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We report a systematic theoretical study of the clean surface properties of(11d)ARI(100), and A(110)
surfaces as function of the film thickness employing slabs with thicknesses up to 32 A. Our calculations are
based on density functional theory employing the all-electron full-potential linearized augmented plane-wave
(FLAPW) method. Our results show clearly a periodic oscillatory behavior of the surface energies, work
functions, interlayer relaxations, total density of states at the Fermi level as function of the slab thickness,
however, similar behavior is not found for the occupied bandwidth atltfmint. The magnitude of the
oscillations decrease with an increase of the number of layers in the slab, as expected. We found that the period
of the oscillations are almost the same fof2l1) and Al(110), however, the work functions and interlayer
relaxations obtained for AL00) show oscillations with a larger peridgdimost by a factor of twpcompared to
the Al(111) and Al(110 surfaces, which are explained in terms of the deep penetration of the surface states into
the bulk region of the AlLO0) surface. This new physical result, as well as the agreement between our FLAPW
calculations and the available experimental results, are discussed in this paper.

DOI: 10.1103/PhysRevB.71.195416 PACS nuni®er68.47.De, 82.45.Jn, 71.15.Ap

I. INTRODUCTION themselves, as well as with experimental results is far from
satisfactory. For example, local-density approximation
Three decades ago, Schélteported that electron densi- (LDA) surface energies are in the range 0.39-0.48 eV per
ties, potentials, and work functions of thin jellium films cal- surface atom for At111),'>?%and 0.77-0.92 eV per surface
culated as a function of the film thickness show oscillationsatom for A110).1°?1 Reported LDA work functions are in
with a period of one-half the Fermi wavelength, which wasthe range 3.70-4.73 eV for MI11),10-2223while the experi-
attributed to quantum-size effectQSE. For example, in  mental results are in the range 4.24-4.26%&° Similar
ultrathin finite films electrons can move quasifreely in thediscrepancies exist for the interlayer relaxations of the
directions parallel to the film surfacé,y), while their mo-  Al(111) and A100) surfaceg3.27-32
tion perpendicular to the film surface, are quantized in a Nowadays, well-converged all-electron first-principles
particle-in-a-box fashion due the presence of the vactium. calculations for high- and low-Miller-index metal surfaces
Through continuing evolution of the ultrathin metallic using a(1x 1) surface unit cell can be performed in most
film technology, the theoretical predictions of QSE havepersonal computers. Therefore, the oscillatory behavior of
been experimentally verified by studying the electrons neathe surface properties as function of the film thickness can be
the Fermi energy by different techniques. For examplejnvestigated in its full extension by taking into account a
photoemissiod, inverse  photoemissich, electrical large number of layers in the slab, as well as a full relaxation
resistivity>® Hall effect! scanning tunneling microscofy, of the interlayer spacings.
and low-energy electron microscopyNowadays, first- To obtain a further understanding of QSE in metal sur-
principles calculation’$-18 have shown that the surface en- faces, as well as to investigate several discrepancies between
ergy, work function, interlayer relaxations, and etc., of solidfirst-principles calculations and experimental results for the
surfaces exhibit oscillations as function of the film thicknesslow-Miller-index Al surfaces, in the present work we focused
In theoretical calculations for periodic systems, a semi-on the study of the dependence of the clean surface proper-
infinite film is modeled using slabs with a finite number of ties of the(111), (100, and(110) Al surfaces as a function of
layers. Hence, for many systems, QSE plays an importarthe film thickness. The following surface properties were
role in obtaining reliabléconverged as function of the num- studied: surface energy, work function, interlayer relaxations,
ber of layer$ surface properties, which are compared to ex-total density of states at the Fermi level, and occupied band-
periments done on semi-infinite samples. Therefore, it is eswidth at thel” point. The calculations are based on density-
sential to know and understand the size and extent of QSE ifunctional theory (DFT), employing the all-electron full-
the surface properties of thin films. Theoretically, the low-potential linearized augmented plane-wav&LAPW)
Miller-index Al surfaces are one of the most studied systemsnethod. Due the high accuracy of the all-electron FLAPW
to better understand the size and extent of @8E Further-  method in solving the Khon-Sham equations, the results ob-
more, calculations have also been done for lithiumtained in the present work can be used as a reference for
surfaces® for PB(111),'51" for Cu(111),'® and other further studies, e.g., semiempirical and pseudopotential cal-
transition-metal surfacés. culations.
In spite of the large number of studies for low-Miller-  This paper is organized as follows: In Sec. Il, the FLAPW
index Al surfaces, the agreement between the calculationsethod and computational details will be described. In Sec.
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[1l, the surface properties of the Al surfaces will be presentedAll layers in the slab were relaxed, except the layer in the

and discussed. The QSE are discussed in Sec. IV, while ioenter of the slab. We assumed that the atoms are in the

Sec. V we summarize the main conclusions obtained in thequilibrium positions when the force on each atom is smaller

present work. Furthermore, test calculations are reported ithan 0.10 mRy/bohr. The dependence of the clean surface

the Appendix for the particular case of the(&10) surface.  properties with respect to computational parameters are dis-
cussed in the Appendix.

Il. METHOD AND COMPUTATIONAL DETAILS

All calculations were performed using DEP4within the IIl. RESULTS AND DISCUSSION
generalized gradient approximati@@GA) for the exchange-
correlation(XC) energy functionat®> The Kohn-Sham equa-
tions are solved using the all-electron FLAPW metRdds The bulk Al was simulated using a tetragonal unit cell
it is implemented in thesLEUR code3” The core states are With two Al atoms. The equilibrium lattice constarat, and
treated fully relativistically, while the valence states arethe bulk modulus calculated at the equilibrium volume,
treated by the scalar relativistic approximation. Bo, were obtained by fitting the total energies of 17 regularly

