110), (111), composed of n atomic layers, the size is
given by L = ndyy, with dp; being the interlayer spacing.
For a unit cell of n, atoms with valency z, the lattice
constant a is determined from the electronic rs value by a =
(4mzng/3)3r,. In table 1 we have presented the numerical
bulk values of the electronic density parameter rs, lattice
constant a and the interlayer spacings dp; for each element.
It should be mentioned that since Ax = 27 (4/97)'/3r, also
linearly scales with 7, the lattice constant in units of Fermi
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Table 1. Bulk r, values, lattice constants, and interlayer spacings in atomic units. The values in parentheses are in units of the corresponding

bulk Fermi wavelengths, Ag.

Element  Structure 7y a dioo dio dii
Al fec 207  7.64(1.13) 3.82(0.56) 2.70(0.40) 4.41 (0.65)
Li bee 3.28 6.60 (0.62) 3.30(0.31) 4.66(0.44) 1.90(0.18)
Na bee 399  8.10(0.62) 4.05(0.31) 5.73(0.44) 2.34(0.18)
Cs bee 5.63 11.43(0.62) 5.72(0.31) 8.08(0.44) 3.30(0.18)
wavelength depends only on the valency of the atoms (z) and 2l 717711
the crystal structure (ny), i.e., a = (3zny/8m)3Ap. To 208p -
proceed with SC-SIM calculations for an isolated slab, we . 206
must use a reasonable relation between the r; and L values. S 204
Since there is no relaxation in the x and y directions, the (5 2.02
surface area of the slab remains constant and the change 4_Vm 195 : A1) :
in rg is solely due to the change in L. Here, we assume g
the simplest relation satisfying the constant surface area and [ T U S SO R R R
constant number of atoms, o4 2 ' |4 ' |6 ' |8 ' 1|0' 1|2' 1|4' 1|6' 1|8' 20
LT = (_s) L, (7) ~. 206
Is 5 2.04
where the pairs (L', rJ) and (L, r) correspond to the © 2'02
equilibrium and bulk states of the slab, respectively. Using 4_vm 198
this simple relation in our SC-SJM calculations, we predict N 196 F | | | | | | | o
that in the Na and Cs cases some slabs expand while all Al —
. . . 2 4 6 8 10 12 14 16 18 20
slabs contract. Finally, to include the surface corrugation, we 24 —m— 1
have used a face-dependent relation [13] for (6v), 208 i
b g7 206 -
(BV)iee = (Bvhws + 5 - {g - [ﬂ } C® z o
— 2
in which d is the interlayer spacing for a given surface. For *‘H‘” 1.98 Al(110) A
d and ry, we assume their corresponding bulk values. Our 196 v o e e ey T
calculations show that the self-consistent variations of d and 2 4 6 8 10 12 14 16 18 20

ro do not lead to any equilibrium state. Moreover, even though
the second term in the right-hand side of equation (8) makes
the work function face-dependent, our results for Al(110) slabs
withn =9, 11, 13, and 15 show that the results are worse than
those obtained using a flat surface.

3. Results and discussion

By solving the self-consistent KS equations in the SC-SIM, we
have calculated the equilibrium sizes, LT, of n-layered slabs
(2 < n < 20) for Al, Na, and Cs. For each element, the
n-layered slab calculations have been repeated for the different
(100), (110), and (111) surface indices. Here, it is assumed that
the interlayer spacing is the only parameter that differs for the
different surface indices. However, as we discuss later in this
section, by introducing surface corrugation, (§v) also becomes
face-dependent which leads to different surface properties for
slabs of different indices. The advantage of using djy; is that
we consider only those L values that correspond to real atomic
slabs and therefore, for each structure there is a one-to-one
correspondence with atomic slabs. For each n-layered slab, the
KS equations are solved self-consistently for different L values
and thereby, the value L which minimizes the total energy per
particle, is determined.

Number of Layers

Figure 1. Equilibrium r values, in atomic units, for n-layered Al
slabs with (111), (100), and (110) surfaces. The dotted lines
correspond to the bulk value (2.07).

