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First-principles molecular-dynamics study of the (0001) a-quartz surface
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We present arab initio investigation of the structural and electronic properties of (@01 «-quartz
surface. Five different models of this surface are generated by cleavage of the bulk followed by atomic
relaxation and constant-temperature molecular dynamics. The most favorable reconstruction presents an unex-
pected densification of the two uppermost layers of ,Si@rahedral units, with three-membered and six-
membered rings that do not exist in butkquartz. The electronic density of states for this surface is very
similar to the bulk one, except for a typical feature of Sithder pressure, namely the disappearance of the
gap between Si-O bonding and @ 2onbonding states.

[. INTRODUCTION of conducting surfaces, since most standard surface analysis
technigues involve charged particlésns, electronk in in-

SiO, plays an important role in many advanced techno-cident beams or as outgoing particles. Some progress has
logical fields. It can be used as a substrate for silicon irbeen recently made in this field. For instance, the quartz
microelectronics, for oxide multilayers in optics, for metal- surface has been studied using atomic force microscopy
lic multilayers in magnetics, or for polymers in the field of (AFM), providing information on its microscopic structute.
adhesiort. In all these cases, the interface properties are exHowever, the low contrast of the AFM pictures at the atomic
pected to be strongly dependent on the initial S&Drface  scale still precluded crystallographic structure determination.
atomic structure. Amongst the various surfaces of the differ- |n most experimental techniques, data are collected over a
ent crystallographic forms of SiQthe (000) a-quartz sur-  very long time in comparison with atomic motion, and the
face can be considered as a model surface due to importagirect observation of a particular event or structure is thus
common characteristics such as the Si@rahedral building  not allowed. By contrast, molecular-dynami®4D) simula-
blocks and Si or O coordination numbers. Furthermore, théions permit a detailed analysis of atomic motion and of
study of this crystalline surface may also be useful to betteeomplex microstructures. Using this technique, much
understand amorphous silica surfaces. progress has been achieved in the study of vitreous silica

Whereas the bulk quartz structure has been widely studsurfaces. These simulations were invariably based on semi-
ied, the experimental data on the structure of quartz surfacesmpirical potential§-°
are rather scarce. To our knowledge, there have been only |n this paper, we present first-principles molecular-
two experimental determinations of the crystallographicdynamics investigation of thé001) a-quartz surface. We
structure of the(000) a-quartz surface. A slight chemical determine various atomic structures which could appear
etching in HF leads to the appearance of>allpattern® a  upon fracture of bulk material. In principle, the selection of
/84x /84 reconstruction with a rotation angle of 11° is ob- the final structure depends on the thermal and chenfatal
served for temperatures greater than 6004 The experi- mospheri¢ exposure of the surface atoms, and not just on the
mental study of insulating surfaces is more difficult than thatmotion of surface atoms upon the fracture. For simplicity, we
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deal with surfaces obtained in a perfect vacu@m., in ab-  formulas?! The Brillouin zone(BZ) sampling is limited to
sence of water thus focusing on the second effect only. ThetheI" point only.

fracture of bulk quartz perpendicularly to tli@001) direc- A preliminary simulation of bulk quartz is performed to
tion could produce two fundamental types of surfaces: termiserve as a reference for the absolute surface energy calcula-
nating either with Si atoms, or with an oxygen atom attachedions and to determine the initial bond lengths and angles to
to each silicon atom of the Si-terminated case. Since natur&e used in the actual surface simulations. For this purpose,
silicon dioxide surfaces are generally assumed to terminat¢® use a tetragonal unit cell of sides=9.62 A, b

with hydroxyl (OH) groupsi®L! the oxygen-terminated sur- =834 A, andc=10.64 A derived from the theoretical
face is probably more representative of real conditions. Elec€auilibrium lattice constarft: This periodic cell contains 24
trostatic and stoichiometry arguments support this choice, sg! &0mMs and 48 O atonjsorresponding to 6 O-Si-O layers
that we concentrate on this type of surface. We consider twglong the(0007) .dlrecnorﬂ. The calcullate(-j Si-O bond length
initial configurations: the cleaved surface with nonbridging'n. bulk quartz is 1.60% ?1.505 A, .d|ffer.|ng Iess_ thgn .1%
oxygens at the top and a2l reconstruction with edge- with the experimental valu€.The Si-O-Si angle distribution

sharing tetrahedra. We then derive two reconstructions fronl\fl h preake(:h ar?unrd V1I39°(expfer|om§intoa| \:1aI:Je: 1r4 3.188)'?
atomic relaxation of the 1 reconstruction. We finally ob- ereas the four vajues of ©-sSI-b angies are T