In the interstitial region the LAPW wave functions are spaced volumes to Murnaghan's equation of sftate.
represented using a plane-wave expansion truncated to ifo determine the cohesive energy per atdfg,, a spin-
clude only plane-waves that have kinetic energies less thapolarized calculation for the free Al atom was performed
9.00 Ry. The potential representation in the interstitial regiortising a cubic box with side length of 10.58 A. We obtained
in plane waves are truncated to include plane waves witlfo=4.04 A(4.05 A), B;=0.75 Mbar(0.79 Mbaj,  Ecy
kinetic energies less than 256 Ry. Inside the atomic spheres—3.65 eV(-3.39 eV}. The numbers in parentheses are ex-
centered at the atom positions with radif§=1.22 A, the  perimental results from Ref. 42, which are in excellent agree-
LAPW wave functions are expanded in radial functionsment with our results.
times spherical harmonics up tg.=10, while for the po- Furthermore, our results are in excellent agreement with

tential representation terms upTta,,=6 are included in the Other first-principles calculatiorf$-°For example, Kheiret
expansion. For the evaluation of the nonspherical Hamil&l-** employing the FLAPW method and a different approach
tonian matrix elements terms up I8,=6 were considered. for the GGA functional, obtained a lattice constabulk
The linearization energies were set to be in the center offodulus of 4.10 A (0.73 Mbaj, which are largefsmalley

gravity of the occupied part of the band with the respectivein@n our results by 0.06 A0.02 Mbai. Fuchset al*® em-
character(s,p,d, f, ...). ploying also the FLAPW method and the same GGA used in

In the FLEUR codé” solid surfaces are modeled using the € Present work, obtained a lattice constdnik modulus
film geometry suggested by Krakauer al,3® i.e., a single qf 4.04 A (0.78 Mbal. Pseudopotential plane-wave cal4c;u|a—
slab is sandwiched between two semi-infinite vacua. Th&ions performed by Favot and Dal Cor$tand Fuchst al.
semi-infinite vacua are described by a product of two-obtained a lattice constaribulk modulu.$ of 4.06 A(O.?L—}
dimensional(2D) plane waves and adependent function. Mbar) and 4.05 A(0.79 Mbayj, respectively. The cohesive
The 2D plane-wave functions are matched to the three€N€rgy per atom reported in Refs. 44-46 are -3.52,-3.52,
dimensional plane waves of the interstitial region at a dis®"d ~3.60 eV, respectively, while our cohesive energy is
tance of D/2 from the center of the slab. In the present_3-65 ev.
work, the parameted was determined by the following re-

A. Bulk cohesive properties

lation: D=(N, - 1)dy+4R., whered, is the interlayer spacing B. Surface energy
of the unrelaxed Al surfaces amj is the number of layers in . ,
the slab. The surface energyr,, is defined as the energper sur-

The integrations over the surface Brillouin zofRZ) of face atom or per unit argmeeded to split an infinite crystal

. into two semi-infinite crystals along some chosen pfane.

;he((gloli)sgo Ogégid:?%)l,O)aﬁldsnggiesl\)lve,\rﬂeoﬁﬁ:ggfagng Thu_s,crs depends on the strength of the _b_or!d_ing and on the
meshes, respectively, which correspond to 450, 450, and Sl%hoICe of the c[eavagg plane. Thg semymﬁmte Al surfaces
k points in the surface BZ, respectively. Only two symmetryare mode[ed using a single S'?‘b W'th a finite number of lay-
operations(inversion and identity were used in our calcu- ers,N;. Using this approachy is given by
lations. The Fermi surface was broadening by the Fermi- 1w bulk
Dirac distribution function with an artificial electronic o= E(Etot = NEt ), 1)
temperatur®® of 54 meV (give askgT,). The total energy
was corrected td=0 K using the correction proposed by where 5(';';"’ is the total energy of a slab witN, layers(one
Gillan 40 atom per layey, while E24% is the reference bulk total energy

The Al surfaces were simulated using(BX 1) surface per atom. The factor 1/2 takes into account that the top and
unit cell and employing slabs with thicknesses of up to 32.5(ottom of the slab are equivalent. Thus, is a function of
A, which correspond to 15, 17, and 23 layers fo(1All), N;, and, hence, surface energies calculated from(Eqcan
Al(100), and A(110), respectively. To take advantage of the be compared with experimental surface energies obtained
inversion symmetry present in the Al surfaces, both sides ofrom semi-infinite film only in the asymptotic regimee.,
the slab were relaxed, which reduces the computational codarge values ofN)).
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The central problem in calculatingrs using first- TABLE I. Surface energy given in electron-volts per surface
principles calculations and employing E4) is in obtaining  atom of unrelaxedy?, and fully relaxed g, Al surfaces as a func-
a reliable reference bulk total energy. In principle, the slattion of the number of layers in the slaby. oy(J/m)=F
and bulk total energies can be calculated by two separated os(eV/surface atom where F=2.266, 1.963, and 1.388 for
calculations using the same theoretical approach. Howevefl (111), Al(100), and A(110), respectively.
using DFT within LDA and employing the full-potential lin-
ear muffin-tin orbital (FP-LMTO) method, Fiorentini and N, ¢f(11) o¢(11) 04100 04100 04110 04110
Methfessel” found that the surface energy of the(0)
surface calculated from two separated calculations decreasés 0360~ 0.356  0.540 0508  0.776  0.714
as a function of the number of layers in the slaivergent 3 0.348 0348 0489 0486  0.699  0.699
behavior ofog), which is an unphysical and unexpected re-4 0.376 0.375 0.487 0.482 0.674 0.662
sult. _ 5 0370 0368 0484 0480 0.704  0.689

This problem was recently discussed by Da Sfvam- ¢ (30, 0363 0475 0475 0764 0745
ploying the FLAPW method as implemented in theen
codé® and the repeated slab geometry. It was found that thé ~ 0367 0366 0479 0478  0.747  0.733
surface energy of Qall) calculated from two separated 8 0.363 0.362 0483 0481 0718  0.706
self-consistent total energy calculations and using @gy. 9 0.359 0.358 0.485 0.483 0.707 0.698
converges as a function of the number of layers in the slabyo 0363 0362 0494 0492 0729 0.718
which is expected. It was found that unconverged first-4; 366 0.365 0.483 0.481 0.743 0.730
principles calculations with respect to the numbek gfoints 12 0363 0361 0.488 0.485 0732 0.719
used to perform the integrations over the surface BZ deter- ' ' ' ' ' '
mines the divergent behavior of as a function ol,. 13 0362 0361 0483 0480 0723 0712

Da Silva® pointed out that similar quality integrations 14 ~ 0366 0365 0482  0.480 0727  0.716
over the surface and bulk BZ are required to obtain con15 0365  0.364 0485 0483  0.740  0.728

verged surface energies, which is only obtained by using6 0.482 0.480 0.740 0.728
high dens&-point meshes in both calculations. Furthermore,17 0.486 0.484 0.729 0.718
the slab and bulk systems need to be treated using exactly thg 0726 0.714

same basis function type and cutoff energies. In the present,

h . 0.730 0.719
work, the Al surfaces are modeled using the single slal 0739 0728
geometry?® Thus, the semi-infinite vacua on both sides of the ' '
single slab are described by plane-waves times exponenti 0.737 0.729
decay functions, which are not used in the description of th&2 0.732  0.721
bulk system. Hence, the bulk and slab systems are not treaté€8 0.728  0.717

exactly with the same basis function type. Due to the differ-
ent description of the bulk and slab systems, we found a

small divergent behavior of the surface energy oflAl)  the number of layers in the slab are summarized in Table I.

and Al100 as a function ofN;, which was not found for The results are provided with three numbers to show the

Al(110. The surface energy of 111) and Al(100 are more small differences between the surface energies. Furthermore,
sensitive to the numerical accuracies than of thd20) sur-  the surface energies are plotted in Fig. 1 as a function of the
face due to the smaller magnitude of the oscillations as funcslab thickness, which helps to show that the oscillati@es

tion of the number of layers in the sldbee Table)l below) have a similar period.