In figure 1, we have plotted r: for Al(111), Al(100),
and AI(110) as a function of the number of atomic layers, n.
(Throughout the paper, all sub-figures from top to bottom, are
ordered according to a decreasing bulk interlayer spacing.) The
results show that rsT < 2.07 for all Al slabs. That is, the
model predicts all Al slabs are contracted. Comparison of the
three sub-figures in figure 1, taking into account the different
interlayer spacings from table 1, we see that the smaller the
size of the slabs the larger is the contraction rate. Moreover,
since the sizes of the 2-layered Al slabs are larger than Ap, we
do not observe any significant oscillations.

In figure 2, we have plotted the . results for Na, which
show significant deviations from the bulk r; valueup ton = 13
for Na(111), up to n 8 for Na(100), and up ton = 5
for Na(110). These sizes correspond to slab thicknesses of
~2\g. For sizes above these thresholds the oscillations become
negligible. That is, the QSEs are significant for L < 2Ag.
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Figure 2. The same as in figure 1 for Na, with bulk value 3.99.

On the other hand, we observe that the oscillations become
sharper and more significant as we go from top sub-figure to
the bottom. Since from top to bottom the interlayer spacing
decreases, we are led to the conclusion that if the interlayer
spacing, d, happens to be so small or the Fermi wavelength
happens to be so large that the condition 2Ag/d > 1 is
met, then there would be a chance that the QSE is realized
by consecutive expansions and contractions. However, since
this condition is not met in the Al case (d ~ 0.5Ag), we do
not observe any significant oscillations. This criterion, along
with the first-principles or experimental results, enables us to
estimate an effective free-electron rg value for a given slab. For
example, as is shown in the following (figure 4), according
to first-principles calculations, the Al(100) and Al(111) slabs
undergo expansions [10]. This means that, using the criterion,
the actual Fermi wavelengths along those directions should be
larger than the bulk free-electron value, or the actual electron
density between two adjacent atomic layers should be much
smaller than that of the bulk.

The r results for Cs slabs are shown in figure 3. As is
observed, the shapes are similar to the corresponding shapes
of Na slabs. This fact is explained by noting that in Cs the
interlayer spacings, in units of Ap, are the same as those in Na
(see table 1). On the other hand, since the density parameter, rs,
of the electrons in Cs is larger than that in Na, the oscillations
in the Cs case have smaller amplitudes relative to those in
Na.

ro(a.u.)

rq(a.u.)

rq(a.u.)

<31 I R U R (U R R RV
2 4 6 8 10 12 14 16 18 20

Number of Layers

Figure 3. The same as in figure 1 for Cs, with bulk value 5.63.

According to equation (7), the variations in L and ry are

related by
Arg _ (ALY ©
re  \L ’

which can be used to determine the total thickness relaxations
of the slabs. In figure 4, we have compared the results of
total relaxation of the Al slabs with those of the first-principles
calculations [10, 2]. In the top sub-figure, we have compared
the results of AI(111) with those obtained [10] from the full-
potential linearized augmented plane wave method (FPLAPW)
in the generalized gradient approximation (GGA) [24]. The
FPLAPW results show expansions up to n = 17 whereas
our results show contractions. As we have argued, this could
be the result of the larger actual electron Fermi wavelength
in that direction compared to that of the bulk. Similarly, in
the middle sub-figure, the FPLAPW results show expansions,
while our results show contractions. However, the (110) slabs
in the bottom sub-figure show contractions, as predicted by the
FPLAPW and LDA pseudo-potential (PP) calculations [2]. In
this case, the average behavior of the first-principles results
agrees well with our results, and we can conclude that Ar along
this direction is not very different from that in the free-electron
model.

