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ABSTRACT: A basic understanding of the affinity between the Atomic layer stacking of HA i s

hydroxyapatite (HA) and o-Ti surfaces is obtained through

electronic structure calculations by first-principles method. The _

surface energies of HA(0001), HA (0110), HA (1011), and | Vacum q

Ti(0001) surfaces have been calculated. The HA(0001) presents .&.ﬁ,, it

the most thermodynamically stable of HA. The HA/Ti interfaces o§€nzo. ,{-: =1~

were constructed by two kinds of interface models, the single 0 °';., gi': =

interface (denoted as SI) and the double-interface (denoted as DI). r £S5 ui

Two methods, the full relaxation and the UBER, were applied to %%50:9 13! : |

determine the interfacial separation and the atomic arrangement in The HA Cleaved along colorlines 9 © © " O

the interfacial zone. The works of adhesion of interfaces with :'::c’;:;do'l’l"f;;bﬁ:;l;s“fr:f::) yeoo >§ =

various stoichiometric HA surfaces were evaluated. For the model HA/Ti interfaces cee PN
1-Ca-HA/Ti interface ~ PAC [a.u.]

HA(0001)/Ti(0001) interfaces, the work of adhesion is strongly
dependent on the chemical environment of the HA surface. The
values are —2.33, —1.52, and —0.80 J/m? for the none-, single-, and double-Ca terminated HA/Ti interfaces, respectively. The
influence of atomic relaxation on the work of adhesion and interface separation is discussed. Full relaxation results include —1.99
J/m? work of adhesion and 0.220 nm separation between HA and Ti for the DI of 1-Ca-HA/Ti interface, while they are —1.14 J/
m® and 0.235 nm by partial relaxation. Analysis of electronic structure reveals that charge transfer between HA and Ti slabs
occurs during the formation of the HA/Ti interface. The transfer generates the Ti—O or Ti—Ca bonds across the interface and
drives the HA/Ti interface system to metallic characteristic. The energetically favorable interfaces are formed when the outmost
layer of HA comprises more O atoms at the interface.
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1. INTRODUCTION

Hydroxyapatite [Ca,;o(PO,)s(OH),, HA] is extensively used for
bioactive coatings due to its chemical similarity to bone and
teeth.' ™ Titanium and its alloys have been greatly applied as
implant metals due to their inert properties and biocompati-
bility. HA-coated Ti alloy implants show excellent biocompat-
ibility and satisfactory mechanical properties during short-term
implant-to-bone fixation. However, inherent defects of coating
structure, such as great differences of physical properties and
the low adhesion strength between HA coating and Ti matrix,
low interface shear strength, coating stripping, cracks on the
interface, and particle pieces limit their long-term perform-
ance.*® The critical factor to extend the lifetime of titanium
alloys as implants is to strengthen adhesion between HA and Ti
surfaces. Thus, it is essential to study the affinity of HA/Ti
interface at the electronic level. Therefore, a detailed theoretical
analysis of HA/T1i interface will be of significant interest.
There are some guidelines to improve the adhesion between
HA and Ti alloys: (1) denser microstructure and thinner HA
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coatings resulting in high bonding strength,é’7 (2) overcoming
the stress concentration and improving cohesive strength
among interlamellar structure, (3) doping with other elements
such as Y, C, Sr, and Ag in HA crystals,”*™'° (4) controlling
surface texture and compositions of material.'? Recently,
Carrad6™ investigated the plasma-sprayed HA coating on
titanium alloys. No impurity phase was found in the
microstructure, but different stress states were shown in two
sides of the interface. Microcracks were present along the
coating-substrate interface. Roy et al.” studied the mechanical
properties of plasma-sprayed and silver-doped HA coatings.
The coatings show a pure adhesive failure indicating a strong
bonding between the HA coating and the Ti substrate. New
techniques were developed to produce the thinner, denser, and
higher crystalline HA ration coatings on metallic substrates.”®
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Table 1. Calculated Lattice Parameters (in nm) and Elastic Constants (in GPa) of Bulk HA and a-Ti

lattice params

elastic constants

a G Ch
HA®
present 0.9349 0.6821 137.2
exptl 0.9408 0.6891 137, 115
caled 0.9362 0.6869 126.4, 140
Ti
present 0.292 0.463 192.1
exptl 0.295 0.468 1624
caled 0.2919 0.4621 193

CIZ C13 C33 C44
44.5 57.8 164.8 423
42.5, 422 54.9, 30.0 172, 125 39.6, 22.8
35.6, 42.2 65.1, 55.6 167.4, 174.8 443,475
90.5 89.4 197.3 40.7
92 69 180.7 46.7
72 85 188 40

“Experimental and other theoretical calculated lattice parameters are from refs 31 and 32; elastic constants are from refs 31 and 37 (exptl) and from
refs 38 and 39 (calcd). “Experimental lattice parameters and elastic constants are from refs 33 and 36, and other theoretical calculated values are

from ref 34.

Wei et al.® reported that well-crystallized and strong adhesive
strength of HA films were produced via hydrothermal crystal
growth onto Ti substrate with HA seed crystal layer. However,
none of these experimental studies reveals the morphology-
bonding at atomic and electronic scale. Currently, the
developments of experimental techniques enable us to analyze
the structural information insight into three protein domains
but still cannot distinguish single atom in contact with the
surface."*

Since adhesion is governed by chemical bonding and
mechanical interlocking, the problem is the electronic proper-
ties of the interface between the HA coating and the metal
substrate. Therefore, a thorough understanding of the
electronic properties of HA/Ti interfaces is of scientific
interest. First-principles calculations provide a suitable means
to gain the insight in understanding the physical and chemical
properties of surfaces and interfaces. The methodology and
reliability of such computations have been well-studied.'>'®
Canepa et al. studied the structures, vibrational frequencies, and
interaction energies of formic and alendronic acids with
HA(0001) and (1010) surfaces.”> The interactions between
polylactide acids and one type of deficient HA,"” the adsorption
of lysine on HA (1010) surface,'® and the adsorption of glycine,
proline, and hydroxyproline on the HA(0001) surface' were
calculated. These adsorptions are mainly stabilized by the Ca—
O ionic bonding, followed by hydrogen bond and/or van de
Waals interaction between phosphate and O atoms, and
between adsorption molecule and HA.">*°** Chiatti et al.**
investigated the feature of the ferroelectric HA(0001) surface
and found that the ferroelectric OH™ alignment does not
compromise the stability of the HA(0001) surface. The
counterpolarization of the electronic density of the Ca®* and
PO,*” moieties surrounds the monodimensional OH™ polar
arrays.