Thus, to obtain consistent surface energies, the reference The surface energy of A111) and Al(110 clearly oscil-
bulk total energy required in Eql) need to be obtained lates periodically as a function of the slab thickness. There
using a different approach. In the limit of large valuedNpf  are cusps in the surface energy of 1) for slab thickness
the reference bulk total energy can be obtained by a lineaof 4.67, 11.66, 18.66, and 27.99 A, i.e., almost every 7.00 A.
fitting of the slab total energies, which was used in theSimilar behavior can be seen for(AL0), however, the cusps
present work to obtaiiE?4¥. This approach was suggested in occur for slab thickness of 4.29, 11.43, 17.14, 24.29, and
Ref. 47, which can be considered as an alternative approa@i.43 A. Thus, for AI110), there are cusps almost every 7.15
to obtainELY for the cases in which the two separated totalA. Thus, the period in the oscillations are almost the same
calculations approach cannot be applied. The reference bufier Al(111) and Al(110. Furthermore, the first cusp appears
total energies obtained from the three set of data, (111), at almost the same slab thickness for both surfases
(100), and(110)] differ less than 0.50 meV between them- Fig. 1).
selves. The average value was used in the present work, However, the same behavior is not clearly found for
which differs by almost 7.50 meV from the reference bulk Al(100). For example, the first cusp ims occurs for a slab
total energy obtained self-consistently, which explains thehickness of almost 10.10 A, while it is not clear the position
divergent behavior mentioned above. Furthermore, we foundf a second cusp due to the finite number of layers consid-
that the reference bulk total energy does not depend on thered in our calculations. Furthermore, the amplitude of the
interlayer relaxations of the surface. oscillations are smaller compared to those found fdqd Al)

The surface energies for the unrelaxed and fully relaxednd Al(110), in particular by neglecting the result obtained
(111, (100, and(110 Al surfaces calculated as a function of with three layers slab. Thus, the present results indicate a
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s 0.38 Ty ] TABLE Il. A comparison of the calculated Al surface energies
® a7k 0=0a(111) 3 with published calculations and experimental results.
> 0-37F D—DG(111)_:
> E ]
2 0.36f 3 Al(111) Al(100) Al(110)
5 0% V) QMmA (V) QM) (V) (/)
Coov o bow v by v by v bwvwa by v n by o

% 5 o 35 20 2530 3 GGA 036 082 048 094 072 1.00
S osaf -0 d(100) 3 GGA 033 079
g 0.52F GGA 053 1200 069 139 092 127
2 0.0 LDA 0.39: 0.9
< 0.485 LDA 0.45 1.27 0.8%
@ ] LDA  0.44 0.77

8";go 5 10 15 20 25 30 35 LDA  0.48° 0.56° 0.8¢
= ¢t Exp. 1.14
— 0.76F
5 E 3Present workfully relaxed slab.
2 0.72f PReference 13.
[0} F
< 0.68f ZReference 14,
a F . Reference 11.

C 1 1 | 1
0.64; 5 095 2025 30 35 “Reference 19.

Slab thickness (A) ;I;efference 212
ererence .

FIG. 1. (Color online Surface energy per surface atom of the f‘Reference 20.
unrelaxed,of, and fully relaxed,o, (111), (100, and (110 Al 'Reference 49.
surfaces as a function of the slab thickness. IReference 50.

different behavior for AIL00) compared with Al11l) and o, layers used to model the surface, which was also dis-
Al(110. ) cussed in Ref. 63.

For both surfaces, the surface energy converges with re- The surface energy anisotropy ratios, which is given by

spect to the number of _Iayers in .the slab, WhICh.IS eXpe_Cteg-;(hkl)=os(hkl)/as(111), can be better compared with the
to be found but numerically difficult to be obtained using reported LDA results. We found’.=1.33 and 1.97 fot100)
first-principles calculations. The surface energy decreaseg,q (110 respectivély While ﬁ is.1.17(1.30.) and 1.85
due to the energy gain in the interlayer relaxations,fwhich i5(1.74) re,spectively us’ing the results reported in Ref. 19
obtained in the calculations. For exampley,—og (Ref ’20 Thus thé a . ; .
- . 20. , greement is not satisfactory, consider-
=0.001 eV(15 L), 0.002 eV(17 L), 0.011 eV(23 L) per  ihq that we are comparing surface energy ratios calculated
surface atom fo(111), (100, and (110, respectively. The ging first-principles calculations. Our anisotropy ratios are
large change i is obtained for AI110), which is expected  gmqst the same as those obtained from the number of bro-
due to the larger magnitude of the relaxations compared tQan ponds ratios. i.e.. 1.33 and 2.00 @00 and (110

those found for Al111) and A(100. From now, the results respectively. Similar findings were recently reported in
obtained using the largest number of layers in the slab willhef 3.

be compared with published results, which are summarized
in Table II.

Almost all surface energies summarized in Table Il were
calculated employing first-principles calculations within the  The work function®, describes the ability of an electron
local-density approximatiofLDA). It has been known that to escape from a material, and it depends on the crystallo-
the LDA functional overestimates cohesive energies and sugraphic orientation of the surfaddn periodic DFT calcula-
face energies of metals in comparison with the GGA funciions® is calculated as the difference between the total elec-
tional used in the present wofR Thus, it explains why our trostatic potential at a point far from the surface and the
surface energies are smaller than those LDA results for afFermi energy, i.e.p=V{>)—Er. The work functions of the
surfaces. For AlL11), our surface energy differs by 0.03 eV Al(111), Al(100), and A(110 surfaces calculated as a func-
compared to the value reported by Da Sik&0.33 e\, tion of the number of layers in the slab are summarized in
which was obtained using exactly the same GGA functionallable Ill. Furthermore, the work functions are plotted in Fig.
and method, however, a different implementation of the all-2 as a function of the slab thickness to help in our discussion,
electron FLAPW metho® Surface energies calculated as well as to stress the similar behavior of the oscillatidrs.
within the GGA functional, which are reported in Ref. 20, and® indicate the work functions of frozefunrelaxed and
are larger than our results by 0.17, 0.21, and 0.20 eV forelaxed slabs, respectively.

