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Computer simulations of apatite thin films at a range of R-quartz surfaces have shown
how the strength of adhesion between thin films of apatite material and ceramic silica
surfaces is crucially dependent upon both the orientation of the film relative to the substrate
and the nature of the silica surface - a finding which is important in a wide number of
applications, from basic geological research into intergrowth of phosphate and silicate rock
minerals to the search for more effective surgical implant materials. It is shown that although
the unrelaxed quartz surface is more reactive toward the apatite film, the more regular
thin film structures grown at the pre-relaxed quartz surfaces lead to more stable interfaces.
Interfacial energies for a single apatite layer range from 0.64-1.22 Jm-2 at the unrelaxed
quartz surface to 0.55-0.73 Jm-2 at the relaxed surface. Hence, the nature of the substrate
surface before attachment of the film is more important in determining the structure and
stability of the resulting interface than the initial reactivity of the substrate and/or the degree
of bonding between the two materials across the interface. In addition, film growth at the
unrelaxed quartz surface is energetically increasingly unfavorable, whereas growth at the
pre-relaxed surface is calculated to continue beyond the first layer and we predict that the
apatite thin film will form local domains of both (2 × 2) as well as clockwise and anticlockwise
(2 × 2)R120° adsorbate layers.

Introduction
A major area in the contemporary field of materials

science is the study of adhesion of thin films to inorganic

surfaces. A topical example is in the field of bio-
materials science where deposition and layer growth of
synthetic bone materials, such as apatite, onto a ceramic
implant may promote integration of the implant with
the natural bone;1 but to date it is unclear how the
apatite attaches to the implant material. Apatites Ca10-
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(PO4)6(F,Cl,OH)2 are a complex and diverse class of
materials, where the isomorphous series can be repre-
sented by fluorapatite Ca10(PO4)6F2, which is by far the
most common, chlorapatite Ca10(PO4)6Cl2, hydroxyapa-
tite Ca10(PO4)6(OH)2, and carbonate-apatite Ca10(PO4,-
CO3,OH)6(F,OH)2.2 They are the most abundant phos-
phorus-bearing materials and are found in almost all
igneous rocks and to a lesser extent in sedimentary and
metamorphic rocks. In geological situations, apatites are
often used as geo- and thermo-chronometers, either by
measuring fission tracks of thorium and uranium,3-5

argon dating,6 or the retention of 4He, the decay product
of uranium and thorium.7,8 In addition, the presence and
isotopic composition of noble gases, such as helium,
xenon, and argon, in apatites can give insight into
mantle processes in the past.9,10 Furthermore, because
of their affinity for impurity ions, apatites may well
become important as environmental sinks for the up-
take of heavy metals and radioactive contaminants,
such as lead and uranium.

More recently, apatites have gained additional promi-
nence due to their biological role as one of the main
constituents of mammalian bones and teeth enamel, and
they are becoming increasingly important as candidates
for use as bio-materials.11 As such, they may be valuable
in the manufacture of artificial bones, while another
possible application is the use of ceramic implants as a
support for the crystallization and layer growth of
apatite, aiding the acceptance of the implant material
by the body. For this latter application, synthetic apatite
is found to nucleate and grow on the surfaces of ceramic
silicate implants which then bond to the living bone
through these apatite layers.12,13 However, as the
precise nature of the apatite thin film is not known there
is a clear need to gain an understanding of the interac-
tions between the apatite layers and the ceramic
substrate at the atomic level. In addition, understanding
of the interface between complex materials is of increas-
ing significance in itself. The present work reports
detailed atomistic models for the interfaces between
apatite and R-quartz based on computer simulation
methods.

Methodology

Computational methods are well placed to calculate
at the atomic level the geometries and adhesion energies
of solid/solid interfaces. In this theoretical study of the
interfacial structure between apatite and silicate im-

plants, we have concentrated on R-quartz as a model
for a range of silicate materials and silica-rich bio-
glasses. Our approach is to employ classical energy
minimization techniques to study the interactions of
thin films of fluorapatite, the major apatite phase, with
the R-quartz basal plane, which was calculated to be
the most stable quartz surface.14 These atomistic simu-
lation methods are based on the Born model of solids,15