tain two more reconstructions by constant-temperature firstlog'3 , 109.47, and 111.0°, respectivééxperimental val-

principles MD simulations. The first of these two last struc- es: 108.81°, 108.93°, 1009'24 , and 110'52 ). AII_these
tures, from here on named valence alternation Pe/P) valug? present less than 5% discrepancy with experimental
surface, presents an intimate pair of over- and undercoordf—iata‘ . . . -

nated oxygen atoms near the surface with three-membered In our surfac.e.3|mula§|ons, We consider a penon tetrag-
rings. The second, which we call dense surface, presentsoa{1al cell containing a SiPslab and a vacuum region. The

densification of the two uppermost layers of Si®trahedral procedure to gen_erat_e the slab, by repegting O-Si-O layers
units, with three-membered and six-membered rings, irialong the(000)) direction, meets the requirement of charge

which each O atom is connected to two Si atoms, while eacﬁ'eqtra"ty in the cell and avoid; large dipole moments. The
Si atom is connected to four O atoms. as in thé bulk. Thi nitial bond lengths and angles in the O-Si-O layers are taken
feature only appears in this model. Wé compute the surfa(iom the preliminary s_|mula_t|on of bulk quartz. The periodic
energies of these structures, and find that the dense surface ll has a surface unit of sides=9.62 A andb=8.34 A,

the most stable one. Its calculated electronic density of stat erived from the theoretical equilibrium lattice constant of
is very similar to that of bulke-quartz. However, as for SO a-quartz?? In the direction orthogonal to the surface, the cell
under pressur®3the gap between éi—O bond,ing and @ 2 contains six monolayers of Sj@9.5 A), the bottom extremi-

nonbonding states vanishes, indicating a strong hybridizatioHes being saturated with hydrogen atoms, for a ttzlb + .
between these states. vacuum length ofc=15.88 A. Hence, our systems contain

24 Si atoms, 44 O atoms, @@ H atoms. In the minimization
process, the atoms of the lowest Si@onolayer are kept
fixed. After the atomic relaxation, the stability of each con-
figuration is studied by performing constant-temperature

In all our calculations, the atomic positions are fully re- molecular-dynamics simulatiori.
laxed using the Car-Parrinello meth6d® within the local Finally, in order to obtain absolute surface energies, we
density approximatiofLDA) to density-functional theordf ~ use a different geometry for the surface models, namely, we
which provides the electronic structure as well as the force§onsider a symmetric slalhence including two surfacedn
that act on the ions. The choice of the LDA is motivated bythis case, the dimension of the tetragonal cell in the direction
the following facts. On one hand, the LDA has proven toorthogonal to the surface is=26.46 A (slab + vacuum,
reproduce very accurately the structural propertiesaof —containingn=10 or 12 monolayers of SiQand the atoms
quartz” On the other hand, although the generalized gradiof the two central Si@ monolayers are kept fixed during the
ent approximatiofGGA) was recently reported to correct a atomic relaxation process. The absolute surface erexgy
qualitative error of the LDA in the energy difference be- is the difference between the total energy of the slabs of
tween two polymorphs of SiQit does not improve over the increasing thicknes&g,,(n) (where n is the number of
structural properties with respect to LO(Arrors in the lattice  O-Si-O layerg and those of bulk systems containing the
parameters and bond length are in the 1-2% range for boteame number of atoms:
LDA and GGA).*8 In this study, all the structures considered
are not too far from the ideal quartz. Hence, we will restrict bulk
ourselves to the use of the LDA. A subsequent study using ESWf:E( Esian(n)—n—¢ )
the GGA(Ref. 19 has shown that the energy ordering of the
various structures considered hereafter is not changed, evavhereE,, . is the total energy of the reference bulk system

1. COMPUTATIONAL DETAILS

though the energy differences are slightly different. described abovéwhich containgn=6 O-Si-O layers
In our simulations, only valence electrons are explicitly
considered. We use norm conserving pseudopotefftitds Ill. SURFACE MODELS AND DISCUSSION

model the core-valence interaction. The electronic wave

functions are expanded into plane waves up to a kinetic en- We first describe the most important structural features of
ergy cutoff of 50 rydbergs. Exchange and correlation effectour models. A detailed analysis, that can be found
are calculated using Perdew and Zunger's interpolatiorelsewheré? shows that within 5 A from the surface, the bulk
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(a) TABLE |. Computed surface energies for the five different mod-
els: dimer, cleaved, VAP, semidense, and dense surfaces in ascend-
ing order of stability(the type of reconstruction is given in paren-
theses The surface energies are expressed in éV//Fhe number
of Si-O bonds per Si atort¥# Si-O) has also been indicated for the
two Si atoms in the first layer of a>21 surface unit-cell.