(1112), (100, and(110 Al surfaces, respectively, i.e., a sys- The multilayer relaxations change the work function of
tematic overestimation compared to our results. These dighe low-Miller-index Al surfaces by a vergmallvalue, e.g.,
crepancies might be due to the small numbek g@bints and ®f-®~0.00§15 L), 0.016(17 L), and 0.003 eV 23) for

C. Work function
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TABLE lIl. Work function given in elecron vol{eV) of unre- < 4.30p— T L B S
laxed, ®f, and fully relaxed®, low-Miller-index Al surfaces as a 2 400F °'°d’f(1”)_f
function of the number of layers in the sla, _§ 4.105_ H¢(111)_§

€ , ik ]

N @f(11) ®(11D) @100 B(100 (110 D110 2 :Zz' E
2 4228 4184 4434 4419 3937  4.103 2 3.805. Y P P 35
3 3.866 3.870 4.441 4.396 4.232 4.232 < 445 T e e T
4 4047 4050 4338 4299 4091  4.165 2 4a0f Sool 3
5 4.111 4.095 4.327 4.296 3.922 3.979 -% 4.35F 3
6 4.051 4.036 4.256 4.240 3.957 3.886 S 430F 3
7 4037 4036 4230 4218  4.023  4.019 % 4250 3
8  4.097 4087 4239 4226 4132 4130 RPN ST A P T T P
9 4062 4049 4241 4228 4150  4.156 B R R St
10  4.016 4.010 4282 4272 4088  4.081 2 420f ﬁ:fﬂ}gg-
11 4.072 4.067 4.300 4.285 4.035 3.996 S 4.10F E
12 4073 4061 4294 4276  4.035  4.036 € 400k 3
13 4.041 4032 4300 4279 4085  4.087 ¥ 300k E
14 4.055 4.048 4.281 4.263 4.081 4.084 §3.805"“"""""""'"""“"""‘:
15  4.065 4.057 4264 4248 4.068  4.055 o 5 1(i°,|ab ‘tﬁicknigs ( Af*" 3 3%
16 4,263 4.247 4.059 4.039
17 4.259 4.243 4.064 4.059 FIG. 2. (Color onling Work function of unrelaxedd’, and fully
18 4.080 4.078 relaxed,®, (111), (100), and(110 Al surfaces as a function of the
19 4.075 4.073 slab thickness.
20 4,072 4.057
21 4.062 4.050 From now, our well-converged work functions will be
29 4.064 4.060 compared with experime_ntal and first.—principles results.
3 4.069 4,066 There are only few theoretical work functions of th€ X10)

and Al(110) surfaces availabl& > however, there are quite a

large number of results for Al11), in particular, employing
(111), (100, and(110), respectively. Thus, the largest changethe LDA functiona}?11.13.14.21-23.4955ee Table IV. The
occurs for A[100), which is an unexpected result due to the LDA work functions reported for AtL11) are in the range

small magnitude of the relaxations of the topmost interlayer
spacings of AI100) compared with the larger relaxations of
the Al(110) surface(see the next sectionWe found no clear

trend in the changes of the work function due to the relax-

TABLE IV. A comparison of FLAPW Al work functionggiven
in eV) with calculations and experimental results.

ations, i.e., an increase or decrease due to the relaxations. For

example, for A(111), > & for all studied slabs, except for ALY Al(109 AlL19
N,=3 and 4, for which®f<®. For Al(100), ®'>® for all gga 4.06 4.2 4.07
studied slabs. For A110), ®'> ® for most of the calculated LDA 4.3 47% 4.4P 4.1
slabs, howeverd!<® for Nj=2, 4, 5, 9, 12, 13, and 14. 3'706 4'59 ' '

Thus, the relative changes depends strongly on the number ' o

of layers in the slab. Therefore, at least for the low-Miller- LDA 4'099 4'31_

index Al surfaces, there is no clear relation between the mag-PA 454 432

nitude of the topmost relaxations and the magnitude and sighxp. 4.24+0.02 4.41+0.08 4.28+0.0%
of the work function changes. Exp. 4.26+0.08 4.20+0.03 4.06+0.03

Figure 2 shows a very similar periodic oscillatory behav-
ior of the work functions of the AlL11) and A110) as a bReference 51
function of the slab thickness. For ALQ), there are mini- cReference 22_’
mums in the work function for a slab thickness of 1.43, 7.14.4p torence 14.
14.28, 21.43, and 28.57 A, i.e., one minimum for almostezeference 11.
every 7.15 A. A similar trend is also found for @L1). How-  fReference 13.
ever, these trends differ from those obtained foflAD), in  greference 23.
which the first minimum occurs for 12.12 A. Furthermore, hReference 10.
we found that the work function of the AI11) and A(110)  iReference 49.
for large slab thickness does not depend on the surface oliReference 21.
entation, i.e.®(111) = ®(110), however, the same does not kReference 24.
hold true for A(100), e.g.,®(100-®(111)=0.20 eV. 'Reference 25.
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from 3.70-4.73 eV, which indicates a large discrepancy be- TABLE V. Relaxations given in perceniyd; ., of Al(111) as a
tween the first-principles calculations. It has been know thatunction of the number of layers in the slai,
in general LDA work functions are larger than those calcu
lated using GGA functional® hence, it explains the fact that N Ady Ady3 Adys  Adgs Adse Ads7
the work functions calculated in the present work are smalle
than most of the LDA results. Hence, our GGA results can-
not be compared directly with the LDA results, however, the3 -0.182
relative differences can be compared. For example, we founfi ~ +1.246  -0.482
that ®(100-®(111)=0.18 eV, which is good agreement 5 +1.796  +0.677
with the LDA value of 0.19 eV reported in Ref. 51. 6 +1.084 -0.017 +0.780

