First-Principles Molecular Dynamics Study of the (0001) a-Quartz Surface

G.-M. Rignanese(?)| Alessandro De Vita(>3), J.-C. Charlier(>?), X. Gonze(!), and Roberto Car*(24)
W Unité de Physico-Chimie et de Physique des Matériaux, Université Catholique de Louvain,
1 Place Croix du Sud, B-1348 Louvain-la-Neuve, Belgium
@) Institut Romand de Recherche Numérique en Physique des Matériaur (IRRMA), Ecublens, CH-1015 Lausanne, Switzerland
®) INFM and Dipartimento di Ingegneria dei Materiali, Universita di Trieste, via A. Valerio 2, 84127 Trieste, Italy
1) Department of Condensed Matter Physics, University of Geneva, CH-1211 Geneva, Switzerland.
(March 28, 2002)

We present an ab initio investigation of the structural and electronic properties of the (0001) a-
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 unexpected densification of the two uppermost layers of SiOs tetrahedral units, with
3-membered and 6-membered rings that do not exist in bulk a-quartz. The electronic density of
states for this surface is very similar to the bulk one, except for a typical feature of SiO2 under
pressure, namely the disappearance of the gap between Si-O bonding and O 2p nonbonding states.

I. INTRODUCTION

SiO5 plays an important role in many advanced tech-
nological fields. It can be used as a substrate for silicon
in microelectronics', for oxide multilayers in optics, for
metallic multilayers in magnetics, or for polymers in the
field of adhesion?. In all these cases, the interface proper-
ties are expected to be strongly dependent on the initial
SiO4 surface atomic structure. Amongst the various sur-
faces of the different crystallographic forms of SiOs, the
(0001) a-quartz surface can be considered as a model sur-
face due to important common characteristics such as the
SiOy4 tetrahedral building blocks and Si or O coordination
numbers. Furthermore, the study of this crystalline sur-
face may also be useful to better understand amorphous
silica surfaces.

Whereas the bulk quartz structure has been widely
studied, the experimental data on the structure of quartz
surfaces are rather scarce. To our knowledge, there have
been only two experimental determinations of the crys-
tallographic structure of the (0001) a-quartz surface. A
slight chemical etching in HF leads to the appearance of
a1l x 1 pattern®; a v/84 x /84 reconstruction with a
rotation angle of 11° is observed for temperatures greater
than 600°C*. The experimental study of insulating sur-
faces is more difficult than that of conducting surfaces,
since most standard surface analysis techniques involve
charged particles (ions, electrons), in incident beams or
as outgoing particles. Some progress has been recently
made in this field. For instance, the quartz surface has
been studied using atomic force microscopy (AFM) pro-
viding informations on its microscopic structure®. How-
ever, the low contrast of the AFM pictures at the atomic
scale still precluded crystallographic structure determi-
nation.

In most experimental techniques, data are collected
over very long times in comparison with atomic motion,

and the direct observation of a particular event or struc-
ture is thus not allowed. By contrast, molecular dynam-
ics (MD) simulations permit a detailed analysis of atomic
motion and of complex microstructures. Using this tech-
nique, much progress has been achieved in the study of
vitreous silica surfaces. These simulations were invari-
ably based on semi-empirical potentials® ®.

In this paper, we present a first-principles molecular
dynamics investigation of the (0001) a-quartz surface.
We determine various atomic structures which could ap-
pear upon fracture of bulk material. In principle, the se-
lection of the final structure depends on the thermal and
chemical (atmospheric) exposure of the surface atoms,
and not just on the motion of surface atoms upon the
fracture. For simplicity, we deal with surfaces obtained
in perfect vacuum (i.e. in absence of water), thus focusing
on the second effect only. The fracture of bulk quartz per-
pendicularly to the (0001) direction could produce two
fundamental types of surfaces: terminating either with
Si atoms, or with an oxygen atom attached to each sili-
con atom of the Si-terminated case. Since natural silicon
dioxide surfaces are generally assumed to terminate with
a hydroxyl (OH) groups'®!?, the oxygen-terminated sur-
face is probably more representative of real conditions.
Electrostatic and stoichiometry arguments comfort this
choice, so that we concentrate on this type of surface. We
consider two initial configurations: the cleaved surface
with non-bridging oxygens at the top and a 2 x 1 recon-
struction with edge-sharing tetrahedra. We then derive
two new reconstructions from atomic relaxation of the
2 x 1 reconstruction. We finally obtain two more recon-
structions by constant-temperature first principles MD
simulations. The first of these two last structures, from
here on named valence alternation pair (VAP) surface,
presents an intimate pair of over- and under-coordinated
oxygen atoms near the surface with 3-membered rings.
The second, which we call dense surface, presents a den-



