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First-principle study of the influence of hydroxyapatite on magnesium surfaces
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(Dated: June 9, 2026)

Hydroxyapatite (HA) on a magnesium (Mg) surface is studied using density functional theory, to
help understand the effect of HA coating and alloying in the surfaces of Mg-based biodegradable
implants. We determine the adsorption energies and structural changes of a single layer of HA on
pure Mg(0001) and on sparsely calcium (Ca) or zinc (Zn) doped Mg(0001) and find that both Zn
and Ca doping improves the adsorption, except in a few positions of HA relative to the dopant
position. All adsorption configurations, whether with pure or doped Mg surfaces, show deformation
of the surface and HA layer. For Ca doping, we found that for a certain adsorption configuration,
the dopant Ca atom moves out of the Mg surface and into the HA layer, leaving behind a Mg
vacancy in the top layer of the Mg surface. Plots of electron density changes show that electrons
accumulate around the Ca dopant and the neighboring Mg atoms, while in Zn doping this is less
pronounced. Overall, our results demonstrate that the dopant choice and relative position of HA
influence the interaction between HA and Mg-surfaces, and affect both adsorption energies and

atomic and electronic structures.

Keywords: density functional theory, magnesium, hydroxyapatite, vd W-DF-cx

I. INTRODUCTION

Orthopedic implants are used to stabilize fractures and
replace damaged tissue. In practice, metals like titanium,
cobalt chromium alloys and stainless steel are often used
because they tolerate high loads and wear [1]. Magne-
sium (Mg) has also gained interest for orthopedic im-
plants due to its biocompatibility, mechanical compati-
bility with bone and since it naturally degrades within
the human body [2]. Many alloys currently used for im-
plants are much stiffer than bone, causing the implant
to absorb mechanical load. As a result, stress shielding
slows down the healing process [3]. The stiffness of Mg,
on the other hand, resembles that of natural bone better
[4].

Mg corrodes easily due to its low electrochemical po-
tential. This leads to a release of Mg ions, which are natu-
rally present in the body and are thought to support bone
healing [5, 6]. Titanium implant materials, such as Ti-
6Al-4V, may pose safety concerns with long-term release
of vanadium or aluminum since these elements could be a
probable cause for osteomalacia, peripheral neuropathy
and Alzheimer’s disease [7]. For Mg the main concern
is the fast corrosion rate of pure Mg, which may lead to
Hs and other gas cavities that could damage nearby tis-
sue, and in severe cases cause necrosis [2, 8], although in
some studies the gas is found to mostly modify the local
environment rather than being harmful per se [9]. As
degradation progresses, the implant may fragment un-
der physiological compressive loads. This damage can
propagate as penetrating cracks, resulting in a loss of
mechanical integrity [10].

Given the challenges associated with Mg degradation,

many Mg-based alloys and coatings have emerged as

* Corresponding author; schroder@chalmers.se (E. Schréder)

promising approaches to help implants last longer and
support bone regeneration. For example, Mg alloyed
with small amounts of Zn and Ca shows good biocompat-
ibility [11], and after immersion in simulated body fluid
such surfaces show sign of forming magnesium hydroxide
(Mg(OH)3) and hydroxyapatite (HA) [12, 13]. Further,
HA has a tendency to adhere to Mg-based substrates,
building up full coverage layer by layer [14], indicating
its potential to serve as a protective layer that mitigates
the degradation of an implant [14-19].

In this study, density functional theory (DFT) calcu-
lations are used to examine the stability of HA coatings
on Mg-based surfaces, including the effects of sparse zinc
(Zn) or calcium (Ca) alloying of the Mg surface. We
determine adsorption energies and structures, and study
the changes in electron distribution that arise from the
adsorption. Our results provide insight into factors in-
fluencing the adsorption and stability of HA on these
surfaces.

The text is organized as follows: Section II describes
the materials while Section III outlines the methods. Sec-
tion IV presents and discusses the results, and Section V
contains our conclusions and a summary.

II. MATERIALS

The choice of implant material depends on many fac-
tors. It is often desirable for implant materials to have a
stiffness (Young’s modulus) that is comparable to bone to
avoid stress shielding. The elastic modulus in the bone,
depending on the site and bone type, is roughly 4-30 GPa
[20]. Mg has a Young’s modulus of approximately 44
GPa and resembles the stiffness of natural bone better
than other commonly used metals [4]. By comparison,
stainless steel and Co-Cr have a Young’s moduli around
200-240 GPa and the widely used Ti-6Al-4V near 110
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FIG. 1. Hydroxyapatite (HA) on the Mg(0001) surface, shown
from three perspectives to illustrate the structural arrange-
ment and relative positioning. (a) Side view (z-z plane). (b)
Top view (z-y plane). (c) Angled view. Color coding of atoms:
magnesium - grey, oxygen - red, phosphorus - orange, calcium
- blue, hydrogen - white. All structures and electron densities
visualized with XCrySDen.

GPa [21]. If the implant cannot stay permanently in the
body (e.g., growing bone in children), a further drawback
of stainless steel and Ti-6Al1-4V is that a second surgery
may be needed for removal [22], while Mg degrades and
the challenge there is to have it degrade at a pace corre-
sponding to the healing of the bone. Alloying and coating
are methods to inhibit the corrosion.

