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Abstract 

Ultra-thin film (UTF) electronic structure calculations are a common tool 

for investigating surface properties. For this approximation to be useful, the 

UTF must be thick enough that the surfaces are decoupled and the interior is 

bulk-like, yet thin enough that a high-precision electronic structure calculation 

is affordable. These conditions can only be satisfied simultaneously if the 

properties of interest converge rapidly as the UTF thickness is increased. In 

this work, electronic structure calculations for Al( 111) films ranging from one 

to twelve atoms thick are used to illustrate some of the difficulties that can 

arise when one attempts to determine surface properties of metals with UTF 

calculations. 

I. INTRODUCTION 

Ultra-thin film (UTF) electronic structure calculations are a common tool for investigat- 

ing surface properties. In this approach, the surface of interest is modelled by a UTF that is 

periodic in two dimensions and only a few atomic distances thick. For this approximation to 

be useful, the UTF must be thick enough that the surfaces are decoupled and the interior is 

bulk-like, yet thin enough that a high-precision electronic structure calculation is affordable. 



These conditions can only be satisfied simultaneously if the properties of interest converge 

rapidly as the UTF thickness is increased. Satisfaction of this requirement may be hindered 

in the case of metals by long-range quantum oscillations in the film properties as a function 

of thickness; the well-known quantum size effect (QSE) [l,2]. A clear understanding of the 

thickness dependencies of UTF properties is therefore required for accurate assessment of 

the overall reliability and limitations of surface properties extracted from UTF calculations. 

Unfortunately, only a limited amount of work has been devoted to systematically studying 

the thickness dependencies of UTF properties thus far [3-161. 

In the present work, electronic structure calculations for Al( 111) films ranging from one 

to twelve atoms thick are used to illustrate some of the difficulties that can arise when 

one attempts to determine surface properties of metals with UTF calculations. Al( 111) 

films provide a particularly good system for studying the QSE, because they already have 

been subjected to several systematic investigations and it is well established that the work 

function of Al( 111) films exhibits a strong QSE [4,5,7,10,16]. The properties considered 

here will be the work function, surface energy, and surface relaxation. All results presented 

here were obtained with the linear combinations of Gaussian-type-orbitals - fitting function 

(LCGTO-FF) method, as embodied in the program package GTOFF [17]; a generalization of 

the UTF electronic structure program FILMS [18,19] to include crystalline solids. This work 

constitutes a significant extension and refinement of two previous LCGTO-FF investigations 

of the work function and surface energy QSE for Al(111) films [10,16]. 

11. THEORY 

The LCGTO-FF technique is an all-electron, full-potential electronic structure method, 

characterized by its use of three independent GTO basis sets to expand the orbitals, charge 

density, and density-functional exchange-correlation (XC) integral kernels; here using the 

local density approximation (LDA) parameterization of Hedin and Lundqvist (HL) [20]. 

The charge fitting functions are used to reduce the, number of Coulomb integrals required,by 
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replacing the usual 4-center integrals in the total energy and one-electron equations with 

3-center integrals. The expansion coefficients for the charge fitting functions are determined 

by variationally minimizing the error in the Coulomb energy due to the fit [21], thereby 

allowing high-precision calculations with relatively small basis sets. This utilization of vari- 

ational charge fitting distinguishes the LCGTO-FF method from earlier fitting function 

based methods [22-241 that relied on least squares fitting the charge density and/or the 

Coulomb potential. Least squares fitting is used here for the XC fit, as part of a simple 

numerical quadrature scheme capable of producing accurate results on a rather coarse nu- 

merical integration mesh. The precision of any LCGTO-FF calculation will, of course, be 

largely controlled by the selection of these three basis sets. 