which assumes that the ions in the crystal interact via
long-range electrostatic forces and short-range forces,
including both the repulsions and the van der Waals
attractions between neighboring electron charge clouds.
The long-range Coulombic interactions are calculated
using the Parry technique16,17 (which is adapted from
the well-known Ewald method for 2D periodic systems)
whereas the short-range forces are described by param-
etrized analytical expressions. The electronic polariz-
ability of the ions is included via the shell model of Dick
and Overhauser18 in which each polarizable ion, in our
case the oxygen and fluorine ions, is represented by a
core and a massless shell, connected by a spring. The
polarizability of the model ion is then determined by
the spring constant and the charges of the core and
shell, which are usually obtained by fitting to experi-
mental dielectric constants when available. In addition,
it is often necessary to include angle-dependent forces
to allow for directionality in partially covalent bonds,
for instance in the silica groups and phosphate anion.
We employed an established potential model for the
silicate substrate19 and newly developed potentials for
apatite, which have been shown to be accurate in
describing both bulk and surface properties of the
material.20 The potential parameters describing the
interactions between the apatite film and silicate sur-
face (Table 1) were derived following the approach of
Schroder et al.21 which has been shown to be a reliable
method for potential derivation and adjustment where
no experimental data are available, e.g., as in references
22 and 23.

We used the METADISE computer simulation code
for calculation of the surface and adsorbate structures
and energies,24 as it is designed to model dislocations,
interfaces, and surfaces. Following the approach of
Tasker,25 the crystal is described as a series of charged
planes parallel to the surface/interface and periodic in
two dimensions; it is then divided into two blocks each
comprising two regions, region I and region II. Region
I contains those atoms near the extended defect, in this
case the surface or solid-solid interface and a few layers
immediately below; these atoms are allowed to relax to
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their mechanical equilibrium. Region II contains those
atoms further away, which represent the rest of the
crystal and are kept fixed at their bulk equilibrium
position. The energies of the blocks are essentially the
sums of the energies of interaction between all atoms.
It is necessary to include region II to ensure that the
total interaction energy of an ion at the bottom of region
I is modeled correctly. The bulk of the crystal is
simulated by the two blocks together while a surface is
represented by a single block with the top of region I as
the free surface. A solid/solid interface is created by
fitting two surface blocks together in different orienta-
tions. Both regions I and II need to be sufficiently large
for the energy to converge apart from the thin film,
which only consists of region I, where all ions are
allowed to relax explicitly.

The energy minimization techniques employed in this
work are the most suitable techniques to investigate at
the atomic level these solid/solid interfaces between two
complex materials, which necessitates large simulation
cells containing thousands of ions. These techniques are
now well-established in the field of solid state chemistry,
especially in ionic solids where the van der Waals
interactions play an important role, and they have been
shown to be successful in the accurate structure and
energy determination and prediction of a wide range of
solids,26 defects,27 surfaces,28 solid/solid29 and solid/
liquid interfaces,30 and surface adsorption.31

Results and Discussion

Both R-quartz and apatite have hexagonal crystal
structures, where the basal (0001) planes were calcu-
lated to be the dominant surfaces.2,32 We therefore
decided to use the R-quartz (0001) surface as the
substrate for the layer growth of apatite material, also
in the (0001) orientation although the apatite thin films
have to accommodate themselves to the R-quartz surface
lattice vectors. R-Quartz has lattice parameters of a )
b ) 4.913 Å, c ) 5.404 Å, whereas the lattice parameters
of fluorapatite are a ) b ) 9.360 Å, c ) 6.880 Å.33 We
therefore had to grow the quartz substrate to a 2 × 2
surface supercell, a ) b ) 9.826 Å, which could accom-
modate an overlayer of apatite with a misfit of -4.7%.
We calculated the adhesion energies for the interface
as a function of rotation of the apatite layer with respect
to the underlying quartz substrate. The adhesion energy
γadh is a measure of the stability of the interface with
respect to the free quartz (0001) surface and bulk
apatite, which is calculated as follows:

where Eint is the energy of the interfacial system,
Esurf,quartz is the energy of the free quartz surface,
Ebulk,apatite is the energy of the relevant number of bulk
apatite units in the film, and A is the area of the
interfacial region. The calculated adhesion energies are
shown in Table 2, where the most stable interface has
the lowest value of γadh. We calculated the adhesion
energy with respect to the apatite units in the bulk
material as we are interested in the formation and
stability of a thin apatite film on the substrate surface,
rather than the intergrowth of two materials. For
example, if we were to investigate the intergrowth of
two rock minerals in geological applications, the calcu-
lation of the interfacial stability with respect to the free
surfaces of both quartz and apatite would be more
appropriate. However, this calculation would only add
a constant term to each of the different columns of
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Table 1. Potential Parameters Used in This Work
(Short-Range Cutoff 20 Å)