For modelling coating we here use a layer of HA on
top of the Mg(0001) surface, either on pristine Mg(0001)
or with sparse doping of Zn or Ca. Figure 1 provides an
overview of the combined structure of HA on Mg(0001)
as seen from the side, the top and a tilted side view, with
the cartesian coordinate system used later indicated in
(a) and (b). The figure shows an isolated HA layer rigidly
put on top of pure Mg(0001), unaffected by the presence
of the HA layer and before any deformations of Mg(0001)
or HA have been taken into account. All structures and
electron densities are visualized with XCrySDen [23].

A. Mg(0001) with alloys

The crystalline structure of Mg bulk at ambient condi-
tions is the hexagonal close-packed (hep) structure. With
the methods used here, the lattice parameters are found
[24] to be a = 3.192 A and ¢ = 5.186 A. We study the
basal plane Mg(0001) which is the most stable direction
and which is commonly used for surface calculations in
DFT studies due to its simple, unreconstructed struc-
ture [25-32], while other low-index directions such as the
prismatic (1010) and pyramidal (1011) have higher reac-
tivity [33, 34]. For its simplicity and compatible surface
unit cell size relative to HA, Mg(0001) is chosen here as
a model structure to investigate interactions with HA.

Surface doping of Mg(0001) with Zn and Ca is of par-
ticular interest due to their compatibility with Mg and
their natural occurrence in the human body. Zn is an
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essential mineral which has vital functions in the body,
some being catalytic activity of enzymes, protein- and
DNA synthesis [35]. The crystalline structure of Zn, like
Mg, is hep, making Zn compatible with the structure of
Mg(0001) [36]. Studies have shown that corrosion rates
of Mg decrease with Zn alloying and that the rates de-
pend on the Zn content [37, 38|.

Ca, on the other hand, is the most abundant mineral
in the body [39]. It is an essential mineral (like Zn) and
a main component of HA found in bones and teeth. The
corrosion behavior can improve with Mg-Ca alloys, and
also for Ca, the corrosion rate depends on the Ca content
[40]. Ref. [11] reported that an Mg-Ca alloy implant im-
mersed in Hank’s balanced salt solution showed excellent
biocompatibility, with formation of HA on the surface,
while Ref. [41] reported HA formation on the surface of
a Mg-Ca alloy with 1 weight percent (wt%) of Ca during
both in vitro and in vivo corrosion.

B. Hydroxyapatite

HA is a calcium phosphate that is one of the main
components of human bone [42]. It is widely recognized
for its osteoconductivity and biocompability and shows
great potential to be used in areas like bone tissue en-
gineering [43, 44]. Due to its brittleness and low fatigue
resistance, HA is not suitable as a load-bearing implant
and it is primarily used in non-load-bearing applications
[45-49]. However, applying HA as a surface coating on
metals can affect the corrosion behavior and the prop-
erties of the material, which could be useful in implant
applications [18, 50, 51].

III. METHODS

A. Density functional theory modelling of
Mg(0001)

Our results are based on DFT calculations with the van
der Waals-inclusive functional vdW-DF-cx [52-55], using
the plane wave code pw.x for the DFT calculations and
pp.x for postprocessing, both codes from the Quantum
ESPRESSO suite [56-58]. We use PAW-based pseudopo-
tentials from PSLibrary [59, 60] to describe the atoms,
except for Mg, which is described by a PAW pseudopo-
tential that one of us created and thoroughly tested in
Ref. [24].

The Mg(0001) surface is modeled by slabs with peri-
odic boundary conditions, in surface unit cells that con-
sist of 3 x 3 hcp bulk unit cells laterally and 5 layers
of Mg as thickness of the slab. This lateral size is cho-
sen as it approximately fits with one unit cell of HA. All
surface calculations have vacuum added on top, in order
to avoid interactions with repeated slabs along the z-
direction. This leads to a total cell size of 36 A in height,
leaving around 16 A of vacuum above the slab when HA
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is added on Mg(0001). The bottom three Mg layers are
kept fixed in the atomic positions obtained from a calcu-
lation with a fully relaxed slab of 23 layers [24, 61, 62],
while all other atoms are allowed to move according to
the Hellmann-Feynman forces (except when stated).

B. Convergence tests and computational
parameters

Aiming for a calculational accuracy of at least 10 meV
per supercell we carried out convergence studies of the
number of Monkhorst-Pack [63] k-points needed in the
supercell with HA included, as well as the plane wave
energy cutoff for the kinetic energy, FE.,; and electron
density E’,. The k-point convergence test was con-
ducted using ni X ng x 1 grids with n, = 2, 4, 6, 8§,
10, and 12. For each mesh, a standard relaxed HA-on-
Mg(0001) structure was calculated. Then, the HA layer
was uniformly moved 0.1 A away from Mg(0001) and a
new calculation with fixed atom positions was performed
on the structure. From the difference in total energy
between these two configurations we found that the best
balance between calculation accuracy and computational
cost was obtained with the 6 x 6 x 1 k-point mesh.

In a similar series of test calculations for energy cutoffs
of the plane-wave basis, Fcy, and electron density, E” .,
we tested values 40,/320, 50/400, 60/480 and 70/560 Ry,
using the 6 x 6 x 1 k-point mesh, and found the optimal
values F.y = 50 Ry and E’,, = 400 Ry. These are the
values we use throughout this study.

To report directional changes in atomic positions and
changes in atom-atom distances we introduce a cartesian
coordinate system as indicated in Figure 1, with z- and
y-directions in the Mg surface (0001) plane and z in the
[0001] direction.