The present calculations used compact orbital and fitting function basis sets developed 

during previous LCGTO-FF work on Al(111) films [10,16], hence, the basis sets will only be 

discussed briefly here. Slightly different basis sets were used for the exterior (surface layer) 

and interior atoms of each film. The orbital basis set for the interior atoms was an l ls7pld 

basis contracted to a 6s3pld basis. For the exterior atoms, the smallest exponents were 

reduced and a diffuse pz function was added. The charge and XC basis sets for the interior 

atoms were 9s2d and 6s2d, respectively. For the exterior atoms, the smallest exponents of 

the fitting function basis sets were reduced slightly and two p,-type GTOs were added. To 

reduce the storage requirements for the integrals, the six most local s-type GTOs in the 

charge basis and three most local s-type GTOs in the XC basis were intersite contracted. 

This effectively forces all of the atoms to have similar core densities. 

Three uniform Brillouin zone (BZ) meshes were used during this investigation; an 18 x 18 

mesh with 37 irreducible k-points, a 24 x 24 mesh with 61 irreducible k-points, and a 30 x 30 

mesh with 91 irreducible k-points. In each case, a Gaussian broadened histogram integration 

scheme was used with a Gaussian broadening factor of 20 mRy. (In the two previous 

LCGTO-FF investigations of the Al(111) films [10,16], meshes with 19 and 37 irreducible 

k-points were combined with the linear triangle integration method.) The self-consistent 

field (SCF) cycle was iterated for each calculation until the total energy was converged to 
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within 1 pRy per atom. 

111. RESULTS 

Total energies and electronic band structures were calculated for Al(111) films ranging 

from one to twelve atoms thick, using the  37-point BZ mesh, with all nearest neighbor 

separations frozen at the theoretical nearest neighbor distance for bulk fcc A1 (ao = 5.374 

bohr) as determined in an earlier LCGTO-FF calculation [as] .  The cohesive energy of 

each film was then calculated by subtracting the total energy of an equivalent number of 

isolated spin-polarized A1 atoms, obtained from a separate LCGTO calculation, without 

fitting functions, using the same LDA model and a comparable orbital basis set. For each 

multilayer UTF, the total energy was also calculated for outer-layer separations fixed at 94%, 

96%, 98%, loa%, 104%, 106%, and 108% of the unrelaxed, bulk value. These calculations 

were then repeated with the 61-point mesh for the films ranging up to eleven atoms thick 

and with the 91-point mesh for the films up to ten atoms thick. The binding energies per 

cell (Eb) and work functions (4) obtained here for the unrelaxed Al(111) films are listed in 

Table I for each BZ mesh. A slightly more accurate work function was calculated for each 

unrelaxed film by using the linear triangle integration technique with the densest mesh for 

each case; see Table I. In the remainder of this section, the work function, surface energy, 

and surface relaxation will be discussed in detail. 

A. WORK FUNCTION 

In 1984 Feibelman and Hamann [5] investigated the work function QSE of Al(111), 

Cr( loo), Rh( lll),  and Au(100) films with the surface-linearized augmented-plane-wave 

(SLAPW) technique. In that investigation, the thickness of each film was increased until 

either the incremental change in the work function or the difference between the theoretical 

and experimental work functions was only a few hundredths of an eV. For the Al(111) film 

both criteria were satisfied for a 6-layer film and it was therefore concluded that convergence 
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had been achieved at  that thickness. This conclusion was supported by the first LCGTO-FF 

study of the work function QSE in Al( 111) films, which focussed on films ranging from one to 

seven layers thick [lo]. In that investigation, the change in the work function was only a few 

hundredths of an eV in going from the 6-layer to the 7-layer, in qualitative agreement with 

the SLAPW result. The actual values obtained for the work function differed substantially 

for the two calculations, however, since different LDA models were used. 