Charges (e)

ion core shell

core-shell
interaction

(eVÅ-2)

Ca +2.000
P +1.180
F +1.380 -2.380 101.2000
phosphate oxygen (Op) +0.587 -1.632 507.4000
silicate oxygen (Os) +0.84819 -2.84819 74.92038

Buckingham Potential

ion pair A (eV) F (Å) C (eVÅ6)

Ca-Op 1550.0 0.29700 0.0
Ca-Os 2966.5 0.29700 0.0
Ca-F 1272.8 0.29970 0.0
Si-F 2545.6 0.29970 0.0
Si-Os 1283.91 0.32052 10.66158
Si-Op 670.9 0.32052 3.76
Op-Op 16372.0 0.21300 3.47
Os-Os 22764.3 0.14900 27.88
Op-Os 16372.0 0.21300 3.47
Op-F 583833.7 0.21163 7.68
Os-F 1117385.1 0.21163 14.6
F-F 99731834.0 0.12013 17.02423

Morse Potential

D (eV) R (Å-1) r0 (Å)

Pcore-Opcore 3.47 1.900 1.600

Three-Body Potential

k (eV rad-2) Q0

Opcore-P-Opcore 1.322626 109.47
Osshell-Si-Osshell 2.09724 109.47

Table 2. Adhesion Energies (γadh in Jm-2) for the
Interfaces between Single and Double Films of Apatite
at the Unrelaxed and Pre-Relaxed r-Quartz Substrate,
Calculated with Respect to the Relaxed Quartz Surface

and Bulk Apatite (Equation 1)

unrelaxed R-quartz surface relaxed R-quartz surfacerotation
of film thin layer thick layer thin layer thick layer

0°/360° 0.74 1.31 0.58 0.83
60° 0.90 1.50 0.57 1.05
120° 1.07 1.62 0.57 0.89
180° 0.64 1.53 0.73 0.83
240° 1.22 1.62 0.55 0.82
300° 0.72 1.72 0.65 1.11

γadh )
Eint - (Esurf,quartz + Ebulk,apatite)

A
(1)
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adhesion energies in Table 2, rather than alter the
relative energies and hence stabilities of the interfaces,
which would remain the same. We therefore do not
quote both values.

Lateral Scanning of Apatite film over Quartz
Surface. Figure 1 shows the unrelaxed R-quartz and
apatite crystal structures, showing the F- ions in the
apatite structure located one above the other in a
column parallel to the c-axis. These fluoride ions are
surrounded by calcium ions in hexagonal channels,
whereby each F- is coordinated to three calcium ions
in the same a-b plane. Figure 1 further indicates how
the apatite thin film was brought down upon the quartz
(0001) surface. Before energy minimization of the
interfacial system, the apatite film was kept at a
constant height above the surface, but moved laterally
with respect to the quartz surface without relaxation
of the substrate or film; i.e. for the interface shown in
Figure 1, the apatite film would be moved systematically
in the a- and b-directions and the interfacial energy for
this unrelaxed system would be calculated for a series
of points on a grid. The grid was determined by the
surface lattice vectors of the system in the a- and
b-directions, in this case 9 Å in the a-direction and 8 Å
in the b-direction, and the interfacial energy was
calculated at intervals of 1 Å. This scan thus supplied
us with an interfacial energy at each point on the grid,
hence identifying the lowest energy relative lateral
displacement of the film with respect to the substrate
in the unrelaxed system. This configuration was then
taken as our starting point for the energy minimization
calculation of the substrate/film interface, which for the
0° rotated interface shown in Figure 1 was at a ) 3 Å
and b ) 3 Å. In addition, the grid of energies supplied
us with an energy contour map of the unrelaxed
interfacial energy with respect to lateral position of the
film above the substrate, an example of which is shown
in Figure 2 for the 0° rotated interface of Figure 1, which
also identifies lowest energy pathways for moving the
film over the substrate. Once the most energetically

favorable initial lateral film/substrate orientation was
thus identified, a full geometry optimization was per-
formed to obtain the energy of the relaxed interfacial
system. The optimization algorithm used was the New-
ton-Raphson variable matrix method, which takes into
account not only the first derivative of the energy with
respect to ion position, i.e., the forces on the ions during
minimization, but also the second derivative of the
energy. The initial height above the surface was varied
in a series of calculations to check that this parameter
did not affect the final energy and to ensure that the
lowest energy configuration had been obtained. During
geometry optimization, not only was the apatite film free
to move in any direction with respect to the underlying
quartz surface, but all atoms in the apatite film and in
a quartz surface region of about 22 Å into the bulk
(region I) were also completely unconstrained so as not
to prejudice the geometry of the interface. The complete
process was then repeated for a series of rotations of
the apatite thin film with respect to the quartz substrate
and the adhesion energies calculated (Table 2).