C. Adsorption energy

The adsorption energy is calculated as the difference
between the total energy of the full system and the ener-
gies of the isolated components,

Eads == Etot - (EHA + EMg) . (1)

Here, Eiqt is the total energy of HA adsorbed on the Mg
surface after full structural relaxation. The surface refer-
ence energy Fy, is calculated for the clean or doped Mg
surface, depending on the system. The reference energy
of HA, Eya is obtained at the lateral lattice constants
that fit the Mg(0001) surface and allowing the atomic
positions to relax.

D. Hydroxyapatite

HA has the stoichiometric formula Cajo(PO4)s(OH)2
in a hexagonal bulk unit cell (space group P6s/m), with
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FIG. 2. HA structures with OH group orientations (a) as
energetically favoured for a single layer of HA (b) as in bulk
HA. The two OH groups in each panel are marked with yellow
circles. Atom colors as in Figure 1.

44 atoms per unit cell. We obtain the structure from Ma-
terials Project [64] but further relax the lattice constants
and atomic positions using the vdW-DF-cx functional.
Bulk HA has a layered structure, for which we find in-
plane (vertical) lattice constant a = 9.415 A (¢ = 6.868
A), in excellent agreement with values from experiment
[65] @ = 9.43 A and ¢ = 6.88 A. The in-plane lattice con-
stant is approximately three times that of Mg(0001), for
HA coating on Mg we therefore use one layer of HA on
3 x 3 Mg(0001), thus stretching HA approximately 2% to
fit the underlying Mg surface.

The two hydroxyl groups in a HA layer in bulk align
along the c-axis, Figure 2(a), creating a net dipole. How-
ever, as we describe in the Results section, when a single
layer of HA is isolated, it is energetically favourable to
have both H atoms pointing outward, thus flipping one
OH group, as illustrated in Figure 2(b). We therefore
use this structure for the coating adsorption studies pre-
sented here.

E. Zinc or calcium alloying of Mg(0001)

To investigate the effect of sparse Zn or Ca alloying
of Mg(0001), one Mg atom in the surface top layer of
Mg(0001) is substituted in the 3x 3 supercell. This corre-
sponds to a Zn (Ca) concentration of 5.8 wt% (3.6 wt%)
of the atoms in the two exposed layers of Mg. Several
structures were constructed with varied dopant positions
in the top layers, relative to the HA coating, in order to
explore how the position of the alloying atom may influ-
ence the interaction. The positioning of the substitutes
was determined based on the optimal placement of HA
over pristine Mg(0001). Each dopant position was se-
lected to examine interaction with a given HA atom or
with no HA atom specifically targeted.

The position of each Mg top layer atom within the
3 x 3 supercell is designated by an index notation (n, m),
where (0,0) corresponds to the lowest left-hand corner
of the supercell, Figure 3. The selected sites for sub-
stitution, Fig. 3(b), are position (2,0), which is located
beneath a hydrogen (H) atom of a -OH group, position
(0,2) underneath a Ca atom, position (0,1), located close
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FIG. 3. Atomic configurations showing the positions of the
substituted atoms. (a) All of HA above the top layer of Mg.
(b) Substituted atom positions in green and including only the
atoms in HA that are directly above them. Notation Ca-X
means HA-bound Ca atom over substituted atom X (Zn/Ca).
Only one Mg atom at a time is substituted. Other atom colors
as in Figure 1.

to an oxygen (O) atom, position (1,1) at the center of
the structure and not under any particular HA atom,
and finally position (1,0), which is located underneath a
phosphorus (P) atom.

IV. RESULTS AND DISCUSSION
A. Hydroxyapatite on pristine Mg(0001)

HA in the bulk structure has both OH groups pointing
in the same direction, Figure 2(a), but for a single layer of
HA we test and find that a structure with both H atoms
pointing out of the layer, Fig. 2(b), is energetically fa-
vored: the gain in energy for the H-out structure is 9.9
meV /A2, or 0.79 eV per flipped OH group, compared to
the structure with both H atoms pointing the same di-
rection. We also test the structure with both H atoms
pointing into the layer, and find that the cost, again com-
pared to having the H atoms in the same direction, is 7.0
meV/A2, or 0.56 eV per flipped OH group. We therefore
use the structure with H-atoms out, Fig. 2(b), for our
analysis of a single HA layer as coating on Mg(0001).

As part of the analysis we determine the energy cost of
cleaving the bulk into separate, single layers of HA. Keep-
ing the lateral lattice constant (a = 9.415 A) the same as
in bulk, this cost is 91.9 meV /A? for each interface that is
broken, with local atomic positions relaxed but the OH
groups still pointing in the same direction. Compared
to a free HA layer with both OH groups pointing out of
the layer and optimal (for that situation) lateral lattice
constant @ = 9.264 A the cost reduces to 85.9 meV /A2,

The optimal positioning of the HA coating layer rela-
tive to the Mg surface was investigated by systematically
translating the HA layer across the Mg surface. Within
one unit cell of Mg(0001) a total of 25 equally distributed
positions were evaluated. In each such position we al-
lowed all atoms of the HA layer to relax in the direction
perpendicular to the surface but not laterally, to keep the
HA layer from “sliding” off unfavorable positions, and the
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atoms of the two top layers of the Mg surface were al-
lowed to move in all directions. This approach enables
identification of the energetically most favorable adsorp-
tion site by sampling a representative range of positions
across the Mg surface.