The work functions obtained here for the unrelaxed Al(111) films with the linear triangle 

integration technique are plotted in Fig. 1 as a function of thickness. All of the work functions 

found here differ from those obtained in Ref. 16 by only a few hundredths of an eV, in spite 

of the differences in the BZ meshes and integration techniques. Three conclusions can be 

drawn immediately from Fig. 1 and Table I: (1) The work function is well converged with 

respect to the BZ mesh density. (2) The work functions of the N-layers with N = 1 t 7, 

taken in isolation, appear to be converged to  within about 0.03 eV with respect to thickness; 

in good agreement with the earlier SLAPW [5] and LCGTO-FF [lo] calculations. (3) The 

work functions actually exhibit a significant (roughly 0.1 eV) QSE even for the thickest films 

considered here, contrary to the conclusion of Ref. 5 .  

The difference between these conclusions can be attributed to the series of troughs exhib- 

ited by the work function; each of which could be mistaken for convergence. This long-range 

variation in the work function is due to a lack of registry between the two relevant scale 

lengths; (1) the period of the work function oscillations for a comparable jellium film whose 

thickness is varied continuously and (2) the discrete film thicknesses sampled by a UTF 

composed of an integer number of atomic layers [16]. In other words, the work function, and 

other film properties, can exhibit beats as the film thickness is varied. This long-range vari- 

ation in the incremental change in the work function makes that quantity a poor indicator 

of overall convergence. 

The persistent work function QSE found here may have serious implications for UTF 

electronic structure calculations directed toward determining surface properties that are 

related to the work function. For example, UTF calculations are used routinely to calculate 
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the change in the work function of a metallic surface when it is coated with a diffuse layer of 

adatoms. This work function shift is important because it can be related to catalytic rates 

a t  the surface. In a typical calculation, the work function is calculated for an N-layer of the 

substrate with and without an overlayer coating both surfaces, and the shift is calculated 

as the difference. The difficulty with this procedure is that it requires taking the difference 

between the work functions of an N-layer and an (N + 2)-layer, a difference which may 

include a QSE-induced error. Consider, for example, what would happen if this procedure 

were used to calculated the adsorbate-induced work function shift for an Al(111) surface 

coated with an additional layer of Al; zero for the real system. If the clean and coated 

substrates were modelled with a 6-layer and an 8-layer, respectively, the work function shift 

from Table I would be about 0.08 eV; all due to the QSE error. In this particular case, the 

error could be eliminated by letting the overlayer replace the outer layer of the substrate 

rather than coating it. In the more general case, however, the distance between the overlayer 

and the substrate would be different from the outer layer separation for the clean substrate, 

hence, the thickness of the film would still be different for the clean substrate and the 

overlayer system, potentially introducing an error due to the QSE. 

Since the QSE error can not be completely eliminated from the work function shift 

calculation, i t  must be estimated realistically. The standard procedure for estimating the 

convergence of a UTF property is the incremental approach described above, which has 

already been shown to fail for the work function. A better procedure would be to estimate the 

size of the work function QSE for a given thickness from the QSE exhibited by a comparable 

jellium film. In the case of the Al(111) films, the QSE exhibited by a jellium film with T ,  = 2 

always exceeds the variation in the calculated UTF work function [16]. For the 6-layer film 

used in the work function shift calculation discussed above, the jellium QSE is about 0.25 

eV, far greater than the 0.08 eV error that was determined. 

Based on the r,  = 2 jellium film work function, a QSE-induced uncertainty of up to 

0.1 eV might be anticipated for the 12-layer film [16]. Another potential source of error in 

the present calculations is the use of charge fitting functions, which constrains the form of 
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the long-range tail of the density. Test calculations [16] suggest that the absolute error in  

the calculated work function due to the use of charge fitting should be no greater than 0.2 

eV, while the relative error (when comparing thicknesses) should be no greater than a few 

hundredths of an eV. Since charge fitting tends to produce a density that is too local, hence, 

a work function that is too small, and the QSE appears to be near a peak for the 12-layer 

film, the best estimate for the work function of the unrelaxed Al(111) surface, using the HL 

LDA model, is 4.49 --f 4.79 eV. This result is consistent with an earlier SLAPW calculation, 

using the same LDA, which found a work function of 4.73 eV for a 9-layer Al(111) film [26]. 