sification of the two uppermost layers of SiOs tetrahedral
units, with 3-membered and 6-membered rings, in which
each O atom is connected to 2 Si atoms, while each Si
atom is connected to 4 O atoms, like in the bulk. This
feature only appears in this model. We compute the sur-
face energies of these structures, and find that the dense
surface is the most stable one. Its calculated electronic
density of states is very similar to the one of bulk a-
quartz. However, like for SiOy under pressure!®'!, the
gap between Si-O bonding and O 2p nonbonding states
vanishes, indicating a strong hybridization between these
states.

II. COMPUTATIONAL DETAILS

In all our calculations, the atomic positions are fully
relaxed using the Car-Parrinello method!'®!” within the
local density approximation (LDA) to density-functional
theory'®, which provides the electronic structure as well
as the forces that act on the ions. The choice of the
LDA is motivated by the following facts. On one hand,
the LDA has proven to reproduce very accurately the
structural properties of a-quartz'®. On the other hand,
although the generalized gradient approximation (GGA)
was recently reported to correct a qualitative error of the
LDA in the energy difference between two polymorphs of
SiO2, it does not improve over the structural properties
with respect to LDA (errors in the lattice parameters and
bond length are in the (1-2)% range for both LDA and
GGA)2L. In this study, all the structures considered are
not too far from the ideal quartz. Hence, we will restrict
ourselves to the use of the LDA. A subsequent study us-
ing the GGA?2° has shown that the energy ordering of the
various structures considered here after is not changed,
even though the energy differences is slightly different.

In our simulations, only valence electrons are explicitly
considered. We use norm conserving pseudopotentials??
to model the core-valence interaction. The electronic
wave functions are expanded into plane waves up to a
kinetic energy cutoff of 50 rydbergs. Exchange and cor-
relation effects are calculated using Perdew and Zunger’s
interpolation formulas?®. The Brillouin zone (BZ) sam-
pling is limited to the I'-point only.

A preliminary simulation of bulk quartz is performed
to serve as a reference for the absolute surface energy cal-
culations and to determine the initial bond lengths and
angles to be used in the actual surface simulations. For
this purpose, we use a tetragonal unit cell of sides a=9.62
A, b=8.34 A and ¢=10.64 A derived from the theoretical
equilibrium lattice constant'®. This periodic cell contains
24 Si atoms and 48 O atoms (corresponding to 6 O-Si-O
layers along the (0001) direction). The calculated Si-
O bond length in bulk quartz is 1.605+£0.005 A differing
less than 1 % with the experimental value'4. The Si-O-Si
angle distribution is peaked around 139° (experimental
value: 143.73°), whereas the four values of O-Si-O angles

are 108.1°,109.3°, 109.4°, and 111.0° respectively (exper-
imental values: 108.81°, 108.93°, 109.24°, and 110.52°).
All these values present less than 5% discrepancy with
experimental data'®.

In our surface simulations, we consider a periodic
tetragonal cell containing a SiOs slab and a vacuum re-
gion. The procedure to generate the slab, by repeating
0O-Si-O layers along the (0001) direction, meets the re-
quirement of charge neutrality in the cell and avoids large
dipole moments. The initial bond lengths and angles in
the O-Si-O layers are taken from the preliminary sim-
ulation of bulk quartz. The periodic cell has a surface
unit of sides a=9.62 A and b=8.34 A, derived from the
theoretical equilibrium lattice constant of a-quartz'®. In
the direction orthogonal to the surface, the cell contains 6
monolayers of SiO (9.5 A), the bottom extremities being
saturated with hydrogen atoms, for a total (slab + vac-
uum) length of ¢=15.88 A. Hence, our systems contain
24 Si atoms, 44 O atoms and 8 H atoms. In the mini-
mization process, the atoms of the lowest SiO5 monolayer
are kept fixed. After the atomic relaxation, the stability
of each configuration is studied by performing constant-
temperature molecular dynamics simulations??.