Figure 4 shows the PES based on the 25 calculated
positions with restraints on HA atomic lateral positions.
The region calculated is highlighted with a red rectangle,
values outside the rectangle are periodic copies. The plot
indicates that there is a preferred adsorption site for HA
over the Mg surface. However, the calculated energy dif-
ference between the optimal and the energetically worst
position is relatively small, at 9.9 meV/ A2, which is only
double the energy required to slide a graphene layer on
a surface of graphite [62]. This suggests that the cor-
rugation of HA on Mg(0001) is small, as also seen for
a layer of magnesiumhydroxide (Mg(OH)3) on Mg(0001)
[62] and discussed more for DFT-calculations of chloro-
form on graphene in Ref. [66].

After further relaxation of all atoms at the optimal
adsorption site, the system converges to F,qs = —14.4
meV /A? for HA on pristine Mg(0001).

Due to the low corrugation of HA on pristine Mg(0001)
a HA layer may thus slide across the Mg surface rather
easily. This could happen, for example, if a small force
is applied, or to allow for the HA layer to adsorb non-
stretched in large patches on the Mg surface and thus
with the majority of the HA-Mg(0001) interface in other
relative positions than the optimal. If the Mg surface
develops cracks or irregularities the HA layer can also
accommodate these at a low cost by locally adsorbing
in less-than-optimal positions, without necessarily also
developing cracks in the HA layer. This mobility can
help release stress between the interface of HA and Mg,
lowering the risk of holes or cracks appearing in the HA
layer.

As reference for the adsorption energies we use a free-
standing HA layer with the same lateral lattice constant
as 3 x 3 Mg(0001), OH groups pointing out, and with
relaxed atomic positions. If we instead were to use as
the reference either a free-standing layer of HA (with the
smaller optimized lattice constant @ = 9.264 A and the
OH groups pointing out), or a layer of HA in its bulk
(at lateral lattice constant a = 9.415 A and with OH
groups pointing the same direction) the reported adsorp-
tion energies would include the cost of stretching the free-
standing layer from its smaller optimized lattice constant
(cost 10.3 meV /A?), or the cost of first “cutting” out the
HA layer from bulk and then stretching it (at a cost 93.4
meV/ A2, including the gain of flipping one OH group
once isolated from bulk). While we do not explicitly in-
clude these energy costs, they can easily be added to all
adsorption energies provided in this study, if of relevance.

Given the smaller optimal lattice constant for the free-
standing or bulk-situated HA layer and the relative ease
with which HA can slide on the Mg surface, it is possible
that in large patches of HA on Mg, the HA structure will
shrinks in size in relation to the Mg surface, to approach
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these smaller lattice constants. We can use the PES in
Figure 4 to estimate the adsorption energy per area in a
large, un-stretched patch of HA on Mg(0001): Each unit
of HA will be offset an increasing distance from the opti-
mal position, and we can estimate the contribution to the
adsorption energy for each such unit from the PES plot.
Doing so, we find that the adsorption energy averaged
over a large patch will increase (become worse) by 4.5
meV /A2, compared to the stretched HA on Mg(0001),
not counting the energy that goes into stretching the HA
layer.

While the current study focuses on building one layer
of HA on Mg(0001), either as a coating or spontaneously
assembled from molecules and atoms in the body envi-
ronment, the build up of multiple layers could also be
envisioned. To study this, we calculated the adsorption
energy of a second HA layer on top of an already ad-
sorbed HA layer, both layers stretched. The layer near
the Mg surface has the two OH groups pointing out from
the layer (as in all our other adsorption results), while the
top HA layer has both OH groups pointing away from the
Mg surface, to mimic the HA-HA interface in bulk. Un-
der these conditions the second HA layer adsorbs on HA-
Mg(0001) with adsorption energy —83.5 meV /A2 relative
to a single HA layer on Mg and an isolated, stretched HA
layer with OH groups pointing out (as for all our adsorp-
tion energies). This adsorptio is clearly stronger than for
a HA layer adsorbed directly on Mg(0001), and similar
to the energy discussed earlier, of splitting HA bulk into
layers.

However, for a given amount of HA available, a full
one-layer HA coverage should be compared not just to a
two-layer coverage, but to, e.g., 50% of a two-layer cov-
ered Mg surface and 50% of uncovered Mg surface. Such
comparison shows that two-layer patches combined with
clean Mg areas are still favorable over a full single layer
adsorption, by 34.7 meV/A2. This energy does not in-
clude the cost of breaking a HA layer vertically to obtain
the boundaries of the patches, a cost that will heavily
depend on which and how many bonds within HA will
be broken, each presumably at a relatively high cost of
energy because those bonds are covalent, rather than the
weaker binding between layers of HA. Thus, while it is in
principle possible with multilayer patches, the energet-
ics will depend also on the complex body environment
and the details of the patches, factors that we cannot in-
clude in the present study. Further, the uncovered parts
of the Mg surface will then likely be covered by other
compounds, such as beginning oxides [32], magnesiumhy-
droxides [62], or smaller molecules such as amino acids
[61]. We therefore refrain from predicting whether the
adsorption is more likely to be a full single layer of HA,
or patches of multilayers next to uncovered areas of Mg.
Notwithstanding, we believe our results, in particular the
local atomic positions and electron density changes, can
form valuable input to further studies using larger-scale
models, as these results are local to the HA-Mg interface
and are not expected to change at thicker coverages of
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FIG. 4. Potential energy plot for relative position of HA on
Mg(0001), for estimating the optimal positioning of HA over
the Mg surface. Energies relative to the energy of the optimal
position.

FIG. 5.