The results of the total relaxations for Na and Cs behave
in a similar way to their corresponding r/ plots and are
not presented here. To close the discussion on thickness
relaxations, we have presented the relaxations of Li slabs for
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Figure 4. Relative total relaxations of Al slabs at their equilibrium
states for (111), (100), and (110) surfaces. The open circles, solid
circles, and upside-down triangles correspond to the results of the
present work, FPLAPW [10], and PP-LDA [2], respectively.

n = 2,3,4,5,61n figure 5. The results show expansions at
n = 4,6 for Li(110); n = 2,3, 4 for Li(100); and n = 2,5
for Li(111), respectively. These expansions are verifications of
our criterion for observing significant QSEs. In addition, by
equation (9), at these n values, the r: values are greater than
that of the bulk while the r} values obtained for Li in [9], were
always smaller than that of the bulk.

The work function of a given metal surface is the
minimum energy needed to remove an electron from inside
the metal to a point outside, across that surface. In the slab
system it is equal to the absolute value of the Fermi energy.
In figure 6, we have plotted the work function results of
Al slabs and compared these with those of FPLAPW [10].
However, for completeness we have also included the pseudo-
potential calculation results in the LDA (PP-LDA) [2, 8, 7] as
well as the SJM results for a semi-infinite system [19, 20].
In order to explain our results, as seen from the FPLAPW
results, in Al(100) there is an excellent agreement in the values
and oscillation behavior for n > 4. On the other hand,
the agreement is poor for n = 2,3. In other words, the
bending of the FPLAPW curve is a little bit slower than that
in our results. Inspecting the top and bottom sub-figures also
shows that our results and those of the FPLAPW have similar
oscillatory structures. The relative vertical shifts at asymptotic
large-n regions can be related to the differences in the values

10 T T

102 AL/L

102 AL/L

102 AL/L

2 3 4 5 6
Number of Layers

Figure 5. The same as in figure 4 for Li.

of the surface dipole moments (SDM). The SDMs in our
model calculations are higher than those in the FPLAPW or PP
calculations. This is because in the SC-SIM the background
density has the same constant value over the slab width,
whereas in the FPLAPW or PP the discrete ions of each plane
are allowed to find their own equilibrium positions. It means
that, if we had taken an inhomogeneous jellium background
to simulate the discrete ionic planes, then the equilibrium
densities of the background sub-slabs would be different. This
behavior will somehow decrease the separation between the
positive and negative charges and thereby decrease the SDM.
In the extreme case of a complete deformable background, the
ultimate jellium model [25], there is no charge separation and
therefore the SDM vanishes. On the other hand, we should
not forget that in the FPLAPW calculations the GGA has
been used, which gives results that are different from those
in the LDA for highly inhomogeneous electron densities at
surfaces. This fact is shown by presenting the PP-LDA results
in the middle and bottom sub-figures. The PP results lie above
those of the FPLAPW with the same structure. Returning to
the oscillatory structure, the local Fermi wavelengths of the
electrons in the FPLAPW are different from those of the SC-
SIM. Under the condition (Ap/d) 2 1, a small decrease in Ap
(other parameters kept fixed) results in a decrease of the value
of the ratio, and in turn, an increase in the bending rate. This
is the case in our AI(100) results. Here the slabs withn = 2,3
have been contracted while those in the FPLAPW are expanded
(see middle sub-figure in figure 4). It should be mentioned that
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Figure 6. Work functions of Al slabs at their equilibrium states for
(111), (100), and (110) surfaces as functions of the number of layers.
The open circles, solid circles, open triangles, asterisks, and
upside-down open triangles correspond to the results of the present
work, FPLAPW [10], PP-LDA [8], PP-LDA [7], and PP-LDA [2],
respectively. The dotted lines correspond to the SJM results for the
semi-infinite system [19, 20].