Model Energy # Si-O
(b) :
Dimer (2X 1) 0.25 2,4
Cleaved (1x 1) 0.17 3,3
VAP (2X1) 0.14 4,4
Semidense (X1) 0.09 4,4
Dense (1x1) 0.05 4,4
(c) A contour plot of electronic density on the dimer is rep-

resented in Fig. 2. The dimerization of the two oxygens
clearly appears from the pictufthe O-O distance is 1.60)A
which also shows an increased electronic density at the two-
fold coordinated silicon with respect to the other four-
coordinated silicons. The reason why the edge-sharing tetra-
hedra structure originally designed was instable is also
apparent. Indeed, there is an oxygen located just below the

FIG. 1. Side view of(a) the cleaved surfacéb) an hypothetical
2X 1 reconstruction with edge-sharing tetrahedra, @pthe dimer
surface. Si and O atoms are represented in dark and pale gray
respectively. 3t .

structure is recovered and that only limited strain occurs in  ,l
the O-Si-O layers just above the fixed one. Thus, the size ol
the SiQ slab used in the simulations is large enough to
simulate an ideal semi-infinite solid.

y (&)

A. The cleaved surface and the dimer surface

The simplest model for thex-quartz (0001) surface is
obtained simply by interrupting the repetition of the O-Si-O
layers. We will refer to it as thecleaved surface This
1X1 geometry of the surface is characterized by one non- -2r
bridging oxygen and one three-coordinated silicon per sur-
face unit cell[Fig. 1(a)]. _3)

The second and third models for tlkequartz are con-
structed starting from the idea that the structure would be b
more stable if a connected tetrahedral framework were re- =
covered at the surface. This corresponds to replacing non x (A)
bridging oxygens and three-coordinated silicons by two-

coordinated oxygens and four-coordinated silicons, FIG. 2. Contour plot of the electronic density on the oxygen
respectively dimer at the dimer surface. The contour is drawn in a plane passing

We can easily do this by considering &2 reconstruc- through the Si atom with the dimer, the two-coordinated Si, and the

L . 7. A lower oxygen of the dimer. Note that the upper oxygen is almost
tion in which originally nonbridging oxygens connected to . L ) I~

. . . coplanar with these atoms. Tkexis is defined by the two silicons.
two surface silicondthree-coordinated in the cleaved sur-

. - The origin of thex andy axis (defined by orthogonality witk) is
fs?](i)e\)/vfnorinm Feiggibs)ha“ng tetrahedfavo-membered ringsas the two-coordinated Si. As a guide for the eye to locate the atoms,

. . . . we superimpose(in pale gray to the contour plot a ball and stick

However, a simple atomic relaxation of this surface leadsepresentation of the structure: the big circles are Si atoms while the
to a completely different structuféig. 1(c)]. The two 0Xy-  small ones are O atoms. The oxygen dimer clearly appears at the
gens that should be shared by two silicons prefer to form agenter of the picture, while the electronic density is increased on the
O, dimer on one of the latter, leaving the other silicon only two-coordinated silicon with respect to four-coordinated silicons.
twofold coordinated. This structure, which we refer to as theat the bottom of the figure, there is another peak of density. It
dimer surface is energetically unfavorable with respect to corresponds to an oxygen located just above the dimer which repels
the cleaved surfacef. Table ). it towards the outside. The contour interval is 0.5/&2.
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FIG. 5. Top view of the dense surface. Si and O atoms are
FIG. 3. Top view of the semidense surface. Si and O atoms argepresented in dark and pale gray, respectively.
represented in dark and pale gray, respectively.