Previous computational studies of solid-solid inter-
faces, whether grain boundaries in geological systems
(e.g., refs 34 and 35) or thin films of catalytic materials
(e.g., ref 36) have always started their calculations from
unrelaxed interfaces, i.e. where the two blocks of mate-
rial were initially fitted together as bulk-terminated
blocks before, only then, allowing the interface to relax
in an energy minimization or molecular dynamics
simulation. However, in experiment, the substrate
relaxes instantaneously upon formation of the surface,37

well before attachment of the film; we therefore inves-

(34) de Leeuw, N. H.; Parker, S. C.; Catlow, C. R. A.; Price, G. D.
Am. Mineral. 2000, 85, 1143.

(35) Harding, J. H.; Harris, D. J.; Parker, S. C. Phys. Rev. B 1999,
60, 2740.

(36) Sayle, D. C.; Catlow, C. R. A.; Harding, J. H.; Healy, M. J. F.;
Maicaneanu, S. A.; Parker, S. C.; Slater, B.; Watson, G. W. J. Mater.
Chem. 2000, 10, 1315.

(37) Attard G.; Barnes, C. Surfaces; Oxford University Press:
Oxford, U.K., 1998.

Figure 1. Diagram showing how a thin layer of fluorapatite is brought down upon the unrelaxed quartz (0001) surface (Si )
yellow, Oquartz ) dark blue, Oapatite ) red, F ) pale blue, P ) purple, Ca ) green, PO4 groups shown as tetrahedra).
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tigated whether pre-relaxation of the substrate before
attachment of the film significantly affected the inter-
facial structures and energies or whether the final
structures and energies would be the same, regardless
of the starting configuration of the substrate surface.
In the former case we would need to include surface pre-
relaxation in these and future interfacial calculations
to ensure that the correct structures and energies are
calculated. We hence considered both the interfaces
between substrate and film starting from a bulk-
terminated R-quartz surface and from a pre-relaxed
R-quartz surface.

Adhesion at the Unrelaxed Quartz Surface. We
first fitted a single apatite layer to the quartz substrate,
where the quartz surface was kept as a bulk-terminated
plane which had not been relaxed before creating the
interface. Comparing the structures of the interfaces
due to the different rotations, we observed that the
stability of the interface as given by its adhesion energy
depends on a number of factors. The number of bonds
that can form between the calcium and oxygen ions of
the apatite film and oxygen and silicon ions respectively
in the quartz substrate plays a role, but more so the
lengths of the bonds. For example, the 0° rotational
interface forms only two bonds per apatite unit cell to
the underlying quartz structure, one O-Si bond of 1.80
Å and one Ca-O bond of 2.36 Å, whereas the 60°
rotation forms several Ca-O and O-Si bonds, which
are all, however, longer than 2.50 and 1.84 Å, respec-
tively, and as we see from Table 2 the 60° interface is
much less stable. The most stable interface at a rotation
of 180°, shown in Figure 3, contains both a large number
of bonds between the film and substrate, which are also
short (O-Si 1.68-1.83 Å, Ca-O 2.41-2.56 Å), and often
the oxygen or calcium ions form multiple bonding across

the interface. The other factor that determines the
stability of the interface is the size of the empty region
between substrate and film. In the 180° rotation, the
film fits closely to the substrate and the interfacial
region is relatively dense. For example, the gap between
the topmost quartz silicon atom and the bottom calcium
atom in the apatite layer is only 2.25 Å wide (in the
c-direction only, the closest actual Ca-Si distance is
3.85 Å). As we can see from Figure 3, the oxygen atoms
of both quartz substrate and apatite layer are located
in the interfacial area, forming a network of close
interactions between both materials. In the less stable
interfaces, on the other hand, larger interfacial cavities
and channels are formed, which destabilizes these
interfacial regions. The same effect is seen to occur in
rock grain boundaries, where large cavities lead to
unstable grain boundary regions, which become stable
only when the cavities collapse or are filled with
interstitial species such as water molecules.34