for small ns no bulk region exists for the slab (unless Ap/d <K
1), and expansions or contractions will have different impacts
on the surface properties. However, for large ns, the effects of
relaxations in the bulk can be canceled out by the relaxations
of the neighboring layers and therefore the SDM does not
change. In other words, the relaxation of the layers which lie
inside the major peak of the Friedel oscillation determines the
value of the SDM. That is why there is an excellent agreement
between the SC-SJIM and FPLAPW work functions for large
n, in spite of the fact that our AI(100) slabs contract while
AI(100) slabs expand in FPLAPW. To explain the differences
between our results and those of the FPLAPW in the work
function of Al(110) slabs, we notice from the bottom sub-figure
of figure 4 that the FPLAPW predicts more compression than
the SC-SIM for n = 2, and hence a smaller Fermi wavelength
which leads to a rapid bending of the work function curve. For
n > 4 we notice a constant phase difference between the two
oscillatory curves. That is, (aside from the vertical shift which
we have discussed) the value of the SDM at n = 4 in the SC-
SIM is equivalent to that in the FPLAPW at n = 6, and so
on. This fact can be explained by assuming that the overlap
between the major peaks in the Friedel oscillation at both sides
of the slab effectively vanishes for n > 6 atomic layers in the

FPLAPW and for n > 4 in the SC-SJM. For larger values
of n the constant phase difference means that the Ap of the
electrons in the bulk region is the same in the SC-SJIM and
the FPLAPW. Now we focus on the top sub-figure of figure 6
for Al(111). For n > 7, aside from the vertical shift, the two
curves have the same frequency of oscillations and therefore,
in the bulk region both the SC-SJM and the FPLAPW have the
same electronic Ag. However forn < 7, fromn = 2to 3
the FPLAPW gives contraction while from n = 3 to 7 it gives
expansion (see the top sub-figure in figure 4). Therefore when
going from n = 2 to 7, Ap first decreases and then increases.
As a result, in the FPLAPW work function plot we observe a
rapid bending followed by a slow bending. From the FPLAPW
results it can be deduced that at n = 7 the surface formation
is completed. To sum up, (from figure 4) the FPLAPW results
show a positive slope at n = 2 followed by a negative one
for Al(100) and Al(110), whereas it shows a negative slope at
n = 2 followed by a positive one for Al(111). This behavior is
reflected in the work function curves (figure 6) as slow bending
at n = 2 for Al(100), Al(110), and rapid bending for Al(111).
The dotted straight lines in each sub-figure correspond to the
results obtained from the self-consistent SJIM calculations for
semi-infinite systems [19, 20]. For completeness, we have also
included the PP-LDA results [2, 8, 7].

To see the effects of surface corrugation on the work
functions, we have used the face-dependent relation of
equation (8) for (§v) for a selected Al(110) slabs. The results
are presented in table 2.

In table 2, the numbers in the fifth column are the work
functions of flat surface slabs. The eighth and tenth columns
are the face-dependent and the FPLAPW results, respectively.
As is observed from the table 2, the surface corrugation
term has affected the amount of relaxation and the averaged
potential difference, (6v). Any change in the difference
potential, causes a change in the SDM, and thereby leads to
a change in the work function. However, the (100) work
functions of the flat surface agree nicely with those of the
FPLAPW [10] and, therefore, the face-dependent term worsens
the results. On the other hand, the work functions of both (110)
and (111) slabs with flat surfaces are higher than those of the
FPLAPW, but the corrugation term causes overcorrection and
worsens the agreement with the FPLAPW. The lowest four
rows of the table show the results obtained from application
of the SIM to semi-infinite jellium system [19] which are in
excellent agreement with our results for large ns.

In figure 7 we have presented the work functions of Na
slabs at their equilibrium states for (110), (100), and (111)
surfaces as functions of the number of layers. The dotted lines
correspond to the SIM results (2.92 eV) for a semi-infinite
system [19] which is close to 2.94 eV as obtained in [20].

The calculation results for the work functions of Cs slabs
are plotted in figure 8. The dotted lines correspond to the SIM
results (2.24 eV) for a semi-infinite system [19] which is close
to 2.26 eV obtained in [20]. As in the case of rsT results, the
behavior here is also similar to that of the corresponding Na
slabs.