oxygen atoms are bonded to two different Si atoms, with the
one-fold coordinated O pointing towards the outside. This
surface is also characterized by the presence of three-
membered rings, with the three-fold coordinated O being at-
tached to one of these rings. Such an association of a three-
By slightly displacing this oxygen in order to avoid the fold O with a three-membered ring has also been observed in
steric effect, and allowing for more atomic relaxation, we classical simulations of amorphous silica surfdt@e in-
obtain a new X 1 reconstruction. This third surface model creased stability with respect to the dimer surface can be
presents chains of three-membered riffgig. 3) which pro-  attributed to the creation of the same number of Si-O bonds
duce a densification of the outermost O-Si-O layer. In thisas in an idealized fully coordinated netwofdgee Table )l
structure, which we refer to as tlsemidensesurface, all the The pair of over- and undercoordinated O atoms may be
Si and O atoms are four-fold coordinated and two-fold coor+eferred to as a valence alternation pair. The VAP concept
dinated, respectively. This is consistent with the higher stawas first introduced by Kastrférin his study of chalcogen-
bility of the semidense surface compared to the cleaved suide glassege.g., AsSe). A valence alternation pair was
face(see Table)l formed when two chalcogen atoms, both twofold coordi-
nated in the ground state, rearranged instead into one posi-
C. The VAP surface tively charged three-coordinated atom and one negatively
charged one-coordinated atom. It was proposed that the den-
sity of VAP’s in most glasses is relatively large since the

our fourth model, which is also @21 reconstruction. Itis . oqiion of such a defect requires a relatively small energy.
more stable than the cleaved surface, though less stable thqfﬂeir existence in amorphous SiQvas first proposed by
the semidense surfa¢see Table)l In this structure, all the \F

dimer (at the bottom of the figupewhich repels it towards
the outside.

B. The semidense surface

By heating the dimer surface up to 300 K, we obtained

Si at f dinated but th . dinat ucovsky’ based on the interpretation of infrared and Ra-
| atoms are four-coordinated but there IS a one-coordinateg, , , spectra. This author estimated the density of these de-
oxygen and a three-coordinated oxygen per surface unit ce

S ; \ gl i ite | f th feam 32820
(A side view of this structure is reported in Fig. &he two ect pairs to be quite large, of the order ofdam

D. The dense surface

The most stable reconstruction is obtained by heating the
cleaved surface up to 300 K. During the molecular-dynamics
simulation, the uppermost O-Si-O layer merges with the sec-
ond layer with the formation of three-membered and six-
membered ringgFig. 5) that do not exist in bulke-quartz.
This reconstruction presents only four-coordinated Si and
two-coordinated O with no dangling bonds. The outermost
O-Si-0O layer is denser than those located in the bulk, due to
the merging of two layers of the original structufeig. 6).

As in the cleaved surface case, the first atomic plane of the
surface contains O atoms only, but this plane contains now

FIG. 4. Side view of the VAP surface. Si and O atoms arethree times more atoms. Indeed, the two planes of oxygens
represented in dark and pale gray, respectively. The onefrom the outermost layer in the cleaved surfa@¢1U) and
coordinated and three-coordinated oxygens are indicated. Note al$3(1D) in Fig. 6] have merged with the upper plane of oxy-
the presence of three-membered rings. gens of the second O-Si-O laygd(2U)]. The first plane of
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O(1U) NEMELALEN B LA L B BAMNALR BN B
I Si(1) L _
O(1D)
oU) O(1U+1D+2U)
NS — i(142) : .
O(2D) 0(2D)
O(3V) O(3U) i 7
B (s) ) i \ ¢ |
O(3D) O(3D) I ©) |
Cleaved Surface Dense Surface He
FIG. 6. Schematic view of the reconstruction of the cleaved i ]
surface(left side of the graphinto the dense surfadgight side of
the graph. The planes of Si and O atoms are represented in dark - .
and pale gray, respectively. For the cleaved surface, three O-Si-O

layers have been represented and labeled from 1 to 3 starting from L 4
the surface. In each layer, the upper and lower planes of oxygens
have been distinguished:(p) and D(down), respectively. For the 4 (b)
dense surface, the same number of atoms has been represented. He

However, due to the densification, there are only two O-Si-O layers

left. In each plane, we have indicated the origin of the atoms by

their label. For instance, the upper O layer corresponds to the merg-
ing of the Q1U), O(1D), and G2D) planes. - .