Structural changes of HA in the optimal posi-
tion, starting from (a) the structure of an isolated layer of
HA (slightly stretched in the lateral directions) and clean
Mg(0001) brought together at 2 A separation, and (b) af-
ter optimization of the atomic positions. Atom colors as in
Figure 1.

HA (and do not change noticeable after adsorption of a
second layer of HA).

Focusing now on the stretched HA in the optimal posi-
tion on Mg(0001), we see in Fig. 5 that the Mg atom posi-
tioned beneath the lowest Ca atom of HA moves slightly
downward, away from HA, relative to the Mg surface
without adsorbed HA. Meanwhile, three Mg atoms situ-
ated beneath or near the lowest O atoms in HA (marked
by «, 8 and «y) move towards the O atoms. The top part
of Table I summarizes the distances between these atoms,
while the middle part of Table II (line HA-Mg) summa-
rizes the vertical changes of a selection of the Mg atoms
relative to their positions before HA adsorption, quanti-
fying the findings in Fig. 5: the Mg atoms in positions
(1,0) and (0,1) move outwards, toward the lowest HA O
atoms, and inwards in position (0,2), away from the low-
est HA Ca atom. The other top-layer Mg atoms selected
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TABLE I. Changes in distances between pairs of atoms in the
alloyed Mg surface and HA, relative to the structure of HA
on pristine Mg(0001) shown in Figure 5(b). The changes are
given in Az, Ay and Az, and the change in the length of the
distance vector, Ar = |Ryelax| — |Rprist|- Positive (negative)
values signify that the distance in that direction between the
two atoms has increased (decreased). Also shown is the dis-
tance between atoms after the relaxation, Rielax = |Ryelax/,
where R ¢lax s the distance vector for the two atoms for HA
on either pristine Mg(0001) (then same as Ry,is¢) or on al-
loyed Mg. Values are for pristine Mg(0001) (top of table), for
alloying with Ca (middle part of table), and for alloying with
Zn (lower part of table). For the latter two the alloying atom
is placed beneath the HA atom mentioned. All values in A.

Doping Atom pair| Ax Ay Az AT Riclax
Ca-Mg - - - - 3.085
On-Mg - - - - 2.088
Op-Mg - - - - 2032
0,-Mg - - - - 2.053

(0,2) Ca-Ca 0.281 0.297 —0.148 —0.102 3.186

(0,1) On-Ca —0.118 —0.039 —0.138 —0.154 2.253

(1,0) P-Ca 0.050 —0.067 —0.137 0.139 3.439

(2,0) H-Ca 0.406 —1.341 0.852 0.409 2.484

(0,2) Ca-Zn —0.004 0.152 0.140 0.156 2.929

(0,1)  Oqn-Zn —2.278 0.073 —0.637 —1.598 3.698

(1,0) P-Zn —0.217 —1.246 —0.682 —0.912 4.212

(2,0) H-Zn 0.117 —0.037 —0.018 0.010 2.883

in Figure 3 do not move much.

All three O-Mg pairs, listed in the top part of Table
I, end up with a similar separation R,cax, at about 2.05
A, which is slightly smaller than the out-of-plane Mg-O
separation (2.004 A [24]) in the wurtzite (WZ) phase of
MgO, as found using calculational settings very similar
to the present ones. WZ-MgO is the first (metastable)
phase that appears in the top of Mg(0001) as oxidation
starts [32], while the final, stable rock salt phase has a
longer Mg-O separation (2.115 A [24]). The Ca-Mg pair
shows a separation of about 3.1 A, which is 0.1-0.8 A
smaller than the Mg-Mg or Ca-Ca distances calculated
in their respective hep phases [61]. These displacements
show that the surface atoms of Mg are influenced by both
the Ca atom and the O atoms of the HA layer, leading to
a rearrangement in the Mg surface as seen in Fig. 1, with
compressed Mg-Ca bonds and slightly stretched Mg-O
bonds. However, as seen from the PES plot (in which
these out-of-plane relaxations are included) this does not
change the adsorption energy in any major way, as the
difference in adsorption energy across the surface is only
9.9 meV /A2, with these relaxations included.

B. Alloying of Mg(0001)

When one of the Mg atoms is substituted by a Zn
or Ca atom the positions of the atoms in the surface
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change. For Zn alloying, Zn dips into the surface, and
Ca moves partly out of the surface, as already seen in
Ref. [61] for the same calculational conditions, but in a
5 x 5 surface unit cell, while we here use a 3 x 3 surface
cell. For the present surface unit cell, the upper part
of Table IT shows the displacement along the z-direction
of the dopant atom compared to the position of the Mg
atom it replaces.

In this smaller surface unit cell we find that the vertical
changes in position of the Zn and Ca atoms, compared to
the position of the Mg atom that they replace, is —0.34 A
(into the surface) for Zn and +0.57 A (out of the surface)
for Ca, top of Table I, in good agreement with the results
of Ref. [61] in the larger surface cell. Due to its larger
atomic radius, the Ca atom does not fit into a Mg lattice,
which explains why it is pushed out of the surface. In
contrast, Zn has an atomic radius a bit smaller than that
of Mg and therefore integrates more favorably into the
Mg lattice and is even dragged further into the surface
to have smaller distances to the second layer Mg atoms.