Both theoretical results are significantly larger than the measured value of 4.24 eV [27] due 

to the use of the LDA. 

B. SURFACE ENERGY 

The surface energy tends to be a rather delicate quantity to extract from a UTF calcu- 

lation. The starting point for many such calculations is the standard relationship 

1 
E, = lim -[EN - N E B ] ,  

N - + w  2 

where EN is the binding energy per cell of an N-layer film and EB is the binding energy per 

cell of the corresponding bulk crystal. In principle, Eq. 1 is an exact expression. In practice, 

however, Eq. 1 may produce highly inaccurate surface energies. The difficulty resides in the 

selection of Eg.  Since Eq. 1 only becomes exact as N approaches 00, the bulk energy should 

be determined from the expression 

i.e., the surface energy calculation should be internally consistent. If the value used for EB 

does not correspond to the N + 00 limit of the incremental energy for the film ( E N - E N - l ) ,  

the calculated surface energy will diverge linearly as the film thickness is increased [ll]; 

a pathology which undermines the most basic assumption of the UTF approximation for 
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a surface, namely, that the UTF properties will converge to the surface properties as Lv 
becomes large. It has been demonstrated [11,15] that the linear divergence in the surface 

energy can have a profound effect on calculations in which EB is obtained separately, even 

if great care is taken to ensure consistency between the film and bulk calc,ulations [15]. 

A rather obvious solution to the divergence problem would be to simply estimate the 

bulk energy with the energy difference between two relatively thick films. This procedure, 

which was advocated in Ref. 11, has the virtue that it approaches the correct limit for 

N -+ 03. The incremental energy, however, may exhibit a persistent QSE [10,15,16], in 

which case, there is no assurance that the surface energy will converge rapidly enough for 

the UTF approximation to be useful. 

An alternative approach to extracting the surface energy from UTF calculations was 

suggested a number of years ago by Gay et  al [as]. First Eq. 1 is used to rewrite the film 

energy EN as a linear function of the layer number N ;  

E ( N )  = EBN + 2E,. (3)  

In this expression, the bulk and surface energies are just the linear coefficient and half the 

N = 0 intercept for the function E ( N ) .  Once E ( N )  has been calculated for at least two 

values of N ,  EB and E, can be estimated via a least squares fit. In the event that only two 

values of N are used, this approach reduces to the incremental energy approach discussed 

above. If additional values of N are included, the least squares fit will average through 

the QSE-induced fluctuations in the incremental energy, producing a stable estimate for the 

surface energy that is guaranteed to converge to the correct value as N becomes large. This 

approach has been used in several surface energy calculations over the years [13,15,16,28], 

and also has been applied to proton stopping powers of films [14]. 

The binding energies for the unrelaxed Al(111) N-layers with N > 4 have been least 

squares fitted with straight lines for each of the BZ meshes used. The values of Eg and E, 

obtained are listed in Table 11. Overall, the three sets of results are in good agreement. Since 

the 37-point BZ mesh was the only one used for the 12-layer film, only those results will 
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be discussed in detail. The 37-point binding energies and the line fitted to them are shown 

in Fig. 2. The  standard deviation for that  fit was only 9 meV. Table I1 also includes an 

experimental value for the Al(111) surface energy [29] and a bulk binding energy obtained 

for fcc A1 with GTOFF using a uniform BZ mesh comparable to the two-dimensional mesh 

with 37 points. The bulk binding energies from the fits agree with the crystalline result to 

within 0.01 eV and the calculated surface energies differ from the experimental value by no 

more than 14%. 