Our converged work functions differ by 0.18, 0.17, and7 +0.901 -0.472 +0.463
0.21teV com%aredtwith e|>t<pehr_in;]ental photoelecct;i[p g)4}r1nsfeasureg +1.411 +0.106 +0.608 +0.600
ments carried out in ultrahigh vacuum conditi&hdor _
Al(112), Al(100, and AK110), respectively(see Table IV. 10 :;’;ﬁi _g'g;é :g'gg ig'éi; 0413
Furthermore, ®(100-®(111)=0.17 eV and &(111) ' : ' ' :
~®(110), which are in excellent agreement with our resulis,}t ~ +1-278  -0.001  +0.582  +0.347  ~0.006
Photoelectric experiments reported in Ref. 25 obtained? *1.235 -0.003 +0.574  +0.295  +0.047  +0.027
®(111) =~ d(100 and d(111)-P(110=0.20 eV, which are 13  +1.001 -0.246 +0.354 +0.038 -0.265 -0.120
in clear disagreement with our results, as well as with thel4 ~ +1.100 -0.168 +0.395 +0.148 -0.214 -0.181
experimental results reported in Ref. 24. Grepstachl?* 15  +1.151 -0.053 +0.456 +0.215 -0.049 -0.057
suggested that impurities, in particular oxygen, might be the
reason for those discrepanciss reported in Ref. 24, spe-
cial care was taken with the cleanliness of the Al surfacestion of the topmost interlayer spacing has a maximum for
hence, these results are considered as a reference for dWr=6, 11, 16, and 21, i.e., a maximum for almost every five
theoretical calculations. interlayer spacing$7.14 A). Further interlayer relaxations
show a similar trend.

The oscillatory behavior found for Al111) and Al(110
are very similar, however, different from those obtained for

The interlayer relaxationsAd;;.;, are given in percent Al(100. For Al(100), the expansion of the topmost interlayer
with respect to the unrelaxed interlayer spacingg,i.e.,  spacing has the first minimum fd4 =6, however, a second
Ad; ;,1=100(d; ;41— dg)/do. d; ;11 is the interlayer distance be- minimum is not clearly obtained considerig up to 17.
tween two adjacent layers parallel to the surface calculatedhese results show that the period of the oscillations are
by total energy minimizationdy=ay\3/3,a0/2, andao\5§/4 different by a large value between the(200) surface and
for (]_1]_), (]_OO), and(110), respecti\/e|y_ Hence, the Signs + the (111) and (110 Al surfaces. A similar trend was also
and - signs indicate expansion and contraction of the intefound for the surface energy and work function. From now,
layer spacings, respectively. All layers in the slab were al-
lowed to relax, except the layer in the center of the slab, TABLE VI. Relaxations given in percenfd;.;, of Al(100 as
however, only the relaxations of the topmost six interlayerd function of the number of layers in the sla¥,
spacings(ds,, ...,dg7) will be discussed due to the small
magnitude of the relaxations of the inner interlayer spacings’.\ll Adyy Adys Ads, Adys Adse Adgy
It does not change the conclusions obtained in the present +4.344
work. The relaxations of thé€l11), (100, and (110 Al sur-
faces as a function of the number of layers in the dNjpare +2.558
summarized in Tables V-VII, respectively. Furthermore, the® ~ +2481  +2.136
relaxations are also plotted in Fig. 3 to help in our discus® ~ *2.394 +1.899
sion. 6 +1.122 +0.153 +0.255

For Al(111) and A100), in which there are three and four 7 +1.477 -0.057 -0.571
broken bonds in the surface, respectively, the topmost interg +1.421 +0.420 -0.450 -1.169
layer spacinggd,,, expands by few percent for all calculated g +1.535 +0432 -0019 -0.894
slabs, excgpt for AlL11) using N,;=3. For Al(110), in which +1.900 +0838 +0373 -0160 —0.326
there are six broken bonds in the surfagg,contracts for all +1685 +0.849 +0.436 —0.106 —0.018
calculated slabs. For both surfaces, the magnitude of the ré- ' ' ' ' '
laxations show a periodic oscillatory behavior as a functiont? ~ *1.961  +0.866 +0.526 -0.058 +0.144  +0.424
of N,. For Al(111), the expansion of the topmost interlayer 13~ +1.853  +0.996 +0.359 -0.085 +0.070 +0.356
spacing as a function of the number of layers in the sla4  +1.649 +0.557 +0.255 -0.492 -0.299 +0.030
shows a minimum folN,=3, 7, 10, and 13, i.e., a minimum 15 +1.600 +0.549 +0.016 -0.429 -0.398 +0.014
for almost every three interlayer spacin@s00 A). Further- 15  +1.596 +0.592 +0071 -0.656 -0.373 -0.150
more, it can be seen in Fig. 3 that the topmost six interlayef; .1 508 +0436 -0.020 -0.682 -0.564 -0.085
relaxations show similar behavior. For(AlLQ), the contrac-

+3.679

D. Multilayer relaxations
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TABLE VII. Relaxations given in percenf\d; ;,1, of Al(110 as 20—
: . ' Fo—oAd,,
a function of the number of layers in the slay, 1.5F - ad
< o 23
& 10fsaidy,
N| AdlZ Ad23 Ad34 Ad45 Ad56 Ad67 11 EHAd45
o 05F
g Fmm Adgg
2 -28312 0.0Fa—a Adg,
3 -0.048 0551
2 0
4 -7.777 +7.656 3.0~
Fo-oAd,,
5  -6.222 -0.138 ~ 20Foaad,
6 -10.360 +5.853 -6.308 Q 1.0pa—aAdy,
Y e Ad,g
7 -8.332 +5.057 -0.243 'E; 0.0 FaaAd,
8 -6.542 +4.329 -0.603 +4.319 1.0fa—4 Adg,
— - PN IO NP (PR U N R SRR N
9 5.661 +2.927 1.297 +2.825 -2,0_2 466 0 i 6 18
10 -6.922 +3.278 -2.978 +1.743 +0.940 U s 0 I L B B B B B BN B
11 -8.179 +3.929 -2.874 +0.903 -0.069 = :
12 -7.986 +4.439 -2.035 +1.980 +0.077 +0.212 3\/:
13 -6.822 +3.915 -1.570 +2.322 +1.000 +0.003 -g:‘
14 -6.751 +3.615 -2.263 +2.244 +1.047 +0.227
15 -7.303 +3.637 -2.422 +1.506 +0.734 +0.148
16 -7.816 +4.164 -2.297 +1.840 +0.169 +0.334 f
17 -7.345 +4.087 -1.868 +2.009 +0.640 +0.109 . .
18 -7.127 +3.933 -2.047 +2.068 +0.680 +0.346 dF(|161(»3A(|COIC;r onling Ref'axit_"’”sf?ri{iw of Lhe(lflll)' (100, "
19 -6.971 +3705 -2260 +1819 +0.692 +0.139 o '\ SUNACES @S @ THRCHON O fhe HmbEr ot iayers in fhe
20 -7.472 +4.023 -2.432 +1.733 +0.499 +0.151 o
2L -7.583  +4.071  -2.140 +1.804 +0.393  +0.047 Furthermore, there are large discrepancies in the magnitude
22 -7.410 #3937 -2151 +1.939 +0.337 +0.027 of the relaxations for the second and third interlayer spacings
23  -7.180 +3.873 -2.123 +2.044 +0.816 +0.222 compared with our results. For exampl&g,;=-1.53%723

-2.14%>2 -0.40%> while Ads;,=-0.54%723 +1.08%°%
+0.20%53 The number of layers in the slab plays a role in

the reS_UltS obtained USing the Iargest number of IayerS in thﬂ‘]e magnitude of the relaxation of the second and third in-
slab will be compared with experimental results, as well agerlayer spacings, however, it is not enough to explains the
with published calculations. discrepancies discussed above.