C. Adsorption of hydroxyapatite on alloyed
Mg(0001)

The adsorption energies of HA on pristine and alloyed
Mg(0001) are summarized in the bottom part of Table
II. These show that the position of the alloying atom,
whether Zn or Ca, matters for the stability of the sys-
tem. The energetically most favorable position for Ca
is (1,1), under a void in HA, with HA adsorption en-
ergy —21.2 meV /A2, whereas position (0,1), under atom
O, provides the most favorable configuration for Zn at
—22.4 meV/AQ. In general, the stability of both sys-
tems varies with the position of the substituted atom,
and the adsorption energy can be either stronger or (in
some cases) less strong than HA on a pure Mg surface,
—14.4 meV /A2

We calculate the atom positions in the interface be-
tween HA and the Mg surface after adsorption of a HA
layer and compare to (i) positions when HA is adsorbed
on pristine Mg(0001), Table I; and to (ii) positions of the
alloying atom and the Mg atom positions before adsorp-
tion of a HA layer, Table II. From the first comparison we
learn how the alloying affects the interface, and from the
second comparison we learn how the Mg surface, whether
pristine or alloyed, is affected by the adsorption of a HA
layer.

Zn doping. Before adsorption of a HA layer, Zn takes a
position in the Mg(0001) surface that is further into the
surface than that of the Mg atom it substitutes. With
adsorption of a layer of HA on the already alloyed Mg
surface, the largest change is that Zn at position (0,2),
under the lowest HA Ca atom, moves 0.15 A further into
the surface, Table IT row HA-Mg(Zn), and ends up at
a height —0.49 A relative to the Mg atom in pristine
Mg(0001) without HA adsorption, seen by adding the
distance found in Table IT row Mg(Zn).
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The data for Zn alloying in Table I, bottom part, shows
that substituting Zn into the Mg surface changes the rel-
ative atomic positions of Zn and the Ha atoms in all di-
rections, relative to pristine Mg(0001) with HA. This is
most pronounced for Zn in position (0,1), that is, under
O, before alloying, and for Zn under P, position (1,0);
compare also Figure 5(b) before alloying to Figure 7 top
panels (0,1) and (1,0) after alloying. There is clear re-
pulsion of O from Zn, or rather, attraction to a Mg atom
neighboring the Zn atom. This is because substitution
with Zn in Mg(0001) changes the electron structure of
the neighboring Mg atom to become more attractive for
O adsorption [61].

In general, however, the substitution of a Zn-atom in
the top layer of Mg(0001) does not seem to have any
major structural effect in HA or the surface.

Ca doping. Introduction of a Ca alloying atom, com-
pared to HA on pristine Mg(0001), shows a significant
change when this Ca atom is placed in a position under-
neath a void in the HA layer, at position (1,1), Figure
6 bottom right. Placed in that position, the Ca dopant
atom moves further away from the Mg surface than in
Mg(0001) without HA (compare Table II rows Mg(Ca)
and HA-Mg(Ca)) and into the HA structure. Since Ca
is one of the main atoms in HA, it is reasonable that a
Ca atom in Mg(0001) tends to move closer into the HA
layer if there is space available, reflecting its natural affin-
ity for the HA structure. The alloy Ca atom then enters
the HA layer into a position that is almost a mirror im-
age of the Ca atom furthest up in the HA layer, and is
a position similar to that of a Ca atom in stacked HA
layers such as in a HA bulk-like scenario. This position
is also energetically favored, Table II bottom. We con-
firmed this scenario by a calculation of three HA layers.
There, the highest Ca atom in a lower layer was found
to merge into the layer above, while still remaining part
of the HA layer. The Ca alloy atom at the HA-Mg inter-
face moves further, and separates from the Mg surface,
leaving a vacancy in the Mg surface.

Generally, for the systems considered here, the Ca alloy
atom tends to move away from the Mg surface, both rel-
ative to the position of Ca in Mg(0001) without adsorbed
HA, and relative to the Mg atom which it replaces in the
HA-on-pristine-Mg situation. This is likely due a combi-
nation of the larger size of the Ca atom compared to Mg,
and the attraction to the O atoms in HA, and more gen-
erally the HA environment where Ca atoms are already
present.

The exception among the systems, with Ca moving
into the surface instead of out, is the alloy Ca atom placed
directly under a low Ca atom in HA, position (0,2), where
the two Ca atoms experience repulsion. There, the alloy
Ca atom is positioned at 0.57 A above the Mg surface
when no HA is present, but changes to a position 0.80 A
lower when HA is adsorbed, at vertical position —0.80 +
0.57 = —0.23 A (Table II), i.c., the alloy Ca atom moves
into the Mg surface due to the repulsion from the Ca
atom in HA directly above. However, even though the
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TABLE II. Atom positional changes and adsorption energies
of HA on Mg surfaces. Displacements are measured along
the z-direction in A, adsorption energies in meV/A2. The
change in vertical position of Zn or Ca in Mg(0001) without
HA, relative Mg atoms in pristine Mg(0001), are given in
the top part of the table, these are the reference points for
displacements upon adsorption of HA (middle part).