The first-principles investigation of HA/Ti is helpful to
further understand the role of the HA/Ti interface underlying
the composite mechanical properties. However, according to
our knowledge, it is still lacking in the previous literature. Thus,
the work of adhesion, interface energy, and electronic structures
of HA(0001)/Ti(0001) are studied in this paper by first-
principles method. The rest of this paper is organized as
follows. We first report theoretical results for the bulk materials,
including lattice parameters and elastic tensors. In the next step,
we describe the determination of interfacial separation and
atomic arrangement in the interfacial zone by two methods, the
full relaxation and the universal binding energy relation
(UBER) curves.** Then, the optimized interface structures
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are presented along with their work separation and interface
energy. Finally, we investigate electronic structure and bonding
of the HA/Ti interface.

2. METHODS OF CALCULATION

Calculations were performed with Vienna ab initio simulation package
(VASP).>>* The generalized gradient approximation (GGA) was used
for electron exchange-correlation, while the projector-augmented wave
(PAW) method was used to describe the interaction between ions and
electrons.”” The 1s, 2s%2p*, 3s%3p°, 3p64szd0‘01, and 4s*3d> were
regarded as valence electron of H, O, P, Ca, and Ti, respectively. A
plane-wave cutoff of 450 eV and a Gaussian smearing method with an
energy broadening of 0.2 eV were used in all calculations. The ionic
positions were relaxed using the conjugate gradient method for surface
and interface models. The criteria for self-consistency of energy and
forces were less than 0.01 eV/unit cell and 0.002 eV/nm, respectively.
A 3 X 3 X 1TI'-centered k-point grid was used in the relaxation of the
HA(0001)/Ti(0001) interfaces, while 4 X 4 X 1 grids were used for
final energy and density of states calculation. The atomic structures
and electronic structures in this work were visualized by the VESTA 3
software program.*®

3. RESULTS AND DISCUSSION

3.1. Bulk Materials. Hydroxyapatite has two different
structures, the monoclinic (space group P2,/b) and hexagonal.
The former only occurs in the stoichiometric environment,
while the latter is frequently present experimentally. Because
the prepared HA coatings on the substrate of Ti often occurred
in Ca-deficient states and doped with other elements, such as Y,
C, Sr, and Ag,ﬁ’g_10 therefore, the hexagonal structure is
considered in this work for both bulk and HA/Ti surfaces.

The symmetry of hexagonal HA is P6;/m space group with
lattice parameters a = 0.9430 nm and ¢ = 0.6881 nm.* During
the simulations, the symmetry is reduced to P6; space group by
removing the mirror plane and forcing the alignment of the
hydroxyl groups to keep stoichiometric proportion with two
formula units of Cag(PO,);OH per unit cell. The crystallo-
graphic parameters of HA and a-Ti are summarized in Table 1.
The optimized lattice parameters of HA are a = 0.9349 nm and
¢ = 0.6821 nm, which are in good agreement with measure-
ments**"** with the largest difference less than 0.9%. The
calculated bulk lattice garameters of a-Ti also matched well the
known experimental® and theoretical results.>* The elastic
constants of bulk HA and -Ti are also calculated utilizing the
same method as our earlier work.>® Calculated elastic constants
are listed in Table 1 together with experimental measure-
ments>>*%” and other theoretical estimations.>®

dx.doi.org/10.1021/am504734d | ACS Appl. Mater. Interfaces 2014, 6, 20738—20751



ACS Applied Materials & Interfaces

Research Article

4 N
[0001] o -
/t-»mzo 9° °°

[1210]

Figure 1. Atomic layer stacking of bulk HA with double unit cells. The bulk structure (left) and atomic layer stacking projected on the (1010) plane
(right). Colored lines indicate possible cleavage planes. The white, red, purple, and green balls denote the H, O, P, and Ca, respectively.
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Figure 2. Bottom and side views of the four models for one Ca-terminated HA(0001)/Ti(0001) with four stacking sites: top first (a), center (b),
bridge (c), and top second (d) sites. The white, red, purple, green, and light gray balls denote the H, O, P, Ca, and Ti, respectively. The bigger light-
cyan ball and blue-green represents the interfacial Ca and interfacial Ti atoms, respectively.

The present elastic constants of bulk HA agree well with
experimental measurements.”"*” For a-Ti, the deviation from
experimental elastic constants® is less than 10% except for that
of C;; and C;;. The calculated C;; and C;; are in good
agreement with those presented in ref 34 (also using PBE).
Therefore, the bulk results on both HA and a-Ti, the crystal
structure and elasticity, show reasonable correspondence to
available experimental and theoretical data.

2. Interface Models. On the basis of the bulk lattice
parameters, the optimized low index surfaces of HA and Ti (see
Supporting Information), the interface models are created. This
study will focus on the interface formed between the most
stable and the dominant surfaces in the thermodynamic
morphology,*® viz, HA(0001) and Ti(0001), as is observed
experimentally.*"** There is experimental evidence that crystal
domains of HA films are onented with the crystallographic c-
axis normal to the substrate.”® The other reason to select this
particular interface is that it has the smallest lattice mismatch
among all considered low-index surfaces of HA and o-Ti,
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suggesting that it is the most likely to be the most stable
interface.

To identify the possible structure arrangements at the
HA(0001)/Ti(0001) interface, the atomic-layer stacking along
[0001] was analyzed for bulk HA and Ti. Since a two Ti atom
block is the repetition unit of a-Ti stacking, there is only one
kind of termination of Ti(0001) surface. The cross sections of
HA and HA crystals are shown in Figure 1. The colored lines in
Figure 1 indicate how we cleave our models. For example,
removing particles upon the red line named 1-Ca in Figure 1
yields a one Ca atom terminated surface model, removing
particles upon the 2-Ca black line yields the two Ca atoms
terminated surface, and so on. For convenience, hereafter, they
are referred to as 1-Ca, 2-Ca, PO,-1, OH, and PO,-2, each one
corresponding to the crystal below one of the colored lines in
Figure 1.