1. Al(111)

The topmost interlayer spacing expands by +1.15%
(=0.03 A). This result is in good agreement with two quan-
titative low-energy electron diffractionLEED) studies,
which obtained expansions of +0.9+0.5%, and
+1.4+0.5%3° However, our results differs significantly from
other two LEED studies, which reported expansions o .
Ady,= +2.2%2" and +1.7+0.39%° The IF_)EED inteﬁsities re- recent LEED studi€3 performed at a temperature of 1QO K
ported in Refs. 28 and 29 were obtained at a temperature tainedAd;,= +2.0£0.8% andAdys=+1.2+0.7%, which

90 K and 160 K, respectively, which migh explains the dif- are in better agreement with our results considering the large

ference in the magnitude of the relaxations. We found a con€'Mors in the .LEED result;. . .
First-principles calculations reported in Ref. 55 obtained

traction of only —0.05% for the second interlayer spacing, i -
: ’ : P g an expansion of +1.2+0.4% fat;,, which is close to our

i.e., d;,~d,, however, LEED studié8 obtained an expan- : - 12
sion of +0.5+0.7%. Indeed, such an expansion is obtained ifESUlt, however, recent first-principles calculatiBntound

our calculations using a slab with five layers, but this result&" €xpansion of +0.5% fot;, which is smaller than our
is not converged with respect to the number of layers in théesu“' Furtherm_ore_, a contract_|on of —0.3% was found for
slab. The error in the LEED result fa reported in Ref. 29 d,; (Ref. 32), which is in clear d|sagreement with our results
is larger than the value itself. The third interlayer spacingrelaorteOI in Table VI, as well as with LEED resufs.
expands by +0.46%=0.01 A). There are no LEED results

for da,, 3. Al(110)

Our result for the topmost interlayer spacing is in good The first and third interlayer spacings contract by —7.18%
agreement with some first-principles calculations, e.g.and —2.12%, respectively, while the second interlayer spac-
+1.06%23 +1.38%°2 +1.18%%3 however, is in disagreement ing expands by +3.87%. We found an interlayer relaxation-
with the large expansion, e.g., +2.0%, reported in Ref. 32sequence like-+—-+++--- . There is a clear alternate sign in

2. Al(100)

For AI(100), the topmost two interlayer spacing expands
by few percent, e.gAd;,=+1.60% andAd,;=+0.44%. Al-
most three decades agft?’ a quantitative analysis of LEED
intensities measured at 300 K fouad,,= 0 (no relaxation,
avhich is in clear disagreement with our results. However,
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TABLE VIII. A comparison of the relaxations of the @10 ® 0.25 e
surface with LEED and theoretical results. 2 gpob " 2 (1) .
m Ue0F . 8L (111) I
(/)] F - ~7.9
2 0.15E — 15L(111) e e
Method Temp. Ad;, Ady  Ads,  Adgs  Adsg 5 0 5g AL
Reference  (K) (%) (%) (%) (%) (%) £ 0.10¢ el L3
c E E
0.05F <-- 1]
FLAPW? 0 -7.18 +3.87 -2.12 +2.04 +0.82 ] T . . . !
PPPW 0 -70 +34 -24 +16 8'2212 q0 8 6 4 2 0 2
PPPW 0 -74 +38 -25 +20 g 2oy 1
PPPW 0 -6.9 § 020 10L (100) AN
LEEDS 100 -86 +50 -16 5 015F — 7-010 S 3 :
LEED®3 100 -84 +49 -16 +0.2 Z 0.410F ; b
F e e 4 3
LEED®® 100 -81 +55 -3.8 +1.1 § 0.05F - I
LEED®® 300 -11.2 +6.7 -4.0 0.0 0.0(_)1:2 . -_1'6" P R e -(')' "
LEEDS! 297 -85 +55 +22  +16 ® o.25:....,é|:..1,1.0...,....,....,. T
LEED®® 70 -69 +41 37 £ 020F 12L§11o; nl /]
LEED®S 316 -76 +50 -32 & 0455 —— 28L(110) N
3Ppresent work. Z 010 i ;
§ 0.05f 7 b3
the relaxations for the topmost four interlayer spacings, how- 0,001:2; “16‘/‘.|8I L 16- . I4 . I2 tl) 2
ever, it does not hold true for inner interlayer spacings due to ) ) ) Er;ergy (_eV) "

the expansion of the fifth interlayer spacing. The magnitude

of the relaxations decrease for inner interlayer spacings, i.e., FIG. 4. (Color onling Total density of state€DOS) of the fully

|Adi,i+1| > |Adi+1,i+2|- relaxed(112), (100), and(110) Al surfaces for a different number of
The magnitude and sign of the relaxations are in goodayers in the slab. The vertical dashed lines indicate the Fermi en-

agreement with available LEED studi&="°(see Table VIIJ.  ergy. The total DOS are normalized to unity, i.e., the integral of the

However, there are discrepancies for particular cases. F@OS up to the Fermi energy is set to unity.