Finally, in order to obtain absolute surface energies, we
use a different geometry for the surface models, namely
we consider a symmetric slab (hence including two sur-
faces). In this case, the dimension of the tetragonal cell in
the direction orthogonal to the surface is c=26.46 A (slab
+ vacuum), containing n=10 or 12 monolayers of SiOs,
and the atoms of the two central SiOs monolayers are
kept fixed during the atomic relaxation process. The ab-
solute surface energy E,, is the difference between the
total energy of the slabs of increasing thickness Fgqp(n)
(where n is the number of O-Si-O layers) and those of
bulk systems containing the same number of atoms:

1 Eyy
Esurf = 5 (Eslab(n) -—n b6lk>

where Ey,; is the total energy of the reference bulk sys-
tem described above (which contains n=6 O-Si-O layers).

III. SURFACE MODELS AND DISCUSSION

We first describe the most important structural fea-
tures of our models. A detailed analysis, that can be
found elsewhere?®, shows that within 5 A from the sur-
face, the bulk structure is recovered and that only limited
strain occurs in the O-Si-O layers just above the fixed
one. Thus, the size of the SiOs slab used in the simu-
lations is large enough to simulate an ideal semi-infinite

solid.

A. The cleaved surface and the dimer surface

The simplest model for the a-quartz (0001) surface is
obtained simply by interrupting the repetition of the O-



Si-O layers. We will refer to it as the cleaved surface.
This 1 x 1 geometry of the surface is characterized by
one non-bridging oxygen and one 3-coordinated silicon
per surface unit cell (Fig. 1(a)).

The second and third models for the a-quartz are con-
structed starting from the idea that the structure would
be more stable if a connected tetrahedral framework were
recovered at the surface. This corresponds to replac-
ing non-bridging oxygens and 3-coordinated silicons by
2-coordinated oxygens and 4-coordinated silicons, respec-
tively.

We can easily do this by considering a 2 x 1 reconstruc-
tion in which originally non-bridging oxygens connected
to two surface silicons (3-coordinated in cleaved sur-
face) form edge-sharing tetrahedra (2-membered rings),
as shown in Fig. 1(b).

However, a simple atomic relaxation of this surface
leads to a completely different structure (Fig. 1(c)). The
two oxygens that should be shared by two silicons prefer
to form an Os dimer on one of the latter, leaving the
other silicon only two-fold coordinated. This structure,
which we refer to as the dimer surface, is energetically
unfavorable with respect to the cleaved surface (cfr. Ta-
ble I).

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 picture (the O-O distance is 1.60
A)7 which also shows an increased electronic density at
the 2-fold coordinated silicon with respect to the other
4-coordinated silicons. The reason why the edge-sharing
tetrahedra structure originally designed was instable is
also apparent. Indeed, there is an oxygen located just
below the dimer (at the bottom of the figure) which re-
pels it towards the outside.

B. The semi-dense surface

By slightly displacing this oxygen in order to avoid the
steric effect, and allowing for more atomic relaxation, we
obtain a new 2 X 1 reconstruction. This third surface
model presents chains of 3-membered rings (Fig. 3) which
produce a densification of the outermost O-Si-O layer.
In this structure, which we refer to as the semi-dense
surface, all the Si and O atoms are 4-fold coordinated and
2-fold coordinated respectively. This is consistent with
the higher stability of the semi-dense surface compared
to the cleaved surface (see Table I).

C. The VAP surface

By heating the dimer surface up to 300K, we obtained
our fourth model, which is also 2 x 1 reconstruction.
It is more stable than the cleaved surface, though less
stable than the semi-dense surface (see Table I). In this
structure all the Si atoms are 4-coordinated but there is

a 1l-coordinated oxygen and a 3-coordinated oxygen per
surface unit cell. A side view of this structure is reported
in Fig. 4). The two oxygen atoms are bonded to two dif-
ferent Si atoms, with the 1-fold coordinated O pointing
towards the outside. This surface is also characterized
by the presence of 3-membered rings, with the 3-fold co-
ordinated O being attached to one of these rings. Such
an association of a 3-fold O with a 3-membered ring has
also been observed in classical simulations of amorphous
silica surfaces®. The increased stability with respect to
the dimer surface can be attributed to the creation of
the same number of Si-O bonds as in an idealized fully
coordinated network (see Table I).