There are five possibilities of stacking between HA(0001)
and Ti(0001). However, due to the variance of atomic densities
at different surfaces, some stacking ways could be selected as a

dx.doi.org/10.1021/am504734d | ACS Appl. Mater. Interfaces 2014, 6, 20738—20751
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Figure 3. Top and side views of the slab models employed in the present work: (a) Ti(0001) surface, (b) HA(0001)/Ti(0001) double interfaces
model, and (c) HA(0001)/Ti(0001) single interface model with more than 1.5 nm vacuum atop the upmost HA. The white, red, purple, green, and
light gray balls denote the H, O, P, Ca, and Ti atoms, respectively. The nearest atoms to the interface are denoted by yellow (the O atom), light cyan
(the Ca atom), dark purple (the P atom), and dark blue (the Ti atom) balls, respectively.

more stable priori. We reduce the range of considered
structures to three sequences, namely, 1Ca-HA(0001)/
Ti(0001), 2Ca-HA(0001)/Ti(0001), and PO,-HA(0001)/Ti-
(0001), denoted as n-Ca-HA/Ti (n = 1 or 2) and PO,-HA/Ti.
Among them, the 2-Ca-HA/Ti, with the atomic stacking at the
interface as (O—O—Ca—CalTi—Ti—...) metal to metal stacked,
represents oxygen-poor stacking with loose coordinate. For the
1-Ca-HA/Ti case, there are four possible stacking config-
urations distinguished by the position of the interfacial Ca atom
in HA relative to the Ti substrate (as shown in Figure 2). The
interfacial Ca atom locates (a) at the top of interfacial Ti atom
(denoted as top first), (b) at the center of the hexagon
consisted by interfacial and subinterfacial Ti atoms (denoted as
center), (c) at the bridge site of the surface Ti atoms (denoted
as bridge), and (d) at the top of subinterfacial Ti atom
(denoted as top second).

As the HA/Ti interface structures are modeled by HA and Ti
slabs stacking into multilayers, the slabs should be sufficiently
thick to remove interactions from their opposite surfaces and
other finite size effects. On the other side, the increase of the
number of atoms considered makes computational effort
increase sharply. In this work the HA surface slab thickness is
quantitative by the number of HA units and Ti atomic layers
aligning along their surface normal. The convergence of surface
energy with respect to slab thickness of low index surfaces of
HA and Ti is detailed in Supporting Information.

For the interfacial slab, appropriate separation is needed for
the original models. Thus, it is important to obtain the proper
separations between the two subslabs. In this work, the
dependences of total energy and adhesive energy on the
interfacial separation were checked using two methods. The
first one is UBER* described in section 3.3.1. The other
method is full relaxation of the interface supercells with
different interfacial separations to obtain the optimized
geometrics and the optimized separation between two subslabs.

The details to obtain the optimum separations between
HA(0001) and Ti(0001) in the optimized geometries of HA/
Ti interface are shown in section 3.3.2.

Two interface models were constructed. One is by
combining (1 X 1 X 2) HA on the substrate of (3 X 3X 6)
Ti stacking along the [0001] direction, thus forming sandwich-
like superlattices, i.e., without vacuum in the supercell (named
as double-interface model, DI). The other is by stacking the (1
X 1 X 2) HA(0001) slab on the substrate of (3 X 3 X 6)
Ti(0001) with more than 1.5 nm vacuum in the top of the
HA(0001)/Ti (0001) interface (referred to as the single-
interface model, abbreviated as SI). The size of the supercell is
(3 X 3) unit cell of Ti in directions a and b and about 3.0 nm
for DI or 4.3—4.7 nm for SI in the ¢ direction with 142 atoms as
shown in Figure 3b,c. The lattice misfit between the two
subslabs of Ti(0001) and HA(0001) surfaces is about 6.2%. A
large number of calculations were carried out to investigate the
influence of relaxation methods and separations between
HA(0001) and Ti(0001) surfaces on the physical and chemical
properties of DI and SL

3.3. Optimized Interface Structures. The convergences
of surface energy with respect to the thickness were tested and
shown in Supporting Information. After obtaining the supercell
slabs to combine the interface, the separations between two
slabs are optimized for each considered system using the above-
mentioned UBER and full relaxation. In the UBER method, the
static separations are obtained, in which all atoms of each slab
are kept fixed to maintain the corresponding arrangement of
surfaces. The relaxed separations are obtained by first-principles
calculation for stoichiometric stacking (1-Ca-HA/Ti). The fully
first-principles calculations are allowing all interface supercells
with different interfacial separations to relax to obtain the
optimized geometrics and the optimized separation between
two slabs. The full relaxation of all models is quiet time-
consuming but is precise and reliable.

dx.doi.org/10.1021/am504734d | ACS Appl. Mater. Interfaces 2014, 6, 20738—20751
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3.3.1. Static Separations by UBER Method. Under UBER,
the adhesion energy E,4 on the interslab separation d is defined
24
as eq 1:

E(d) = —Eo(1 + (d — do)/s)exp((d — d,)/s) + C

(1)
Here E,; is the ideal adhesive energy, d, is the equilibrium
interfacial separation, s the scaling constant, and C is a constant
to set the zero of the energy scale. The strength of the crystals
measured by the maximum tensile stress perpendicular to the
(0001) planes that can be withstood without spontaneous
cleavage, shown in eq 2

)
max es ()

where e is the base of the natural logarithm. This consequently
yields the ideal adhesive energy (E,), the equilibrium interfacial
separation (d,), and the ideal peak interfacial stress (6,,,,). The
fitted UBER curves for the four possible stacking configurations
of 1-Ca-HA/Ti SI are shown in Figure 4a—d. Excellent fits are
shown for all the cases indicating good validity of the UBER for
metal-HA interfaces.
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Figure 4. Adhesion energy as a function of the separation between the
HA(0001) surface and Ti(0001) substrate for the Ca-terminated
HA(0001)/Ti(0001) slabs with four stacking sites: top first (a), center
(b), bridge (c), and (d) top second sites.