Adhesion of Double Thickness Films at the
Unrelaxed Quartz Surface. Following our simula-
tions of single apatite layers on the quartz substrate,
we also studied the interfacial structures and energies
of a series of thicker apatite films of two unit cells deep
(∼14 Å). From the adhesion energies in Table 2, it is
clear that the effect of the increased thickness is to
destabilize the interfaces in all cases. In addition the
relative stabilities of the rotations, have changed as we
see that the 0° rotation rather than the 180° is now the
preferred configuration for the apatite film. The spread
in adhesion energies is also less than that for the single
apatite layer, varying by (15% from the average of 1.55
Jm-2. The higher adhesion energies and their relative
invariance across the series of rotations is due to a lesser
flexibility of the double apatite layer. The ions in the

Figure 2. Contour map of the interfacial energies of the unrelaxed quartz/apatite system with respect to lateral position, from
a horizontal scan of the unrelaxed 0° rotated apatite film over the unrelaxed quartz {0001} surface (energies shown in eV, the
units on the axes are distances in Å along the surface a- and b-vectors of the simulation cell).
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thicker film are more constrained to remain in an
environment which is approximating the apatite crystal
structure, although stretched to accommodate itself to
the underlying quartz lattice. For example, whereas in
the single layers the PO4 groups had rotated freely and
the columns of fluoride ions had become severely
distorted in the a- and b-directions (e.g., Figure 3), in
the thicker film the basic structure of the apatite lattice
remains intact and is similar to the unrelaxed structure
shown in Figure 1. The PO4 groups are no longer rotated
with respect to the apatite lattice and the fluoride ions
remain in regular columns, one above the other in the
c-direction.

Adhesion at the Pre-Relaxed Quartz Surface. We
finally considered growing single and double apatite
layers on a pre-relaxed quartz surface and compared
these calculations with the previous simulations of the
bulk-terminated substrate surfaces. The main difference
between the unrelaxed and relaxed quartz surfaces is
the presence of dangling bonds on the unrelaxed surface,
where the surface silicon and oxygen atoms have a lower

coordination than in the bulk material. The surface
silicon atoms are only coordinated to three oxygen
atoms, while the oxygen atoms are forming just a single
bond to one surface silicon atom each (shown in Figure
4(a)). Upon relaxation the surface Si and O atoms form
bonds parallel to the surface and hence regain their bulk
coordination numbers of four and two respectively,
which is shown in Figure 4(b). As a result of this surface
relaxation and recovery of the bulk coordination of the
surface ions, the unrelaxed and pre-relaxed surfaces are
not identical and we may therefore expect that they will
interact with the apatite films in different ways, which
is indeed observed. As a result of the dangling bonds,
the unrelaxed quartz surface is highly reactive toward
the apatite film, forming bonds from the undercoordi-
nated surface species to oxygen and calcium atoms in
the apatite film, as discussed above and shown in Figure
3. However, we saw that this enhanced reactivity of the
substrate leads to irregular and distorted structures of
the apatite films and, to a lesser extent, the quartz
surface. Conversely, when the quartz surface is relaxed

Figure 3. Geometry-optimized structure of a single layer of apatite film grown onto the unrelaxed quartz (0001) surface at a
rotation of 180°, showing rotation of the PO4 groups and distortion of the F chains (Si ) yellow, Oquartz ) dark blue, Oapatite ) red,
F ) pale blue, P ) purple, Ca ) green, PO4 groups shown as tetrahedra).
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before attachment of the apatite thin film, the structure
of the quartz surface does not alter significantly upon
adhesion of the apatite film. The silicon and oxygen
atoms retain their 4- and 2-fold coordination to the O
and Si atoms in the quartz surface, rather than form
bonds to calcium and oxygen atoms in the apatite thin
film. The interactions which are formed between the
quartz surface and the apatite thin film are therefore
much weaker as they are over and beyond the normal
coordination number of the oxygen and silicon atoms
in the substrate, with much longer Si-Oapatite (g 2.02
Å) and Ca-Oquartz (g 2.52 Å) distances than we found
when the substrate was not pre-relaxed. The interfacial
gap between the two materials is also much wider. The
closest distance between oxygen atoms of the two
materials is 1.79 Å in the c-direction (actual closest
Oquartz-Oapatite distance is 2.78 Å) whereas for the

unrelaxed substrate we saw that oxygen atoms from the
two materials mixed in the interfacial region.