In figure 9, we have plotted the total energies per electron
for Al(111), Al(100), and Al(110) slabs at their equilibrium
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Table 2. Comparison of the relaxations, averaged difference potentials, and work functions of n-layered Al slabs as well as the semi-infinite

jellium results with those of the FPLAPW.

n case  AL/L(%)  (Sv) €V)* W (V)  AL/L(%)"  (8v) V)’ W (V)  AL/L(%)° W (eV)
9 (100) —1.12 —2.45 4.18 —2.67 0.20 3.69 2.1 4.23
(110) -2.19 —2.42 4.13 —6.55 3.13 3.56 —2.4 4.16
(111)  —0.91 —2.46 4.27 —1.24 —1.70 4.09 3.6 4.05
11 (100) —0.78 —2.46 4.26 —2.02 0.18 3.78 5.7 4.28
(110) —1.41 —2.44 4.27 —5.32 3.09 3.61 —12.6 4.00
(111) —0.58 —2.47 4.25 —0.86 —1.71 4.07 4.4 4.07
13 (100) —0.56 —2.47 4.27 —1.56 0.17 3.77 7.1 4.28
(110) —1.13 —2.45 4.26 —4.44 3.06 3.62 —2.3 4.09
(111)  —0.38 —2.47 4.24 —0.61 —1.72 4.06 1.5 4.03
15 (100) —0.40 —2.47 4.24 —1.25 0.16 3.74 2.7 4.25
(110) —0.81 —2.46 4.23 —3.64 3.03 3.54 —7.4 4.06
(111) —2.08 —2.48 4.26 —0.41 —1.73 4.08 33 4.06
20 (100) —0.09 —2.48 4.26 —0.07 0.14 3.76 — —
(110) —0.44 —2.47 4.24 —2.44 3.00 3.55 — —
(111)  —0.02 —2.48 4.24 —0.01 —1.74 4.05 — —
Semi-inf!  Flat — —2.49 4.24 — — — — —
(100) — _ _ _ 0.12 3.62 _ _
(110) — — — — 2.92 3.81 — —
a1y — — _ _ _ —1.74 3.72 _ _

2 Present work, flat surface; ® present work, face-dependent corrugation.
¢ FPLAPW ([10]); ¢ semi-infinite SJM system from [19]. This result is quite close to that in [20] which is 4.27 eV.
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Z E a( ) 3 2 :_ | | | | | | | | _:
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—~ [ ] ; 24 - -]
T 3 ; D 23,
29 B/ N e 22 ¢ ]
ook 24 f Cs(100) 4
Z 2 5 E :Z 2 | Y ISR T I ST T R—T— _:
' 2 4 6 8 10 12 14 16 18 20
3.3 — T T T T T T T T T T T T T "]
— ,:; 24§ 1
Al T 23§
29 F 22 F :
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Figure 7. The same as in figure 6 with semi-infinite results Figure 8. The same as in figure 6 with semi-infinite results
2.92 eV [19] which is close to 2.94 eV [20]. 2.24 eV [19] which is close to 2.26 eV [20].
states. As seen, the behavior is quite smooth and approaches .
the bulk value —19.1 eV [13] from above for large enough The surface energy of the slab is defined by
Ls. Similar behaviors are obtained for Na and Cs slabs with Ity — 1 E It Ehulk g 10
respective asymptotic values of —6.26 and —4.64 eV [13]. o(L7) = 2A [Esm(L") = Egm(L)], (10)
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Figure 9. Total energies per electron of Al slabs at their equilibrium
states for (111), (100), and (110) surfaces. The dotted lines
correspond to the bulk value, —19.1 eV [13].

where Egm(L") and Eg}lﬁ(L) are the SC-SJM and bulk-SJIM
total energies of the slab with surface area A. The bulk-SIM
total energy is proportional to L = ndj; and equation (10) can
be rewritten in the form

Esm(L")

= 20 (L") + L™k,

(11
where 71 and £™* are the bulk density and bulk-SIM energy
per particle, respectively. We have fitted the values of the SC-
SIM total energy per unit area to equation (11) to obtain g™k,
and used it in equation (10) to obtain o (L). In the fitting we
have used the results with n > 6 to eliminate the significant
fluctuations and obtain more accurate values for g®Ik.