As shown in Figure 4, the bridge and top second have a
slightly larger ideal adhesive energy (Figure 4c,d). The
interfacial adhesion of the center is extremely weak as shown
by the adhesive curve (Figure 4b), whereas the top first
arrangement exhibits a modest ideal adhesive energy (Figure
4a). The adhesive curve of the top first arrangement results in a
larger interfacial separation comparing to the bridge, the center,
and the top second arrangements. These results are expected
due to that the Ca atoms and Ti atoms are electropositive and
repel each other. Table 2 listed details of the parameters in eqs
1 and 2 obtained by fitting the energy curves in Figure 4 for the
quantitative comparison between the four interfacial models.

As shown in Table 2, the dj, is slightly different for each of the
considered configurations. The values of E; weakly depend on
the stacking site of HA/Ti interface. The values of E, for center,

Table 2. Optimal Interslab Separations d, for Four
Translational States of the 1-Ca-HA/Ti of SI Using UBER”

UBER top 1st center bridge top 2nd
dy (nm) ~0278 ~0271 0287 ~0.285
E, (J/m?) ~021 ~0.17 ~0.26 ~0.258
Gax (GP2) ~2.57 ~2.0 2.29 224
s (nm) 0.0614 0.0638 0.084 0.0848

“UBER: the universal binding energy relation. SI: single interface.

top first, top second, and bridge sites interfaces are 0.17, 0.21,
0.258, and 0.26 J/m?, respectively. It is noticeable that for the
bridge-sited interfaces, the E, values are larger by 0.0S, 0.09,
and 0.002 J/m?* compared to those of top first, center, and top
second sites, respectively. Consequently, the bond between the
HA and Ti will be stronger for the bridge-sited interfaces.
However, the bridge-sited interface has much larger d, than the
center-sited interfaces. For the case of bridge-sited interface,
two of the interfacial Ti atoms locate at the bottom of the
interfacial Ca atom, and therefore, the interfacial Ca atom and
Ti atoms repel each other. The ideal peak of interfacial stress
(Omae) is 2.78, 2.0, 2.29, and 2.24 GPa for top first-, center-,
bridge-, and top second-sited interfaces, respectively, which is in
good agreement with the experimental value obtained by
Forsgren et al®

3.3.2. Relaxed Separations. Second, dependences of total
energies of fully relaxed 1-Ca-HA/Ti interface on the interfacial
separations were checked. The interslab separation giving the
lowest total energy of interface systems is selected as the
optimum separation. It is reasonable to assume that this
separation is valid for the other type of stacking, since only the
stacking was differed in the considered interfaces. Two
relaxation approaches, three Ti layers, and one HA layer of
the slabs (denoted as HA/Ti-a), and all atoms (denoted as
HA/Ti-b), were used to optimize the geometry of the supercell
and the separation between the two slabs.

The relaxed separations together with total energies for the
1-Ca-HA/Ti interface are presented in Table 3. The optimum
separations owning the lowest total energies are 0.227, 0.235,
and 0.238 nm for HA/Ti-b, HA/Ti-a approaches of DI and SI,
respectively. The minimum interfacial separations of them are
0.220, 0.235, and 0.235 nm, respectively. These are all slightly
different from the Ti—Ti interlayer distance in bulk a-Ti (P6,/
mmc, 0.231 nm).>® The equilibrium interfacial separation of the
HA/Ti-b is slightly smaller than that of HA/Ti-a, due to the
relaxation of atoms being far from the interface in the 1-Ca-
HA/Ti-b slabs. However, the difference of the optimized
interfacial separations obtained by the two methods is within
0.015 nm. For the PO,-HA/Ti and 2-Ca-HA/Ti interfaces, the
optimizations were performed by allowing top three Ti layers
and one HA layer in the interfacial zone to relax, and the
estimated interfacial separations are 0.248 and 0.369 nm,
respectively.

For the d, and d, values of 1-Ca-HA/Ti shown in Tables 2
and 3, the fully relaxed method shows smaller minimum
interfacial separations than those found by the UBER method.
After optimization, the separation was enlarged for HA/Ti-a
relaxation method when the initial separation was in the range
0.153—0.248 nm. Otherwise, the separations (except for the
0.302 nm) were all increased after relaxation by the HA/Ti-b
method. The discrepancy on the separation by the two
methods may originate from the fact that there is about a
6.2% misfit along the interface between HA(0001) and

dx.doi.org/10.1021/am504734d | ACS Appl. Mater. Interfaces 2014, 6, 20738—20751
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Table 3. Initial Separation d; and Optimized Separation d;
between Two Slabs for the 1-Ca-HA/Ti Using Different
Relaxation Methods®

HA/Ti-a double- HA/Ti-b double-

interfaces interfaces
single-

original relaxed interface relaxed

d; nm) d (nm) Eio (eV) Eot (eV) d (nm) Eot (eV)
0.153 0.235 —1015.938 —1013.170 0.220 —1021.583
0.165 0.238 —1015.613 —1013.512 0.227 —1023.166
0.215 0.245 —1014.888 —1012.714 0.253 —1022.636
0.231 0.238 —1015.582 —1013.486

0.248 0.261 —1014.089 0.277 —1021.451
0.265 0.242 —1014.627 —1013.339 0.285 —1020.530
0.283 0.257 —1015.064 0.288 —1019.099
0.302 0.288 —1018.881
0.315 0.339 —1012.946 —1011.178 0.331 —1020.314
0.365 0.426 —1011.296 —1009.826 0.408 —1016.578
0.415 0.483 —1010.835 —1009.459 0.454 —1015.634
0.55 0.616 —1008.844 —1009.329 0.611 —1014.612
0.7 0.770 —1008.591 —1009.279 0.765 —1014.517

“d, is defined as the average separation between the first Ti layer nine
atoms and the seven nearest atoms of HA. In HA/Ti-a and HA/Ti-b, a
and b denoted all atoms relaxed and partial atoms relaxed approaches.