However, we see from Table 2 that despite the lower
reactivity of the relaxed quartz surface and the more
open structure of the interfacial region, the energies of
adhesion of the two film thicknesses to the pre-relaxed
quartz surface are generally lower than those for the
unrelaxed quartz surface and hence these interfaces are
more stable. It is also noteworthy that the adhesion
energies fall in a fairly narrow band, especially for the
thin layer where they are within 9% of the average
adhesion energy. The enhanced stabilities of these
interfaces and the similarities in the interfacial energies
are due to the fact that the apatite layer attached to
the pre-relaxed quartz surface (shown in Figure 5 for
the 240° rotation) is much less distorted than at the
unrelaxed quartz surface. Consequently, when the
thickness of the apatite film is increased from a single
to a double layer, this does not enforce a significant
change in the structure of the apatite film, as was seen
at the unrelaxed quartz surface, and as a result the
same rotation of 240° (shown in Figure 6) remains the
preferred configuration. This behavior, unlike the adhe-
sion of apatite layers on the unrelaxed quartz surface
where the rotation of 180° was preferred for the thin
film, but a rotation of 0° was preferred once the apatite
was more constrained in the thicker film, shows that
the apatite film once formed at the pre-relaxed surface
could easily be grown in a layer by layer deposition,
which agrees with experimental findings where apatite
is found to grow at silicate surfaces.12,13

Figure 4. Unrelaxed (a) and relaxed (b) R-quartz (0001)
surface, showing low-coordinated surface Si and O species on
the unrelaxed surface, which upon relaxation have regained
their 4-fold and 2-fold bulk coordination number for Si and O
respectively (Si ) yellow, O ) blue).

Figure 5. Geometry-optimized structure of a single layer of
apatite film grown onto the relaxed quartz (0001) surface at a
rotation of 240°, showing Ca-Oquartz distances up to 2.5 Å and
Oapatite-Si distances up to 3.0 Å (Si ) yellow, Oquartz ) dark
blue, Oapatite ) red, F ) pale blue, P ) purple, Ca ) green,
PO4 groups shown as tetrahedra).
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Conclusions

In this computer modeling study of a range of
interfaces between two complex oxide materials, we
have shown how the stability and orientation of the
apatite thin film is determined by the nature of the
bonding between the materials across the interface.
Although the unrelaxed quartz surface is more reactive
toward the apatite film, this effect is outweighed by the
regularity of the thin film structures grown at the pre-
relaxed surfaces, and as a result the interfacial energies
are more favorable when the quartz surface is pre-
relaxed. Figure 7 shows a graph of the adhesion energies
for the four films as a function of rotation of the apatite
film with respect to the substrate surface, from which

it is clear that the films grown at the unrelaxed surface
vary widely in stability, and they are generally far less
stable than those grown at the relaxed surface. In
addition, film growth beyond the first apatite layer is
energetically increasingly unfavorable at the unrelaxed
substrate surface. Conversely, at the pre-relaxed sur-
face, the increase in interfacial energies with increase
in film thickness begins to converge, especially at the
lowest energy rotations, and we could therefore expect
film growth to continue. It is clear from our simulations
that the nature of the substrate surface before attach-
ment of the film is more important in determining the
final structure and stability of the resulting interface
than the initial reactivity of the substrate and/or the
degree of bonding between the two materials across the
interfacial.

On the basis of our calculated adhesion energies, we
predict that the apatite thin film will form local domains
of both (2 × 2) as well as clockwise and anticlockwise
(2 × 2)R120° adsorbate layers. Apatite films formed at
unrelaxed quartz surfaces lead to significantly more
distorted and less stable interfaces, in addition to giving
different lowest energy rotations. Hence, if we are to
interpret experimental findings correctly and predict
growth behavior and energies for use in film deposition
onto inorganic surfaces, the nature of the substrate
surface needs to be included in the computer simula-
tions.

Future work will include investigating the interface
of apatite thin films grown on hydroxylated R-quartz
surfaces and molecular dynamics simulations of the
interfaces to study the effect of temperature.
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Figure 6. Geometry-optimized structure of a double-layer
apatite film grown onto the relaxed quartz (0001) surface at a
rotation of 240° (Si ) yellow, Oquartz ) dark blue, Oapatite ) red,
F ) pale blue, P ) purple, Ca ) green, PO4 groups shown as
tetrahedra).

Figure 7. Adhesion energies as a function of rotation of the
apatite film with respect to the quartz surface.
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