Si atoms is also denser, containing twice the number of at- - -
oms[Si(1+2)] than in the cleaved surface. The lower plane
of oxygens of the second O-Si-O layer has almost merged L i
with the upper plane of oxygens of the third O-Si-O layer. He
The atomic arrangement in deeper layers is almost unaf- T T T D DT T
fected by these changes, and the bulk crystal structure is 25 20 15 10 5 0 5 10 15
recovered rapidly. Energy (eV)

By computing the total energy for a set of intermediate . .
configurations derived from the constant-temperature MD FIG. 7. Electronic density of states f@) bulk « quartz,(b) the
run, the energy barrier separating the cleaved from the dendgnse surface, an@) the cleaved surface. The f_erm| level for the
surface was estimated to be roughly 0.02 e¥/A&he saddle Pulk a-quartz and for the dense surface are aligned<0 eV),
point corresponds to a structure very similar to the VAPtha.t.Of the cleaved Sl.”face has been S“'?‘@‘* 1.5 eV, in orderto

. . facilitate the comparison between the different parts.

surface with a one-fold coordinated oxygen and a three-fold®
coordinated oxygen per surface unit ¢lbwever, since we  Finally, we have computed the electronic density of states
have a X1 geometry, the concentration of those defects iSDOS) for the dense and the cleaved surface, by using the
twice here than in the VAP surface ABINIT code®? The calculated DOS of the cleaved surface
[part(c) in Fig. 7] is very similar to the bulk quartz orj@art
(@) in Fig. 7). However, two extra peaks appdanarked by
arrows, corresponding to electronic states mostly located on

The stability of the VAP, the semidense, and the densehe nonbridging oxygen atoms. The first peak is located near
surfaces was tested by heating these surfaces up to 3500tKe O X states, while the second one is situated in the
for 300—400 fs(depending on the systeérif No further re-  former band gap region, so that the actual band gap is re-
construction was observed indicating a relative stability ofduced. The DOS associated to the dense suffaae (b) in
these surface structures, though other possible reconstrugig. 7] is also similar to that of bulk quartz. The main dif-
tions cannot be excluded.In order to obtain the absolute ference(marked by an arropis the disappearance of the gap
surface energies for the various models, we compute the tot@etween the Si-O bonding and Op2nonbonding states.
energy of slabs containing 10 and 12 monolayers of,SiO Such a feature also appears in giinder pressur&*® it
respectively, which present the cleaved surface model olndicates a strong hybndlzanon between these states. Pre-
both ends. By comparison with the total energy of an equivaSumably, the lone pair on the oxygen atoms from the outer-
lent amount of bulke-quartz, we find that the surface energy MOSt layer are much more delocalized than in the bulk.
for the cleaved surface is 0.17 eV Athis value (_:hanges by V. CONCLUSIONS
less than 1% when the number of monolayers increases from
10 to 12. The absolute surface energies for the various mod- We have presented an investigation of t@001)
els have been reported in Table I. a-quartz surface within a first-principles approach. We

E. Relative stability and electronic properties
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started with two initial configurations, the cleaved surfacestable of all investigated structures, and we propose this as a
(with nonbridging oxygens at the tppand an unstable candidate model structure for the dry reconstrudi@@0l)

2X 1 reconstruction with edge-sharing tetrahedra. We obsurface obtained upon cleaving. The calculated electronic
tained two models by performing atomic relaxation of thedensity of states for this surface is very similar to the one of

2X1 reconstruction. One of these is a fairly stable reconbulk a-quartz, apart from the disappearance of the gap be-
struction, called the semidense surface, presenting thre@yeen bonding antibonding O p2states.

membered rings chains. We also presented two other stable
reconstructions, obtained by performing constant-
temperature molecular-dynamics simulations. The first,
named the valence alternation pair surface, involves the pres-
ence of paired over- and undercoordinated oxygen atoms lo- This work was supported by the National Fund for Scien-
cated near the surface, and of three-membered rings. Thdic Research(Belgium (G.-M.R., J.-C.C., X.G.; FRFC
second reconstruction, called the dense surface, topologicalRroject No. 2.4556.99 an internal gran{FDS) of the UCL
imitates the bulk, in that, thanks to a densification of the two(X.G.), the Swiss National Foundation under Grant No. 20-
uppermost layers of SiO tetrahedral units with three- 49486.96(A.D.V. and R.C), the (Belgian Interuniversity
membered and six-membered rings, the coordination of all G\ttraction Pole P4/10. Part of the calculations were per-
and Si atoms is bulklike. By computing their respective surformed on the CRAY-T3D of the Ecole PolytechniquedFe
face energy, we found that the dense surface is the mostale de Lausanne.

ACKNOWLEDGMENTS

*Present address: Department of Chemistry and Princeton Materf?N.R. Keskar and J.R. Chelikowsky, Phys. Rev4® 1 (1992.
als Institute, Princeton University, Princeton, New Jersey 0854423, Levien, C.T. Prewitt, and D.J. Weidner, Am. Miner&b, 920
1The Physics and Chemistry of Si@nd the SiSiO, Interface (1980.
edited by C.R. Helms and B.E. Dedlenum Press, New York, 24S Nose Prog. Theor. Phys. Supd03 1 (1991).