Ti(0001) surfaces, which causes the rotation of PO,, and an
inward movement of Ca atom at the interface by the relaxation,
whereas the UBER method does not account these effects.
Therefore, the full relaxation results are treated as the
equilibrium values for the four cases studies here.

3.3.3. Optimized Interface Structures. The interface
structures with the optimum interslab separations after
relaxation are presented in Figures 5 and 6. The typical pattern
of HA/Ti interfaces was the formation of different Ti—O bonds

[0001]

1—0[1130]

Figure 5. Top and side views of slab models of the 1-Ca-HA/Ti
double interfaces after (a) three Ti layers and one HA layer relaxation
and (b) all atoms relaxation.

between the Ti slab and PO, groups in HA at the interface.
Several interesting features in the optimized interface structures
can be seen. (1) For 1-Ca-HA/Ti cases, six Ti—O bonding
species with the length 0.20—0.24 nm across the interface were
generated, and there is no distinct difference in the interface
structure between the DI and SI models. (2) Strong distortion
on atomic positions occurred in the Ti side during the
optimization, while the atomic coordinates in the HA side are
almost kept unchanged regardless the terminations of the HA
surface. (3) The bottom Ti layers show a zigzag structure after
all atoms relaxation. (4) Both structures possess not very good
coordination and therefore weak bonding. (5) Metal-to-metal
stacked 2-Ca-HA/Ti demonstrates a repulsion of Ca atoms
from the Ti slabs, enlarging the separation between the two
subslabs.

The structural information on the considered HA/Ti
interfaces is presented in Table 4. The interfacial separation
after relaxation is the average of separations between the nine
Ti atoms of Ti slab and six O atoms and one Ca atom of HA at
the interface, since the z coordinate values of atoms at the
interface perpendicular to the (0001) surface are quite different
after relaxation. This is particularly true for the interfacial Ti
layer (layer 1) shown as blue-green balls in Figures S and 6.
The layers have been designated according to their distances
from the interface; e.g, layer 1 is closer to the interface region
than layer 2 and so forth. Change of the interlayer spacing Ad;;
is defined as a percentage of the spacing in the bulk Ad;; = ((d;
- df-])-)/ dg), where d;; denotes the distance between the ith and
jth atomic layers, and dg- is the value before structural
optimization. The optimization geometries of DI are shown
in Figure S, 1-Ca-HA/Ti-a (Figure Sa) and 1-Ca-HA/Ti-b
(Figure Sb), and SIs are shown in Figure 6, 1-Ca-HA/Ti-a
(Figure 6a) and 1-Ca-HA/Ti-b (Figure 6b), PO,-HA/Ti-a
(Figure 6c), and 2-Ca-HA/Ti-a (Figure 6d).

Since 1-Ca-HA/Ti and PO,-HA/Ti are the most promising
interface structures, we analyze their geometries in more detail.
In 1-Ca-HA/Ti, there are four to six Ti—O bonds across the
interface, and the shortest Ti—O bond length is around 0.20
nm, close to the experimental Ti—O bond length in the bulk
TiO, (I41/amd, 0.198 nm),** indicating a strong Ti—O
bonding between the HA/Ti interface. The formation of the
strong Ti—O bonds has large effects on geometric structures of
the HA layers and Ti layers. For example, as shown in Table 4,
the distance between the nearest interface PO, layer and the
second nearest interface PO, layer along the [0001] direction
are greatly enlarged by 19.8% as compared with that of bulk
HA. The deviations of the respective (0001) interlayer
distances from the interface PO, layer to the central of PO,
layer are 19.8% and 8.7%. The total size of the HA(0001) slab
is expanded by 6.4% along the [0001] direction. On the
contrary, the interlayer distances of the six Ti(0001) atomic
layers of the supercell are shrunk, and the deviations of the
respective (0001) interlayer distances from the interface Ti
layer to the central Ti layer are —10.7%, —2.9%, and 6.0%.

For PO,-HA/Ti interface, four Ti—O bonds with the length
about 0.20 nm are formed across the interface, which is the
smallest distance in Table 4. The shorter Ti—O bond length is
consistent with the larger adhesive energy of the HA/Ti
interface compared with the other two termination interfaces.
For the PO,-terminated interface, the interlayer distance is
enlarged by 10.1% for the interface PO, layer and 6.1% for the
subinterface PO, layer, respectively. The deviations of the
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Figure 6. Top and side views of single interface models of the 1-Ca-HA/Ti: (a) by three Ti layers and one HA layer relaxing and (b) by all atoms
relaxing, and of (c) PO,-HA/Ti and (d) 2-Ca-HA/Ti interfaces with relaxation same as in part a.

Table 4. HA(0001)/Ti(0001) Interface Relaxation Dependence on Relaxation Methods and the HA to Ti Interfacial

Separations”
HA/Ti-a
1-Ca- HA/Ti-b 1-Ca-
interlayer PO,-SI SI DI 2-Ca-SI SI DI
original d; 0.24 0.231 0.259 0.24 0.165 0.215 0.209 0.359
(nm)
relaxed d; 0.248 0.238 0.245 0.369 0.230 0.228 0.227 0.331
(nm)
nm A 0.08 0.07 -0.14 0.13 0.75 0.13 0.28 —-0.51
Ti Ad,, —-9.7% —10.7% —9.4% —11.8% —13.9% —10.7% —11.3% —8.7%
Ad,; —6.2% —-2.9% —6.4% —=5.1% —7.2% —6.2% —6.5% —4.3%
Ad,, —7.6% —6.0% —8.0% —6.1% —9.6% —7.0% —5.2% —6.7%
Ad,g —7.0% —5.1% —5.2% —5.0%
Adgg —13.1% 9.2% —12.1% —6.8%
P Ad, 10.1% 19.8% 7.6% 0.01% 9.1% 5.0% 6.3% 19.4%
Ady, 6.1% 8.7% 1.1% 9.1% 1.4% 1.7% 2.1% 5.8%
Ady, 7.0% 7.5% 7.6% 7.7%
Ti(—O )d.ist 0.20—0.207 0.217-0.235 0.206—0.215 0.23 0.208—-0.234 0.209-0.228 0.211-0.230 0.208—0.220
nm
no. Ti—O 4 6 4 1 6 6 S S

“Change of the interlayer spacing Adj; as a percentage of the spacing in the bulk Ad;; = ((d; —

dg) /d;;) X 100%. SI: single interface in the model. DI:

double interface in the model. PO,-, 1-Ca-, and 2-Ca- mean PO,-terminated, 1-Ca-terminated, and 2-Ca-terminated; HA-a and HA-b denote partial

and all atoms relaxations in the interfacial supercell.