The pair of over- and under-coordinated O atoms may
be referred to as a valence alternation pair. The VAP
concept was first introduced by Kastner?S in his study of
chalcogenide glasses (e.g. AsySes). A valence alternation
pair was formed when two chalcogen atoms, both two-
fold coordinated in the ground state, rearranged instead
into one positively charged 3-coordinated atom and one
negatively charged 1-coordinated atom. It was proposed
that the density of VAP’s in most glasses is relatively
large since the creation of such defect requires a relatively
small energy. Their existence in amorphous SiOs was
first proposed by Lucovsky?” based on the interpretation
of infra-red and Raman spectra. This author estimated
the density of these defect pairs to be quite large, of the
order of 10'? ¢m—3.28:29

D. The dense surface

The most stable reconstruction is obtained by heat-
ing the cleaved surface up to 300K. During the molec-
ular dynamics simulation, the uppermost O-Si-O layer
merges with the second layer with the formation of 3-
membered and 6-membered rings (Fig. 5) that do not
exist in bulk a-quartz. This reconstruction presents only
4-coordinated Si and 2-coordinated O with no dangling
bonds. The outermost O-Si-O layer is denser than those
located in the bulk, due to the merging of two layers of
the original structure (Fig. 6). As in the cleaved sur-
face case, the first atomic plane of the surface contains
O atoms only, but this plane contains now three times
more atoms. Indeed, the two planes of oxygens from the
outermost layer in the cleaved surface (O(1U) and O(1D)
in Fig. 6) have merged with the upper plane of oxygens
of the second O-Si-O layer (O(2U)). The first plane of
Si atoms is also denser, containing twice the number of
atoms (Si(1+2)) than in the cleaved surface. The lower
plane of oxygens of the second O-Si-O layer has almost
merged with the upper plane of oxygens of the third O-
Si-O layer. The atomic arrangement in deeper layers is
almost unaffected by this changes, and the bulk crystal
structure is recovered rapidly.

By computing the total energy for a set of intermedi-
ate configurations derived from the constant-temperature



MD run, the energy barrier separating the cleaved from
the dense surface was estimated to be roughly 0.02
eV/ A2, The saddle point corresponds to a structure very
similar to the VAP surface with a 1-fold coordinated oxy-
gen and a 3-fold coordinated oxygen per surface unit cell
(however, since we have a 1 x 1 geometry, the concen-
tration of those defects is twice here than in the VAP
surface).

E. Relative stability and electronic properties

The stability of the VAP, the semi-dense, and the dense
surfaces was tested by heating these surfaces up to 3500
K for 300-400 fs (depending on the system)3°. No further
reconstruction was observed indicating a relative stability
of these surface structures, though other possible recon-
structions cannot be excluded?!. In order to obtain the
absolute surface energies for the various models, we com-
pute the total energy of slabs containing 10 and 12 mono-
layers of SiO5 respectively which present the cleaved sur-
face model on both ends. By comparison with the total
energy of an equivalent amount of bulk a-quartz, we find
that the surface energy for the cleaved surface is 0.17
eV/A? (this value changes by less than 1 % when the
number of monolayers increases from 10 to 12). The ab-
solute surface energies for the various models have been
reported in Table I.

Finally, we have computed the electronic density of
states (DOS) for the dense and the cleaved surface, by
using the ABINIT code®2. The calculated DOS of the
cleaved surface (part (c) in Fig. 7) is very similar to the
bulk quartz one (part (a) in Fig. 7). However, two extra
peaks appear (marked by arrows), corresponding to elec-
tronic states mostly located on the non-bridging oxygen
atoms. The first peak is located near the O 2s states,
while the second one is situated in the former band gap
region, so that the actual band gap is reduced. The DOS
associated to the dense surface (part (b) in Fig. 7) is also
similar to the one of bulk quartz. The main difference
(marked by an arrow) is the disappearance of the gap
between the Si-O bonding and O 2p non bonding states.
Such a feature also appears in SiO, under pressure!®!!,
it indicates a strong hybridization between these states.
Presumably, the lone-pair on the oxygen atoms from the
outermost layer are much more delocalized than in the
bulk.

IV. CONCLUSIONS

We have presented an investigation of the (0001) «-
quartz surface within a first-principles approach. We
started with two initial configurations, the cleaved sur-
face (with non-bridging oxygens at the top) and an un-
stable 2 x 1 reconstruction with edge-sharing tetrahedra.