The fitted bulk binding energy for the 37-point mesh can be used to calculate the sur- 

face energy for each film using Eq. 1. The surface energies obtained in this manner are 

plotted in Fig. 3;  solid line. Surface energies were also calculated for each film using the 

independent bulk binding energy obtained from the crystalline calculation (dashed line) and 

the incremental energy shift between the 11- and 12-layer films (dotted line). The surface 

energies obtained with the incremental energy exhibit a clear linear divergence due to the 

persistent QSE in the incremental energy; see Table I. Although the linear divergence is not 

as strong for the surface energies obtained with the independently calculated bulk energy, 

it still becomes significant for the 12-layer. In contrast, the surface energies obtained from 

the fitted bulk binding energy appear to be converging, although they exhibit fluctuations 

about the fitted surface energy (horizontal line). Taking these fluctuations and the bz mesh 

sensitivity into account, the best estimate for the Al(111) surface energy (within the HL 

LDA model) is 0.445 f 0.01 eV. 

C. SURFACE RELAXATION 

Surface relaxations pose a significant challenge to electronic structure theorists due to 

their sensitivity to  small variations in the binding energy. There appears to have been only 

one systematic investigation of the thickness dependency of the Al( 111) surface relaxation 

prior to the present. In 1983, Feibelman [4] calculated the surface relaxations of 2-, 3-, 

4, and 6-layer Al(111) films using a GTO fitting function technique and a 10-point BZ 
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mesh. In each case, the energy was calculated for the unrelaxed film and for films with 

the outerlayer separation relaxed by f7.5%. Those three energies were then fitted wit11 a 

quadratic to obtain the equilibrium relaxation. The calculated relaxations for the 2-, 3-, 4-, 

and 6-layer films were 6.1%, 2.4%, 4.3%, and 3.8%, respectively; all substantially larger than 

the measured relaxation of 0 .9f0.5 [30]. Four years later, Needs [31] calculated the surface 

relaxation for a 9-layer Al(111) film, in a repeated slab geometry, with the pseudopotential 

method, obtaining a relaxation of l . O % ,  in good accord with experiment. 

In the present investigation, the surface relaxation for each film was determined by 

fitting the binding energies as a function of relaxation with a cubic. The calculated binding 

energies and fitted curve for the 12-layer are shown in Fig. 4,  as a representative example. 

The standard deviation for the curve is 42 pRy (one of the poorer fits) demonstrating 

the stability of the LCGTO-FF calculations. The percentage relaxations found here for 

the Al(111) films are listed in Table 111 and plotted in Fig. 5. Also shown in Fig. 5 are 

the 9-layer surface relaxation determined by Needs [31] and the uncertainty range for the 

experimental data [30]. All of the relaxations found here are smaller than those obtained 

by Feibelman [4], a difference that may be understood on the basis of Fig. 5. The binding 

energy vs. relaxation curve is asymmetric, with the expansion side being much softer than 

the compression side. As a result, any attempt to fit the binding curve with a three point 

quadratic fit would predict a too large expansion, as in Ref. 4.  There is reasonably good 

I 

agreement between the current relaxations for the 9-layer and that obtained by Needs [31]. 

Inspection of Fig. 5 reveals a significant (at least 1%) QSE in the surface relaxation even 

for the thickest films considered here. This result suggests that any attempt to calculate 

adatom bond lengths on an Al(l11) surface using a substrate UTF with N 5 12 may have 

as much as a 1% error (typically about 0.05 bohr) due to the finite thickness of the film. In 

addition, as in the case of the work function, any attempt to estimate the error by comparing 

calculations at near lying thicknesses will fail if the thicknesses used lie in one of the flat 

regions in the relaxation vs. thickness curve. The present calculations are consistent with 

the experimental result. 
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IV. CONCLUSIONS 

It has been demonstrated here that the work function, surface energy, and surface relax- 

ation of an Al( 11 1) film exhibit a significant QSE over the full range of thicknesses considered 

here. This persistent QSE must be taken into consideration when estimating the uncertainty 

in any surface property calculated within the UTF approximation. Although most proper- 

ties of a UTF can be expected to converge to their surface values for a thick enough film, 

the rate of convergence may be very slow and nonmonatonic, making it difficult to realis- 

tically estimate the level of convergence for any given result. In particular, the standard 

practice of estimating the convergence of a given property by comparing values obtained at 

two near-lying thicknesses is highly questionable, at best. In addition, some UTF properties 

will only converge to their surface values if they are calculated in an internally consistent 

fashion; e.g. the  surface energy. A stable surface energy can be extracted from a series of 

UTF calculations via a linear fit to the binding energy as a function of the film thickness. 
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FIGURES 
FIG. 1. The work function vs. thickness obtained here for an unrelaxed Al(111) film using the 

linear triangle BZ integration technique. 