Ti(0001) interlayer distances from interface Ti layer to the
central Ti layer are —9.7%, —6.2%, and —7.6%.

For 2-Ca-HA/Ti interface, there is only one pair of Ti—O
atoms with the distance shorter than 0.24 nm, which is the
weakest interfacial interaction in Table 4 and consistent with
the smallest adhesive energy as mentioned above. Upon
relaxation, absolute deviations for interlayer distances are less
than 1% for interfacial PO, layers.

20744

Overall, the HA(0001) side shows the rotation of PO, and a
inward movement of Ca atoms at the interface with expanding
along the ¢ direction and the Ti(0001) side shows a rippled
relaxation with reduced interlayer spaces, respectively. Due to
the lattice misfit and the formation of the Ti—O interfacial
bonds across the interface, the HA(0001) side expands in the ¢
direction, with shrinkages in the (0001) surface, and the
variation in the Ti(0001) side is in an opposite way.
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Table 5. Work of Adhesion W,4 and the Interface Energy ¥;,, versus the Interfacial Separation d; and d, for 1-Ca-HA/Ti

Interface Models

HA/Ti-a
double-interfaces single-interface double-interfaces
original d; (nm) relaxed d; (nm) W, (J/m*) Wy (J/m?) Ve (J/m?) relaxed d; (nm) W, (J/m?)

0.153 0.235 —1.14 —1.40 3.11 0.220 —1.99
0.165 0.238 -1.10 —1.52 3.07 0.227 —-1.92
0.215 0.245 —0.95 —1.47 3.16 0.253 —1.63
0.231 0.238 —-0.95 —1.47 3.07

0.248 0.261 —0.94 0.277 —-1.74
0.265 0.242 —-0.95 —-1.27 3.09 0.285 —1.47
0.283 0.257 -0.79 0.288 —1.64
0.302 0.288 —0.95
0.315 0.339 -0.70 —0.36 3.32 0.331 —1.3§
0.365 0.426 —0.28 —-0.22 3.46 0.408 —0.20
0.415 0.483 -0.22 -0.13 3.50 0.454 —0.05
0.55 0.616 —0.04 —-0.09 3.51 0.611 —0.01
0.7 0.770 —0.01 —0.01 3.52 0.765 —0.003

3.4. Work of Adhesion. The work of adhesion is used to
measure the bonding strength at the interface. Following the
method proposed by Finnis and his colleague,45 the work of
adhesion can be used to evaluate the interface energy at finite
temperature.** The work of adhesion between the HA(0001)
surface and the Ti(0001) surface was calculated by using the
following definition (eq 3):

Wy = [EHA/Ti — Enaooor) — ET1(0001)]/NA 3)

Here Ey,r; is the total energy of the interface system in its
optimized geometry, Eya(o01) and Erygoor) are the total
energies for the corresponding isolated subsystems with the
same geometry as that of the optimized interface system, and A
represents the interface area. The factor N accounts for the
presence of one interface (N = 1 or 2 for the HA/Ti single
interface model or two interfaces for the HA/Ti double
interface model).

The work of adhesion calculated by eq 3 versus the interfacial
separations is presented in Table S. The value of obtained W4
is more negative with the decreasing interslab separations and is
close to zero when the separation is larger than 0.55 nm for all
the considered supercells. The absolute value of W4 obtained
the maximum of about 0.24 or 0.22 nm interslab separation for
HA/Ti-a and HA/Ti-b, respectively. The original separation
shorter than 0.153 nm is not listed in Table 5. The relaxed
interfacial models are not reasonable, and their total energies
cannot converge within 0.01 eV/unit when the original
interslab separation is smaller than 0.15 nm. In a comparison
of the corresponding values of W, it can be seen that the HA/
Ti-b possesses the larger interfacial adhesion (W,q = —1.99 J/
m?®) than HA/Ti-a, indicating that the all atoms relaxed
interface is readier to form stronger bonds at the interface.**”
However, the large number of atoms in the interfacial supercell
makes the calculation of all atom relaxation extremely time-
consuming. Therefore, the method of partially relaxed atoms
near the interface is a good approach. There are no
experimental or theoretical results about the HA/Ti interface.
However, similar values of the work of adhesion were obtained
for Mg(0002)/AL,CO(0001),*” Fe,N/MoS,,* Pt-HfO,* and
LiFePO,/FePO, interface systems.”® However, double-inter-
face or single-interface has influence on the adhesion properties
of the HA/Ti interface. For example, the most negative W4 is

—1.14 J/m* and the smallest d; is 0.235 nm for the optimal
interface structure of double-interface interfaces while those of
the single-interface interfaces are 1.52 J/m® and 0.238 nm,
respectively. The single-interface model is more suitable for
investigation of the interfacial adhesion strength and is
therefore used to analyze the electronic structures of HA/Ti
interfaces in the next section.

Table 6 presents the calculated work of adhesion W4 of the
three considered sequences after geometric optimization with

Table 6. Calculated Work of Adhesion [W,4 (in J/m?) ] and
the Interface Energy (7;,) of Ti(0001) on HA(0001) with
PO,-Rich, Ca-Rich, and Stoichimetric-Terminated
HA(0001)

system Wy (J/m?) Vit (J/m?)
PO,-HA/Ti-a —-2.33 348
2-Ca-HA/Ti-a —0.80 3.73
1-Ca-HA/Ti-a DI —-1.10 2.85
1-Ca-HA/Ti-b DI —1.92 2.05
1-Ca-HA/Ti-a SI —1.52 3.07

the optimizing interfacial separations between HA(0001) and
Ti(0001) interfaces. As shown in Table 6, for 1-Ca-HA/Ti
interface, DI or SI in slab models and partial or full relaxed both
have influence on the value of adhesion work. Thus, the W4
was calculated on the SI interface models by relaxing atoms
near interface for 2-Ca-HA/Ti and 1-Ca-HA/Ti interfacial
slabs.