, 1988. . . _ ' 25G.-M. Rignanese, Ph.D. thesis, Universitatholique de Louvain,
Q. Zhong, D. Innis, K. Kjoller, and V.B. Ellings, Surf. Sci. Lett. 1998. A postscript file is available at the following URL: http:/
290 L688(1993. www.pcpm.ucl.ac.befrigna/docs/thesis.ps.gz

3
4|' Janossy and M. Menyhard, Surf. S2b, 647 (1974. 28\, Kastner, D. Adler, and H. Fritzsche, Phys. Rev. L8t. 1504
F. Bart and M. Gautier, Surf. Sci. Le®811, L671 (1994. (1976

5s. Nogeet al., Jpn. J. Appl. Phys., Part36, 3081(1997). 2. Lucovsky, Philos. Mag. B9, 513(1979.

6 ..
_S:H. Garofalini, J. Chem. Phy28, 2069(1983. 28G. Lucovsky, J. Non-Cryst. Solid35&36, 825 (1980).
B.P. Feuston and S.H. Garofalini, J. Chem. Phg8, 5818 29F. Grey and R. Feidenhans'l, Europhys. Nel@s 94 (1989
(1988. o oY ant ) TIPS . o0
%57 Feuson and .. Garolin, ). Chem. Pijssea(10g9, 0L STUaions re igly CPUime consuming. This has pr-

9S.H. Garofalini, J. Non-Cryst. Solids20, 1 (1990. - lecular-d ) h . b
10M.L. Hair, Infrared Spectroscopy in Surface Chemistekker, In CQnstant-temperature mq ecular- ynamps, the trangltlon prob-
New York, 1967. ability for a reconstruction to occur is proportional to

R K. ller, The Chemistry of SilicdWiley, New York, 1979. exp(-AE/k, T), where AE is the energy barrier involved.
Hence, one has to play with the temperature and the duration of

2, Binggeli, N. Troullier, J.L. Martins, and J.R. Chelikowsky,
Phys. Rev. B44, 4771(1991). the simulation in order to increase the probability to observe a

3A. Di Pomponio and A. Continenza, Phys. Rev. 38, 5950
(1994.

1R, car and M. Parrinello, Phys. Rev. Le5B, 2471(1985.

1SE. Tassone, F. Mauri, and R. Car, Phys. Rev5® 10 561
(19949.

16p_ Hohenberg and W. Kohn, Phys. R&\36, B864 (1964); W.
Kohn and L.J. Sham, Phys. Rel40, A1133(1965.

YE. Liu, S.H. Garofalini, D. King-Smith, and D. Vanderbilt, Phys.
Rev. B49, 12528(1994, and references therein.

18p R. Hamann, Phys. Rev. Left6, 660(1996.

¥In order to study the hydration of th@00)a-quartz, we have

reconstruction. As an example, the reconstruction of the cleaved
surface into the dense surface, for which we have estimated the
energy barrier to be 0.02 eVPAoccurs within 100 fs at 300 K.
This gives an idea of the stability that can be expected for the
VAP, the semidense, and the dense surfaces, which do not re-
construct after 300—400 fs at 3500 K.

32TheaBINIT code is a joint project of the Universit@atholique de

Louvain, Corning Incorporated, and other contributotdRL
http://www.pcpm.ucl.ac.be/abinitAmongst other things, it re-
lies on an efficient fast Fourier transform algoritfiRef. 33 for

the conversion of wave functions between real and reciprocal

considered the various surfaces with water molecules located 5 space, on the adaptation to a fixed potential of the band-by-band
A away, as a starting point. And, in this case, we have used the conjugate gradient methodRef. 34 and on a potential-based
GGA. Even though these systems are not strictly equivalent to conjugate-gradient algorithm for the determination of the self-
those used in the present study, the energy differences can be consistent potentiaglRef. 35.

compared, since in principle the water molecules do not interact®S. Goedecker, SIAM J. Comput, 1605 (1997.

with the surface.
2ON. Troullier and J.L. Martins, Phys. Rev. &3, 1993(1991).
213.p. Perdew and A. Zunger, Phys. Rev2® 5048(1981).

34M.C. Payne, M.P. Teter, D.C. Allan, T.A. Arias, and J.D. Joan-

nopoulos, Rev. Mod. Phy$4, 1045(1992.

35X. Gonze, Phys. Rev. B4, 4383(1996.