In figure 10, we have plotted the surface energies
obtained from using equation (10) for Al slabs with flat
surfaces. The results are compared with those obtained from
the FPLAPW [10]. The comparison shows a systematic
underestimation of ~8% for Al(111), ~9% for Al(100), and
~10% for Al(110) surfaces, respectively, which can be partly
due to the GGA used in the FPLAPW calculations. In the
bottom sub-figure, Al(110), we have also included the PP-LDA
results which lie above both the SC-SIM and the FPLAPW
results. As can be seen, the structures of the plots are in
excellent agreement with those of the FPLAPW. On the other
hand, it is seen that both the PP and the FPLAPW plots
have the same structure. The disagreements of n = 2

NA
£
O
~
o
G
0]
© 700 [T AP R SN R SR B B
2 4 6 8 10 12 14 16 18 20
1300 LA L B B LA N LA L B
~
g
O
~
o
¢
800 .
~ E Al(100) E
© 700 P R N R R AP R R B
2 4 6 8 10 12 14 16 18 20
1300 A L L L LI N LA L B
o~
& E
) E E
~ < ]
o E
800 £ E
~ 4 Al(110) E
© 700 P R HR R B | ! ! ! i

2 4 6 8 10 12 14 16 18 20
Number of Layers

Figure 10. Surface energies of Al slabs at their equilibrium states for
(111), (100), and (110) surfaces. The labels are the same as in

figure 6. The dotted and dashed lines correspond to the SJM results
for the semi-infinite system with 953 erg cm~2 [19] and

925 erg cm~2 [20], respectively.

in Al(100) and in Al(110) with those in the FPLAPW are
consistent with those in figure 6. The phase difference is also
observed in the bottom sub-figure. The dotted and dashed lines
correspond to the results of the SIM for semi-infinite systems
with 953 erg cm~2 [19] and 925 erg cm~2 [20], respectively.

The surface energies of Na and Cs slabs are plotted in
figures 11 and 12, respectively. Consistent with the top sub-
figures in figures 2, 3, 7, 8, the top sub-figures here also show
smooth behaviors. Compared to any FPLAPW calculations,
we expect a systematic underestimation of surface energies
of at most ~10% for Na and Cs as well. On the other
hand, as in the Al case, our results for Na and Cs are in
excellent agreement with those of the semi-infinite SJIM for
flat surfaces [19, 20]. Finally, we note that the semi-infinite
calculations [13] with surface corrugations have raised the Al
surface energies to 977, 1103, and 921 erg cm~2 for (100),
(110), and (111) indices, respectively, which are in better
agreement with those of the FPLAPW.

4. Conclusions

We have applied the SC-SIM to predict the electronic
properties of simple metal slabs of Al, Na, and Cs at their
equilibrium states. To make a direct correspondence to atomic



J. Phys.: Condens. Matter 21 (2009) 265002

T Mahmoodi and M Payami

85 -
175 F

165 | ]
155 | Na(110) 3
145 b N | N | N | N | N | N | N | N | N ]
10 12 14 16 18 20
T T ~ T ~ T ~ T ~ T ~ T ~ T "3
185 F B
175 | ]
165 |

o (erg/cm

2)

6 (erg/cm

155 | Na(100) 4
145: L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 |:
10 12 14 16 18 20
™ T T T T T T T T T T T T ]
185 | E
175 f ]

165 |

2)

155 |

o (erg/cm

Na(111) 4
145: PR TR BN T | | | | | E

2 4 6 8 10 12 14 16 18 20
Number of Layers

Figure 11. The same as in figure 10 for Na with 171 erg cm~2 for
semi-infinite STM [19, 20].