From Table 6, it is obvious that PO,-HA/Ti gives stronger
affinity than 2-Ca-HA/Ti and 1-Ca-HA/Ti. The stronger Ti—O
bonding across the interface is mainly due to the more reactive
nature of the PO,-termination surface. The work of adhesion of
metal-to-metal stacking 2-Ca-HA/Ti is smallest but still
negative. The one Ca atom terminated interface, 1-Ca-HA/
T, reveals relatively weak bonding, though much stronger than
the interface with two Ca atoms’ termination. For PO,-HA/Ti
and 1-Ca-HA/Ti interfaces, the bottom oxygen layer comprises
six O atoms, which may attract electrons from Ti to
compensate the charge deficiency. On the contrary, for 2-Ca-
HA/Ti, two Ca atoms may transfer out electrons to Ti to
stabilize the surface.
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ACS Applied Materials & Interfaces

Research Article

(a) 1-Ca-HA/Ti

240 ] e
120 ﬂ n ,1 tot
0 T : . . T
36-PO,-Interface
18- Y
0 . T . . . . . .
361PO,-Bulk
184 - P
0+ ’J\—.M : : . :
504 O-Interface
—_2
25/ P
0 T T T T T T T T
24
; Ti-Interface \ - = -3
> 12 ' 0 * —3d
2.9 . . : T ! n . . :
b Ti -Bulk
& a - -3
S 121 ol —3d
E‘ 0 Ay
z 9 . : . T d . : .
S ) OH-Interface —2p
0 —h ——
12 10H-Bulk
6_
S ENEDURGEY S
1.6 {Ca-Bulk R
0.8 —3p
_A_[‘\!A_stx\_m,_,_,_,__,_,_, = = -4s |
(11(6)— Ca-Interfacia —3p
0.8 a ﬂ ﬂ
0.0

"2 10 8 6 4 2 0 2 4 6 8
Energy relative to the Fermi energy (eV)

(b) PO,-HA/Ti

400
tot
200 !
lg:POJ-lnterfacial T 7
0.4, —
71 0.2
I e
T L LA v B B A A
lg‘POJ-Bulk
—
S 7
L
g OH.Interfacial ' o
@ ¢ -Interfacia
g ¢ —2p
3s
g 0 —— Ao ol N\ : .
% 6] Ti-Bulk - =3
-
1) 3 —-=3p
1 —3d
0 . . . "L' M—"A‘ﬂ : i .
6_Ti-lnterfacial - = 3s
3- My
0 T A u u Vet oo T T T
1.2{ Ca-Bulk - = -4s
0.6- 3p
Am
0.0 ¥ T T e T
1.2 Ca-Interfacial 02 ==
—pl —3p
0.6 '| 0.1 I ‘
o.o-muh‘“ 2

1210 8 6 4 2 0 2 4 6 8
Energy relative to the Fermi energy (eV)

Figure 7. Total and partial DOSs of (a) 1-Ca-HA/Ti and (b) PO,-HA/Ti interfaces. The insets in part b are the partial DOSs of interfacial PO,
group and Ca atom distributed in (—2 to 2) eV energy range in the second and bottom panels, respectively.

3.5. Interface Energy. Another thermodynamic quantity
usually associated with interface thermodynamic stability is the
interface energy ¥, which originates from the change in the
interfacial bonding and the structure strain and can be defined
as the excess energy per unit area of a system due to the
forming interface. The interfacial energy for the single-interface
model is evaluated via the following definition

Ve = [Ena/ri — NuaEua — NpBri]/A (4)

where Ey, and Ep; are the total energy of the per formula bulk
HA and the unit cell of the bulk a-Ti, respectively.

The calculated y,, is also listed in Table 5, which is obtained
for interfacial supercells with the lowest total energy. Same as
interfaces consisting of dissimilar compounds, HA/Ti interfaces
are composed of phases with different structures and chemical
bonds. Therefore, the energy difference between the interface
and the single bulk phases can be expected to be relatively high.
For the HA(0001)/Ti(0001) interface, the absolute values of
the interfacial energies are larger than the surface energies of
the HA(0001) and the Ti(0001) as well as the works of
adhesion. One of the reasons for this result can be attributed to
the high elastic energy of the (0001) interface induced by

lattice mismatch. Indeed, the elastic energy is incremented after
being fully relaxed and the HA(0001) side is stretched while the
Ti(0001) side is compressed perpendicular to the (0001) plane.
The positive value of y;,, is implying that the formation of a new
phase due to the interfacial atoms diffusion is not likely to
happen at the HA(0001)/Ti(0001) interface.