example, LEED results reported in Ref. 60 found an expan-

sion of +2.2% fords,, while we found thatls, contracts by (111, (100), and(110) Al surfaces are plotted in Fig. 5. The
—2.12%. It can be noted in Table VIl that several L_EED changes in the total DOS at the Fermi energy due to the
studie8®~>° obtained a contraction fods,, which is in  rejaxation of the layers are almost negligible for slabs with a
agreement with our result. Furthermore, our results argarger number of layers, however, small differences can be
in excellent agreement with published first-principles noted for slabs with few atomic layers.
calculationg}14®1as can be seen in Table VIII. It is impor-  pFqr Al(110), it can be seen in Fig. 5 that DOS.) calcu-
tant to note that temperature effects in_crease the contrac_tiqgted as a function of the slab thickness shows a periodic
of the topmost interlayer spacing, which was recently disgcillatory behavior as function of the slab thickness. For
cussed in Ref. 58. In fact the LEED results obtained at &yample, there are minimums in the DOS calculated at the
temperature of 70 K are in better agreement with our resultggmi energy for slabs with 5, 9, 13, and 18 layers. Similar
than those obtained at 316 K. behavior was found for the surface energy, work function,
and multilayer relaxations. A similar trend is found for the
surface properties of the A11) and Al100 surfaces.
Therefore, our results indicate that the changes in the density
marized in Fig. 4. For a system with two-dimensional peri-Of States at the Fermi energy as a function of the slab thick-
odicity, it can be shown that a single parabolic band, i.e., fess_ might originate changes in the surface energy, work
slab with a single atomic layer, produces a step-like functiofUnction, and multilayer relaxations.
DOS!8If an extra layer is added in the slab, then it generates
an additional step in the DOS. This behavior is precisely
shown in Fig. 4 for a slab with two layers for th@11),
(100, and(110 Al surfaces. The number of steps increases The occupied bandwidth at tHepoint, W, of the (111),
with increasing the number of layers in the slab, which is(100), and (110 slabs was calculated as the difference be-
difficult to be seen using slabs with a larger number of lay-tween the Fermi energy and the lowest occupied eigenvalue
ers, e.g.N,>8 (see Fig. 4. at thel” point. The results are summarized in Fig. 6. There
The total DOS calculated using slabs with 8 and 15 layergare no oscillations in the magnitude 8- as a function of
for Al(111) are almost identical, except in the region close tothe number of layers in the slab, as those found for the sur-
the Fermi energysee Fig. 4 Motivated by this observation, face energy, work function, multilayer relaxations. We found
the total DOS calculated at the Fermi energy, DB}3, was  that 8, 8, and 11 layers in the slab are enough to obtgin
calculated as a function of the slab thickness. DE}$ for  that differ by less than 1.00% compared with results calcu-

E. Total density of states

Our results for the total density of statd30S) are sum-

F. Occupied bandwidth atI" point
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FIG. 6. (Color onling Occupied bandwidth at thE point of

FIG. 5. (Color onling Total density of state€DOS) calculated ~ unrelaxed W}, and fully relaxed Wy, (111, (100), and (110 Al
at the Fermi energy, DA§g), of the unrelaxed and fully relaxed surfaces as a function of the slab thickness.
(112), (100, and (110 Al surfaces as a function of the number of
layers in the slab. The total DOS are normalized to unity, i.e., theaimost 3.38 times the Fermi wavelength of the bulk alumi-
integral of the DOS up to the Fermi energy is set to unity. num.

Therefore, we found that the same value of the Fermi
lated with 15, 17, and 23 layers in the slab f@d1), (100, wavelength cannot be correlated with the distance between
and (110, respectively. two cusps in the clean surface properties for the low-Miller-

index Al surfaces. This result was not identified in the
Schulte’s jellium calculations, since it did not take into ac-
IV. QUANTUM-SIZE EFFECTS count the atomic structure of the surfaces, as well as was not

. . . identified in recent first-principles calculations. As a conse-
Our results show a periodic oscillatory behavior of the P P

. : . . uence of the larger oscillatory period found for(200), a
surface energies, work functions, multilayer relaxations, an(?arger number of layers would be required to obtain well-

density of states as a function of the slab thickness for th%
(111, (100, and (110 Al surfaces. These oscillations have f
been discussed and attributed to QSE in several stidfe
However, the results obtained in the present work cannot b
fully explained based only on the old picture suggested i
Ref. 1. For example, based on jellium film calculatidns,
Schulte found that the work function show oscillations with a
period of roughly one-half of the Fermi wavelengiy, (\¢

onverged results for AL00). However, this is not the case

or most of the studied properties due to the small magnitude

of the oscillations as a function of the number of layers com-
ared to the oscillations found for @I10).

The different behavior of the surface properties dfl@i0)
compared to the AL1l) and Al110 surfaces can be ex-
plained by the findings reported in Ref. 62 for(A00). For
" example, the occupied surface states of th@@0) surface
=3.58 A for A). has a deep penetration into the bulk region according to Ref.

Y\(f foun? tha_lt the s(;JrfaccleD%nSergulas,l wodrk fL:}nchns,ﬁz, which might originate oscillations with a larger period
multilayer relaxations, and tota > calculated at the Fermy, o 1 the increase in the occupation of the surface states.
level have similar oscillatory behavior as a function of the

slab thickness for AlL1l) and Al(110), e.g., for A(111),
there is a cusp in the plots at almost every 7.00 A, while it is
7.15 A for Al(110). Hence, the period of the oscillations are
almost the same for AL11) and Al(110, which is almost Systematic DFT calculations, employing the FLAPW
two times larger than those suggested by Schulte. However,rethod, were performed for the clean(&l11), Al(100), and
different physical behavior was found for(AD0). The work  Al(110 surfaces. The surface energies, work functions, in-
functions and multilayer relaxations results indicate a largeterlayer relaxations, density of states, and occupied band-
distance between two consecutive cusps compared to thosadth at thel” point were calculated as a function of the slab
found for Al(111) and AK110. It can be seen in Fig. 2 that thickness up to 32 A. Due to the high accuracy of the all-
two consecutive cusps are separated by almost 12.12 A, i.eelectron FLAPW method in solving the Kohn-Sham equa-

V. SUMMARY
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TABLE IX. Surface energygs, work function,®, and interlayer relaxationad, ;.1, of the Al(110) surface calculated as a function of the
cutoff energy K", and the number df points in the surface BZNEZ. a; and® indicate the surface energy and work function calculated
for unrelaxed slabs, respectively.