slabs, we have considered only those L values that correspond
to n-layered atomic slabs with 2 < n < 20 for surface indices
(100), (110), and (111). In our calculations, the slabs are
taken as isolated systems which can undergo relaxations in
the z direction. Our results show that, in contrast to the r
values (obtained in [9]) which are always smaller than those of
the bulk, for some slabs the rsT s assume values that are larger
than those of the bulk. That is, in some cases the relaxations
are realized as expansions. Our results show that all Al slabs
are contracted while some of Na and Cs slabs expand. From
these results we explore the idea that if the interlayer spacing
happens to be so small or the Fermi wavelength happens to
be so large that the condition 2Ar/d >> 1 is met, then there
is a possibility that the QSE will be realized as consecutive
expansions and contractions. Since this condition is not met
in the Al case, we do not see any significant sharp oscillations
in the QSEs. For more justification of the criterion, we have
tested it on Li slabs for 2 < n < 6 and have obtained
some expansions. This criterion along with the first-principles
or experimental results can be used to estimate an effective
free-electron rg value for a given slab. On the other hand,
our results for the work functions and surface energies show
similar structures to those of the FPLAPW results. We have
explained that the quantitative differences between our results
and those of the FPLAPW are partly due to the fact that our
model calculations overestimate the SDM values, and partly
because of the fact that in the FPLAPW calculations, the GGA

66:'I'I'I'I'I'I'I'I

2)

o (erg/cm

50 R R T R TP S B R
12 14 16 18 20
66 MM L L L L L L

%)

o (erg/cm
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o (erg/cm

50: P P T P B T R B B
2 4 6 8 10 12 14 16 18 20
Number of Layers

Figure 12. The same as in figure 10 for Cs with 60 erg cm~2 for
semi-infinite SJM [19, 20].

has been used which gives significant improvements over the
LDA results for systems with high inhomogeneities in electron
densities. Finally, our results are in excellent agreement with
the self-consistent results of the SJM for semi-infinite systems.
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Appendix. Relation between r: and r

The energy of the slab system is a function of the volume, V,
and rg, i.e., E = E(V, ry). In fact, instead of V, it depends on
L because, in the slab system the surface area does not change.
However, we use V for generality of our arguments. We define
two different derivatives, Dy and Dy, which are the derivatives
when N is constant and when V is constant, respectively. That
is,

py=L[EVrdt 1 d gy

N= N |y Ndn »Ts)ln
4 4 d

= LR BV )y

A.l
3V *drg (A-)
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However, on the one hand, using equation (7) we obtain

(A2)

av. 3V
dry 7y
dv

) (A.3)
—[E(V. )y = o

)
(‘av)ﬁ( )v’

3
and on the other hand, the constant volume condition results in

which results in

oE
av
0E

ar,

oE

ar,

oE

s

(A.4)

Ciew. o = (25 (A5)
— s =|— . .
dry v or 1%
Now, combining equations (A.1)-(A.5) we obtain
Dy v.ry = Dy v.ry+ T £y g — v (2E
s Fs) = s Fs s s) — P .
Y N Vv v/,
(A.6)
By definition,
Dy(V,r¥) =0, (A7)
and
Dy(V,rl)y=0. (A.8)

Inserting equations (A.7) and (A.8) into (A.6) results in

|:E(V, =V ( ) } =0, (A9)
[ . OE
EV.r)-V <—> | =0. 10

aV
Using the Taylor expansion of equation (A.9) around r] to
the linear term and equation (A.8), and combining these

4 r:‘2

oE

Dy(V,r) + 3V

and

T2
s

5 4
Dy(V,r)) — ——

10

with (A.10) we obtain

Dy (1))

DN ()
Brz

¥

. A.ll
4 ADv(D) ath
ary
Since the energy E/N is a convex function of rg, both terms
in the denominator of equation (A.11) are positive while the
sign of the numerator is positive for r* < rJ and negative for

* il
re >rg.