(0D (02 (1L0) (L) (20)
No HA, displacement relative pristine Mg(0001)
Mg(Zn)  |—0.34 —0.34 —0.34 —0.34 —0.34
Mg(Ca) 0.57 0.57 0.57 0.57 0.57
With HA, displacement relative to no HA
HA-Mg 0.54 —-0.38 0.63 —0.01 —-0.12
HA-Mg(Zn) |—0.03 —0.15 —0.06 0.09  0.06
HA-Mg(Ca)|—0.01 —0.80 0.08 1.37 0.33
Adsorption energy of HA on Mg(0001)

Position

HA-Mg —14.4 -14.4 -144 —-144 -144
HA-Mg(Zn)|—22.4 —19.8 —14.2 —15.3 —16.5
HA-Mg(Ca)|—20.0 —5.2 —20.7 —21.2 —12.7

two Ca atoms experience repulsion, the surrounding Mg
and HA structure approximately maintain their positions
and prevent the HA layers from moving further away
from the Mg surface. The Ca-Ca distance (Table I) is
here 3.186 A, which is smaller than the Ca-Ca distance
3.95 A in the stable face-centered cubic bulk structure.
This competition comes at a cost, energy wise: Position
(0,2) has the weakest adsorption energy of all the studied
situations, at —5.2 meV /A2,

Nominally, in the position (2,0) the H-to-alloy-Ca dis-
tance increases, Table I bottom part, compared to the
case with pristine Mg(0001). At the same time, the alloy
Ca atom moves further out of the Mg surface by 0.33 A
(Table II) once the HA is adsorbed. This is because the
O atom in the -OH group, of which the H atom is a part,
becomes available for binding to the alloy Ca, and this
pushes the H atom out of the way, as seen in Fig. 7 bot-
tom, leading to a larger alloy-Ca-to-H distance. Again,
moving the H atom comes at a cost: the adsorption en-
ergy for the (2,0) situation is —12.7 meV /A2, weaker than
without the alloying and weaker than most of the alloying
positions considered here.

To sum up, for HA adsorbed on Ca-alloyed Mg(0001),
most of the relative positions show more favorable ad-
sorption than on pristine Mg(0001). The relative posi-
tions studied here have adsorption energies that range
from —5.2 to —21.2 meV /A2, indicating that the corru-
gation for HA on Ca-alloyed Mg(0001) is larger with Ca
alloying than without. The HA sheet will thus not be
as mobile on the Mg surface as on pristine Mg. HA ad-
sorption on Zn-alloyed Mg, on the other hand, shows less
differences in adsorption energies and a corrugation esti-
mated to be similar to that of HA on pristine Mg(0001)
(estimated from the —14.2 to —22.4 meV/A? adsorption
energies found in the systems studied here). The stabil-
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Zn-doped Mg-surface

2ui PO

Ca-doped Mg-surface

057A1 . ' ' ‘. ' '

FIG. 6. Left: Mg(0001) with a doped atom substituted at
position (1,1). Right: Same surface but relaxed with HA.
Green atoms indicate substituted atoms. The red reference
lines indicate the position of Mg atoms in pristine Mg(0001)
without HA. Atom colors as in Figure 1.

ity of a HA layer on Zn-alloyed Mg therefore seems to be
similar to that of HA on pristine Mg.

Our calculations have alloying atoms placed sparsely
but periodically repeated, due to the periodic boundary
conditions in our calculations. As such, the systems we
calculate can be seen as motifs for the adsorption. Real
systems, with the solid-solution alloy atom have a distri-
bution of ally atoms that is not periodic, and over areas
of large HA flakes on the surface, the adsorption energy
will be a weighted average of the values found here.

D. Electron density

To better understand the interaction between HA and
the Mg surface, electron density plots were generated
for the optimized structures, analyzing the interface for
both pure and doped Mg(0001). Changes in the electron
density are evaluated similarly to the adsorption energy,
but without any additional structural relaxation calcula-
tions when HA and surface are pulled apart: The elec-
tron density of the combined system is compared to the
sum of the electron densities of the isolated but still de-
formed HA layer and Mg surface. In Figures 8-10 we thus
plot the electron density difference due to the adsorption
of the HA layer. Isolines have separation 7 - 10~% a.u.
(electrons/Bohr?), and the color scale goes from 5-1073
a.u. (red, increased electron density) to —5- 1072 a.u.
(blue, decreased electron density).

Changes in electron density for HA adsorption on pris-
tine Mg is visualized in Figure 8. The largest electron
accumulations are near the three O-atoms (O, Og and
O,) that are close to the Mg atoms, and between the low-
est Ca atom in HA and a Mg atom. Meanwhile, electron
depletion is also seen around the Mg atoms and above the

View Article Online
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Zn-doped Mg-surface

FIG. 7. Optimized structures for Ca and Zn substitution at
position (0,1), (0,2), (1,0) and (2,0). Green atoms indicate
substituted atom, in the top part a Zn atom, in the bottom
part a Ca atom. Other atom colors as in Figure 1.

O atoms in the directions to other atoms. We use these
to compare to the cases with HA on Ca- or Zn-alloyed
Mg in the following figures.

Figure 9 shows the Ca-doped system, with focus on
the positions of the Ca alloying atom in the five posi-
tions examined, Fig. 3(b). With Ca in position (1,1), top
panels of Fig. 9, the maximum electron density change is
3.6-1072 a.u. This is larger than for any of the other sys-
tems. We know from the structural changes illustrated
in Figure 6 that when Ca is placed in position (1,1) the
atom moves into the HA layer to a spot surrounded by
three O atoms (marked by numbers 1, 2, and 3 in Fig-
ure 9). These O atoms are positioned further into the
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FIG. 8. HA over pure Mg(0001); Change in electron density
with red (blue) regions marking addition (depletion) of elec-
tron density, and isoline differences 7-10~* a.u. Changes near
the lowest Ca atom and the three O atoms marked «, 8 and
~ in Figure 1. Atom colors as in Figure 1.