KWt k points  of 0% @ ® Ady, Adys Ads, Adys Adsg Adg;

(Ry) NEz mesh (eV) (ev) (ev) (ev) (%) (%) (%) (%) (%) (%)

5.06 70  (14x100 0.714 0697 4071 4.063 -6.366 +4.552 -1.058 +3.517 +2.605  +0.796
6.25 70 (14x100 0.752 0741 4.069 4.077 -6.927 +3.676 -1.982 +2.133 +1.301 -0.136
7.56 70  (14x10) 0.755 0743 4.069 4.080 -7.024 +3527 -2.142 +1.981 +1.196  —0.299
9.00 70  (14x10) 0.756 0744 4.069 4.080 -7.054 +3.499 -2.146 +1.981 +1.141  -0.305
10.56 70 (14x10) 0.757 0.745 4.069 4.081 -7.066 +3.512 -2.172 +1.949 +1.154 -0.330
12.25 70 (14x10) 0.757 0745 4.069 4.080 -7.056 +3.434 -2.171 +1.986 +1.071 -0.300
14.06 70  (14x10) 0757 0745 4069 4.080 -7.078 +3.487 -2.160 +1.986 +1.098  -0.305
16.00 70  (14x10) 0757 0.745 4069 4.080 -7.083 +3.487 -2.154 +1.988 +1.096 -0.304
10.56 6 (4x3) 1488 1440 4.081 3961 -6.851 +0.734 -4341 -5067 -1.503 -3.422
10.56 12 (6x4) 0707 0685 3.991 3981 -7.270 +6.256 -3.488 +6.375 +0.057 +1.505
10.56 24  (8x6)  0.682 0672 4106 4092 -6218 +4.135 +0.112 +0.659 +1.528  +1.115

10.56 35 (10x7) 0.674 0.658 4.074 4.068 -7.559 +3.134  -2.882 +1.172  +1.800 -1.238
10.56 48 (12x8) 0.691 0.680 4.066 4.066 -6.996 +4.045  -1.527 +2.969  +0.615 +0.168
10.56 70  (14x10) 0.757 0.745 4.069 4.081 -7.066 +3.512 -2.172 +1.949  +1.154 -0.330
10.56 88  (16x11 0.738 0.727 4108 4105 -6.862 +4.388  -1.327 +2.528  +0.770 -0.656
10.56 117 (18%x13 0.723 0.710 4.082 4.080 -7.126 +4.140  -1.892 +2.481  +1.207 +0.147
10.56 140 (20x14) 0.710 0.701 4.075 4.075 -6.291 +3.619 -1.380 +2.359  +1.307 -0.332
10.56 176 (22X 16) 0.711 0.701  4.079 4.081 -6.791 +3.812 -1.293 +2.435  +1.083 -0.073
10.56 204  (24x17) 0.719 0.708 4.084  4.087 -7.025 +3.990 -1.960 +2.322  +0.809 -0.108
10.56 234 (26x18) 0.714 0.704 4.081 4.081 -6.520 +3.811  -1.560 +2.148  +1.093 -0.075
10.56 280 (28x20 0.720 0.710 4.081 4.085 -6.718 +3.830 -1.621 +1.946  +1.076 -0.197
10.56 315 (30x21) 0.718 0.708 4.085 4.087 -6.821 +3.926 -1.584  +2.300 +0.963 -0.062
10.56 368 (32x23 0.716  0.706  4.077  4.079 -6.735 +3.778  -1.649 +2.316  +1.048 -0.045
10.56 408 (34X%24) 0.719 0.709 4.081 4.083 -6.765 +3.910 -1.578 +2.274  +1.006 -0.099
10.56 450 (36X%25H) 0.718 0.708 4.082 4.084 -6.764 +3.910 -1.634 +2.312 +1.035 -0.115

tions, our well-converged results can be considered as a déarge number of layers, while the work function of(&00) is
tabase for the parametrization of empirical potentials, as wellarger by=0.20 eV, which is in good agreement with experi-
as a reference for the construction of pseudopotentials.  mental results.

The mentioned surface properties, except the occupied The magnitude of the interlayer relaxations obtained for
bandwidth, oscillates as a function of the slab thicknessAl(111) and A100 are not in good agreement with pub-
which is not a new result. However, we found that the periodished theoretical calculations, in particular, for the inner in-
of those oscillations are not the same for all studied Al surterlayer spacings. The differences cannot be explained in
faces, which has not been reported before. In particular, theerms of the number of layers in the slab. However, the re-
period of the oscillations are almost the same fqdlAl) and  laxations obtained for AL10 are in good agreement with
Al(110, however, it differs significantly for AL0O), in  first-principles calculations. In general, our multilayer relax-
which the oscillations have a larger period. These results arations are in good agreement with quantitative LEED inten-
explained by the findings reported in Ref. 62. For examplesity analysis.
the occupied surface states of thé 410 surface has a deep
penetration into the bulk region, which might originate oscil- ACKNOWLEDGMENTS

lations with a larger period. These trends were found for We thank the Institute of Solid State Physics of the Re-

unrelaxed and fully relaxed slabs. search Center Jilich for the computer tifEC-Clustey to

Furthermore, our results indicate that the surface energ%erform the present work. We are also thankful for the com-
anisotropy ratios are closer to the ideal anisotropy ratios cal ents from t%e referees (‘)n the present paper

culated from the number of broken bond ratios. Hence, thd"
surface energy of other Al surfaces can be calculated as a
first approximation from the number of broken bonds in the
surface. We found that the work function of the(211) and Here, we will discuss the dependenceogf®, andAd; .,

Al (110 surfaces are almost exactly the same for slabs with af Al(110 as a function of computational parameters. The
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calculations were performed for eight cutoff energi&®’  compared with the converged results. However, to obtain ab-
=5.06,...,16.00 Ry, and for 17 set ofk points (N§,  solute values ford;, and Ad,; that differ less than 1.00%
=6,...,450 using a slab with 13 layers. All results are sum- compared to the converged results, Xljpoints are required,
marized in Table IX. The results obtained with the largestwhile a larger number ok points, e.g., 368, are required to
computational parameters will be used as a reference in thehtain similar accuracy for the relaxations of the inner inter-
discussion below. layer spacings. Hence, the multilayer relaxations dfLA0)

A cutoff energy of 6.25 Ry5.06 Ry is enough to obtain ;o \ar . ; :
; . . y sensitive to the numberlopoints, while converged
surface energieavork functiong that differ less than 0.65% work functions can be calculated using févpoints.

. . ;
(0.50% compared with the converged results. To obtain a Therefore, we concluded that a cutoff energy of 9.00 Ry

similar level of convergence foAd, ., i.e., error smaller o )
than 1.00%, a cutoff energy of 9.00 Ry is required. We founo‘?‘rld 315k points in the surface BZ, i.e., 80X 22) two-

that the values o, ®, andAd, ;,, oscillates as a function of dimensionalk point mesh, are enough to obtain well-
the number ok points. These oscillations decrease with anconvergedos, ®, and Ad;.; for Al(110. The same cutoff
increase in the number d&f points. We found that at least energy and similar high quality two-dimensionkl point
176 (24) k points in the surface BZ are required to obtain meshes were used for the calculations of (ttil) and (100
surface energie@vork functions that differ less than 1.00% Al surfaces.
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