References

(1]
(2]
(3]
(4]

(3]
(6]
(7]
(8]

(9]

[10]
[11]

Schulte F K 1976 Surf. Sci. 55 427

Ho K M and Bohnen K P 1985 Phys. Rev. B 32 3446

Mola E E and Vicente J L 1986 J. Chem. Phys. 84 2876

Vicente J L, Paola A, Razzitte A, Mola E E and Trickey S B
1989 Phys. Status Solidi b 155 K93

Boettger J C 1996 Phys. Rev. B 53 13133

Boettger J C 1998 Mater. Res. Soc. Symp. 492 157

Kiejna A, Peisert J and Scharoch P 1999 Surf. Sci. 432 54

Fall C J, Binggeli N and Baldereschi A 1999 J. Phys.:
Condens. Matter 11 2689

Sarria I, Henriques C, Fiolhais C and Pitarke J M 2000 Phys.
Rev. B 62 1699

Da Silva J L F 2005 Phys. Rev. B 71 195416

Sferco S J, Blaha P and Schwarz K 2007 Phys. Rev. B
76 75428

Zare Dehnavi N and Payami M 2008 Int. J. Mod. Phys. C
19 1563

Perdew J P, Tran H Q and Smith E D 1990 Phys. Rev. B
42 11627

Perdew J P, Brajczewska B and Fiolhais C 1993 Solid State
Commun. 88 795

Payami M 2004 Can. J. Phys. 82 239

Payami M 2006 Phys. Rev. B 73 113106

Hohenberg P and Kohn W 1964 Phys. Rev. 136 B864

Kohn W and Sham L J 1965 Phys. Rev. 140 A1133

Fiolhais C and Perdew J P 1992 Phys. Rev. B 45 6207

Kiejna A 1993 Phys. Rev. B 47 7361

Payami M 2001 J. Phys.: Condens. Matter 13 4129

Payami M and Mahmoodi T 2006 J. Phys.: Condens. Matter
18 75

Ashcroft N W 1966 Phys. Lett. 23 48

Perdew J P, Burke K and Ernzerhof M 1996 Phys. Rev. Lett.
77 3865

Perdew J P, Burke K and Ernzerhof M 1997 Phys. Rev. Lett.
78 1396(E)

Koskinen M, Lipas P O and Manninen M 1995 Z. Phys. D
35285

[12]
[13]
[14]

[15]
[16]
[17]
(18]
[19]
[20]
[21]
(22]

(23]
[24]

(25]


http://dx.doi.org/10.1016/0039-6028(76)90250-8
http://dx.doi.org/10.1103/PhysRevB.32.3446
http://dx.doi.org/10.1063/1.450315
http://dx.doi.org/10.1002/pssb.2221550247
http://dx.doi.org/10.1103/PhysRevB.53.13133
http://dx.doi.org/10.1016/S0039-6028(99)00510-5
http://dx.doi.org/10.1088/0953-8984/11/13/006
http://dx.doi.org/10.1103/PhysRevB.62.1699
http://dx.doi.org/10.1103/PhysRevB.71.195416
http://dx.doi.org/10.1103/PhysRevB.76.075428
http://dx.doi.org/10.1142/S0129183108013114
http://dx.doi.org/10.1103/PhysRevB.42.11627
http://dx.doi.org/10.1016/0038-1098(93)90880-V
http://dx.doi.org/10.1139/p04-004
http://dx.doi.org/10.1103/PhysRevB.73.113106
http://dx.doi.org/10.1103/PhysRev.136.B864
http://dx.doi.org/10.1103/PhysRev.140.A1133
http://dx.doi.org/10.1103/PhysRevB.45.6207
http://dx.doi.org/10.1103/PhysRevB.47.7361
http://dx.doi.org/10.1088/0953-8984/13/18/320
http://dx.doi.org/10.1088/0953-8984/18/1/005
http://dx.doi.org/10.1016/0031-9163(66)90251-4
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevLett.78.1396
http://dx.doi.org/10.1007/BF01745532

	1. Introduction
	2. Calculational details
	3. Results and discussion
	4. Conclusions
	Acknowledgments
	Appendix. Relation between rs and rs* 
	References