FIG. 9. Change in electron density for HA adsorbed on the
Ca-doped Mg surface. Isolines separated by 7-10~% a.u. Top:
Ca atom at position (1,1), overview (left) and zoomed in on
parts of the structure (middle and right). Bottom: Ca in
positions (0,1), (0,2), (1,0), and (2,0) (from left to right).
The H atom in (2,0) has moved and made the O atom in the
-OH group available for interaction with the Ca atom. Atom
colors as in Figure 1 and with the Ca alloying atom in green.

HA layer than the O atoms marked by «, 5 and v in
previous figures. Given the high reactivity of O and its
strong tendency to attract cations, it is reasonable that
Ca stabilizes in a position close to these O atoms and
consistent with the electron accumulation between the
alloy Ca atom and the O atoms with labels 1, 2, and 3.

The other examined interfaces of HA with Ca-doped
Mg(0001) are shown in the bottom panels of Figure 9.
The electron accumulation between the alloy Ca atom
and the HA Ca atom, position (0,2), is more delocalized
compared to the interaction between Ca and O. This is
to be expected because Ca atoms have low electronega-
tivity, neither of the Ca atoms attract the excess electron
density strongly to localize it between them, leading to
two lobes on each side instead of a single lobe in the
middle. Meanwhile, the alloy Ca atom and O in HA
shows a typical interaction between an electronegative
and electropositive atom in the three other bottom pan-

Physical Chemistry Chemical Physics
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FIG. 10. Change in electron density for HA adsorbed on the
Zn-doped Mg surface. Isolines separated by 7-107% a.u. Top:
Zn atom at position (0,1) (left) and (1,1) (right); Bottom: Zn
atom at positions (0,2), (1,0), and (2,0) (left to right). In
the panel for (2,0) a H atom is slightly behind the plane of
the panel and its position is marked by a white circle. Atom
colors as in Figure 1, and Zn in green.

els, for Ca alloy positions (0,1), (1,0) and (2,0). Thus,
O strongly attracts electron density whereas Ca donates
electron density from its outer shell, leading to the local-
ized lobe rather than the more delocalized pattern ob-
served between the two Ca atoms.

In the HA interfaces with the Zn-doped surfaces, Fig-
ure 10, the electron density changes are smaller than in
the other systems. As seen in the middle row of Table IT
the Zn-atom does not move much when HA is adsorbed
on the already alloyed Mg surface. This is reflected in
the electron density changes: There is very little electron
accumulation between Zn and neighboring atoms in po-
sition (0,1) (O neighboring atom) and (1,1) (mostly Mg
atoms nearby), and in position (0,2) the Zn to Ca in-
teraction shows the largest electron accumulation among
the Zn-doped systems, but still smaller than in most of
the systems with Ca-alloyed or pristine Mg(0001). In po-
sition (1,0) the Zn atom has P, Ca and some O atoms as
nearest neighbors but at a distance such that the electron
changes that these give rise to are spread out. Finally, in
position (2,0) the H atom above Zn is out of the vertical
plane that goes through Zn, and the position of the H
atom is indicated by the white circle in the panel. There,
we see some low level electron accumulation.

The electron density change plots overall show larger
variation for HA on Ca doped surfaces than for HA on Zn
doped surfaces. This is in agreement with the differences
in adsorption energy being larger for HA on Ca doped
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surfaces than on Zn doped surfaces.

V. SUMMARY

We investigated the interaction of one layer of HA with
pristine and doped Mg(0001), where for the doping we
used one Zn or Ca atom to replace one out of 18 exposed
Mg atoms in a 3 x 3 Mg(0001) surface cell. Our calcu-
lations show that HA binds to the Mg surface but that
the interaction is relatively weak, with an adsorption en-
ergy of —14.4 meV /A2 on pristine Mg(0001) and between
—5.2 and —22.4 meV /A2 on doped Mg(0001), depending
also on the relative position of the dopant and the HA
layer.

For HA on pristine Mg(0001) we studied the corruga-
tion by calculating the PES from a set of adsorption en-
ergies at positions distributed on the surface. We found
that also the corrugation is low, with 9.9 meV/A2 as the
difference between the energetically worst and best ad-
sorption position. Thus the energy cost of HA sliding
across the pristine Mg surface is low.

In the calculations we stretch the HA layer 2% to fit
it onto the 3 x 3 surface unit cell of Mg(0001). Using
the PES plot we estimate the additional cost of having
large patches that are not stretched and thus cannot sit in
optimal positions in all parts of the patches. We find that
this changes the adsorption energy by about 4.5 meV / A2,
not including the energy difference between a stretched
and non-stretched isolated HA layer.

Doping the Mg surface with Ca or Zn affects the in-
teraction with HA. Ca-doped surfaces show a variation
of stability and deformations in the HA-Mg interface,
with the best adsorption energy in a situation where the
Ca atom leaves the Mg surface and enters the HA layer.
This leads to larger corrugation than on pristine Mg. Zn-
doped surfaces do not show any major deformations at
HA adsorption, but still have better adsorption energy
for HA than the pristine Mg surface.

Plots of the changes in electron density upon adsorp-
tion of HA show that the changes occur mainly between
the lowest O atoms of HA and the Mg surface or the Ca
atom of the doped surface, with electron accumulation
near the O atoms, while there is less electron accumula-
tion between the O atoms and Zn. Further, we find rela-
tively large electron density changes between the lowest
Ca atom of HA and the Mg, Ca or Zn atom in the Mg

View Article Online
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surface below it.

We believe that the results that we present here for
the HA-Mg interface, on the electronic and atomic scale,
are important for future studies in the materials science
community in larger-scale models, for which our current
results can act as non-empirical model parameters.
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