We obtained two new models by performing atomic re-
laxation of the 2 x 1 reconstruction. One of these is
a fairly stable reconstruction, called the semi-dense sur-
face, presenting 3-membered rings chains. We also pre-
sented two other stable reconstructions, obtained by per-
forming constant-temperature molecular dynamics sim-
ulations. The first, named the valence alternation pair
surface, involves the presence of paired over- and under-
coordinated oxygen atoms located near the surface, and
of 3-membered rings. The second reconstruction, called
the dense surface, topologically imitates the bulk, in
that, thanks to a densification of the two uppermost lay-
ers of SiOy tetrahedral units with 3-membered and 6-
membered rings, the coordination of all O and Si atoms
is bulk-like. By computing their respective surface en-
ergy, we found that the dense surface is the most sta-
ble of all investigated structures, and we propose this as
a candidate model structure for the dry reconstructed
(0001) surface obtained upon cleaving. The calculated
electronic density of states for this surface is very similar
to the one of bulk a-quartz, apart from the disappearance
of the gap between bonding anti-bonding O 2p states.
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FIG. 1. Side view of (a) the cleaved surface, (b) an hypo-
thetical 2 x 1 reconstruction with edge-sharing tetrahedra,
and (c) the dimer surface. Si and O atoms are represented in
dark and pale grey, respectively.
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FIG. 2. Contour plot of the electronic density on the oxy-
gen-dimer at the dimer surface. The contour is drawn in a
plane passing through the Si atom with the dimer, the 2-co-
ordinated Si, and the lower oxygen of the dimer. Note that
the upper oxygen is almost co-planar with these atoms. The
z axis is defined by the 2 silicons. The origin of the z and
y axis (defined by orthogonality with x) is the 2-coordinated
Si. As a guide for the eyes to locate the atoms, we super-
imposed (in pale grey) to the contour plot a ball and stick
representation of the structure: the big circles are Si atoms
while the small ones are O atoms. The oxygen dimer clearly
appears at the center of the picture, while the electronic den-
sity is increased on the 2-coordinated silicon with respect to
4-coordinated silicons. At the bottom of the figure, there is
another peak of density. It corresponds to an oxygen located
just above the dimer which repels it towards the outside. The
contour interval is 0.5 e~ /A3,

FIG. 3. Top view of the semi-dense surface. Si and O atoms
are represented in dark and pale grey, respectively.
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FIG. 4. Side view of the VAP surface. Si and O atoms are
represented in dark and pale grey, respectively. The 1-coor-
dinated and 3-coordinated oxygens are indicated. Note also
the presence of 3-membered rings.



FIG. 5. Top view of the dense surface. Si and O atoms are
represented in dark and pale grey, respectively.
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FIG. 6. Schematic view of the reconstruction of the cleaved
surface (left side of the graph) into the dense surface (right
side of the graph). The planes of Si and O atoms are rep-
resented in dark and pale grey, respectively. For the cleaved
surface, 3 O-Si-O layers have been represented and labeled
from 1 to 3 starting from the surface. In each layer, the
upper and lower planes of oxygens have been distinguished:
U(up) and D(down) respectively. For the dense surface, the
same number of atoms has been represented. However, due
to the densification, there are only 2 O-Si-O layers left. In
each planes, we have indicated the origin of the atoms by
their label. For instance, the upper O layer corresponds to
the merging of the O(1U), O(1D), and O(2D) planes.
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FIG. 7. Electronic density of states for (a) bulk a-quartz,
(b) the dense surface, and, (c) the cleaved surface. The
fermi-level for the bulk a-quartz and for the dense surface
are aligned (urp=0 eV), the one of the cleaved surface has
been shifted pr=1.5 eV, in order to facilitate the comparison
between the different parts.

Model Energy # Si-O
Dimer (2x1) 0.25 2.4
Cleaved (1x1) 0.17 3,3
VAP (2x1) 0.14 44
Semi-dense (2x1) 0.09 44

Dense (1x1) 0.05 4.4



TABLE I. Computed surface energies for the five different
models: dimer, cleaved, VAP, semi-dense and dense surfaces
in ascending order of stability (the type of reconstruction is
given in parentheses). The surface energies are expressed in
eV/A?. The number of Si-O bonds per Si atom (# Si-O) has
also been indicated for the two Si atoms in the first layer of
a 2x1 surface unit-cell.