FIG. 2. The binding energy per cell vs. thickness obtained here for an unrelaxed Al(111) film 

using the 37-point BZ mesh. 

FIG. 3. The surface energy per atom vs. thickness obtained here for an Al(111) film using the 

37-point BZ mesh and the fitted bulk energy (solid line), the independently calculated bulk energy 

(da.shed line), or the incremental energy for the 12-layer (dotted line). 

FIG. 4. Energy shift vs. relaxation for a 12-layer Al(111) film; calculated values (circles) and 

fitted curve (line). 

FIG. 5. Al(111) surface relaxation vs. thickness for the 91-point (solid line), 61-point (deshed 

line), and 37-point (dotted line) BZ meshes. Also shown are the calculated 9-layer value from Ref. 

31 (solid circle) and the error limits for the measured relaxation (horizontal lines). 
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TABLES 
TABLE I. Comparison of binding energies per cell (Eb) and work functions (4) obtained for 

the unrelaxed 1 -+ 12-layer Al(111) films with the 37-, 61-, and 91-point histogram BZ integration 

and work functions obtained for the densest mesh used in each case with linear triangle integration; 

all in eV. 

N Eb 4 
~~ 

37 pt. 61 pt. 91 pt. 37 pt. 61 pt. 91 pt. linear 

1 -3.1095 -3.1133 -3.1147 4.897 4.896 4.894 4.888 

2 -7.2500 -7.2497 -7.2528 4.555 4.560 4.563 4,598 

3 - 11.3686 - 11.3786 - 11.3741 4.388 4.405 4.399 4.399 

4 -15.3458 -15.3607 - 15.3593 4.325 4.321 4.323 4.313 

5 -19.4458 -19.4429 -19.4473 4.590 4.589 4.589 4.581 

6 -23.5209 -23.5199 -23.5263 4.474 4.473 4.470 4.471 

7 

8 

9 

10 

11 

-27.5703 

-31.6589 

-35.7296 

-39.7909 

-43.8372 

-27.5735 

-31.6599 

-35.7203 

-39.7902 

-43.8291 

-27.5783 

-3 1.6635 

-35.7294 

-39.7979 

4.499 

4.540 

4.513 

4.535 

4.504 

4.497 

4.546 

4.513 

4.533 

4.504 

4.497 

4.546 

4.511 

4.534 

4.500 

4.547 

4.522 

4.508 

4.516 

12 -47.9199 4.593 4.594 

TABLE 11. The surface energies (E,)  and bulk binding energies ( E B )  obtained here by fitting 

the film binding energies for the three BZ meshes are compared with the bulk binding energy from 

an equivalent crystal calculation and an experimental surface energy from Ref. 29; in eV. 

37 pt. 61 pt. 91 pt. Crystal Expt. 

EB 4.067 4.066 4.070 

E,  0.443 0.440 0.450 

4.063 

0.51 
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TABLE 111. Comparison of surface relaxations obtained here for the Al(111) f i l m  using the 

37-, 61-, and 91-point BZ scans; in eV. 

N 37 pt. 61 pt. 91 pt. 

2 

3 

3.04 

-0.37 -0.71 

3.78 

-0.82 

4 0.23 1.25 1.03 

5 

6 

7 

8 

9 

10 

1.04 

1 .oo 
0.0s 

1.07 

0.52 

0.44 

1.35 

1.20 

0.12 

1.31 

0.79 

0.38 

11 0.57 0.68 

1.11 

1.03 

0.30 

1.10 

0.66 

0.32 

12 1.18 
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