3.6. Electronic Structure and Bonding. To further
understand the interaction between HA and Ti, we have
calculated total and partial densities of states (DOS) for each
interface model. As examples, most stable configurations, 1-Ca-
HA/Ti and PO,-HA/Tij, the electronic structures in terms of
DOS are analyzed (see Figure 7ab). Previously, we reported
that the total DOS of HA shows a 5.7 eV band gap between the
valence and conduction bands, and four bonding areas in the
valence band which are mainly contributed by PO, unit.** On
the contrary, the total DOS of the HA/Ti interface shows a
metallic characteristic in both the Ca atom and PO,-terminated
interfaces. The PDOSs indicate that the metallic nature mainly
comes from Ti. Several important features can be seen from the
total and partial DOSs in Figure 7a. First, Figure 7 a shows an
interaction between O 2p and Ti 3d electrons in the valence
band at around —4.6 and 6.4 eV, which are the main ionic
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components of bonding across the interface. Similarly, mixing
of Ti d and Ca s,p states can also be observed near the Fermi
energy in this figure. Second, the PDOSs of the interfacial Ti
atoms in the 1-Ca-HA/Ti slab show new peaks in the energy
range from —8.8 to —4.0 eV, and they overlap with the O p
orbitals at the same energy level in the HA(0001) slab. These
overlapping states contribute to the hybridization of Ti and O
orbitals, which confirms clearly the existence of Ti—O bonds in
the HA(0001)/Ti(0001) interface. Third, the partial DOSs of
the interface atoms also show a finite state at the Fermi level,
indicating metallic bonding across the interface, arising mainly
by the Ti d and Ca s, p states. Finally, the appearance of sharp
peak of Ti 3 d states at the Fermi energy is found in the PDOS
of Ti layer situated right at the interface. The DOS for the
interfacial OH unit shows a weak interaction between O 2 p
and Ti 3 d electrons in the valence band at around —4.6 and 6.4
eV. Taking into account the higher coordination of Ti and O
compared to Ca, it may conclude that Ti—O interaction
contributes strongly to the interfacial bonding. Comparing the
PDOSs of the same elements (or groups) in an interface which
are in bulk layers (Figure 7a), one can find that the valence
charge accumulation and depletion are more obvious in the
central interfacial layer than in both side layers. For example,
the valence electron transfers of the Ti-interface layer are much
greater than those in the Ti-bulk layers, and Ca atoms have the
same consequence too. That indicates that the interfacial
bonding mainly depends on the interaction of the first
interfacial layers of Ti(0001) and HA(0001) slabs. The DOS
of the interfacial Ti atoms shows that there is a large amount of
depleted state in the energy range from —6.0 to 2.0 eV. On the
contrary, the DOS of the interfacial PO, and OH groups shows
that there are valence charge accumulations from —9 to —4.4
eV. The charge transfers mainly are contributed by the
interfacial Ti 4s, and its DOS is less localized than the interior
bulk layer. Therefore, the interfacial electron interaction
strengthens the metallic characteristics of Ti atoms, and the
ionic Ti—O bonds are likely formed across the PO,-terminated
interface. The DOSs of interfacial Ca atoms are obviously less
localized than the interior bulk layer, and the metallic
characteristics are strengthened.

The mechanism of the chemical bond at the
HA(0001)/Ti(0001) interface was visually demonstrated by
the distributions of the total charge density of valence electrons,
as well as the difference charge density defined as

Ap(r) = pHA/Ti(r) - pHA(OOOl)(r) - pTi(OOOl)(r) (5)

where pya/ri(r) is the electron density of the total
HA(0001)/Ti(0001) interface system, and pia(ooon)(r) and
Pritooon)(r) are the unperturbed electron densities of the
isolated HA(0001) and Ti(0001) slabs, respectively. The
charge distributions and atomic structures projected on
(0110) are shown in Figure 9a, and charge different
distributions (CDD) projected on (1100) of this system are
illustrated in Figure 9b. From Figure 9a, it can be found that the
charge distributions of O atoms are more localized and positive
than those of Ti atoms. The more negative the blue mark is in
the figure, the more electrons the atoms lose. As shown in
Figure 9b, the electron charge rearrangements are mainly
confined to two atomic layers near the interface. Thus, the O
and Ti sites, are intermediate to build the interface, and possess
different charge density difference. An ionic bond between O
and Ti atoms across the interface was detected. Ti atom acts as
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Figure 8. Local density of states of the PO,-HA/Ti interface. Each
panel corresponds to one kind of atoms in a specific layer specified as
L, where the index i counts the layers from the interface and positive
or negative indicates HA side or Ti side, respectively.

A =
[2110] [2110]
Figure 9. Charge distribution with atomic structure and CDD
projected on the (1100) plane of the 1-Ca-HA/Ti interface.

an electron donor in this system as negative CDD was found in
its vicinity.

The DOSs of PO,-HA/Ti are shown in Figure 7b, in which
the partial DOS of interfacial PO, units and the Ca atom in the
energy range —2 to 2 eV are highlighted in the insets. The
partial DOSs of the interfacial PO, unit, Ti atoms, and Ca
atoms were changed compared to the 1-Ca-HA/Ti interface. A
strong interaction between PO, unit and Ti atoms was detected
owing to the increase of overlaps between the two groups near
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the Fermi energy level, as shown in the insets of partial DOSs
of the interfacial PO, group. The partial DOSs of the PO, unit
and Ti atoms also show a finite DOS at the Fermi energy,
indicating metallic bonding across the interface, arising mainly
because of Ti d and PO, p states. The DOS from Ca p states at
the Fermi level is almost negligible, suggesting non-Ti—Ca
intermetallic bonding at the interface. It is worth noting that a
larger amount of PO, p states appears in the energy range from
—8.6 to —7.5 eV, while the partial DOS of the interfacial Ti
atoms shows a larger amount of depleted state at that energy
region. Thus, charge transfer from Ti 4s to O atom occurs, and
the interaction between Ti and O atoms is enhanced. This may
be the reason that the work of adhesion of PO,-HA/Ti is more
negative than that of the Ca terminated HA/Ti interfaces as
shown in Table 6.

As an example, the local density of states (LDOS) for the
PO,-HA/Ti slab is shown in Figure 8. The LDOS reflects the
changes of the bonding across the interface. The appearance of
the peak at around —0.2 eV of Ti 3 d state of Ti layer at the
interface [Ti(L_;)] indicates the presence of a localized
interface state. The sharp peak around the Fermi energy level
of the sub-Ti layer below the interface [Ti(L_,)] shows larger
amplitude than that of the Ti layer further away the interface
[Ti(L_3)], which may cause the lesser stability of Ti(L_,)
compared to that of the Ti(L_;). The O 2p peaks in the PO,
group at —3 to —5 eV were decayed at the interface while the
amplitudes of the O 2p peaks in PO, group at —10 and —8 eV
were magnified at the interface. The sharp peak at —8 eV is very
pronounced in the O layer of PO, group and overlaps the peak
of Ti 3d appearing in the LDOS of the Ti layer at the interface.
Finally, the appearance of not so large peaks at the Fermi
energy is found in the LDOS of the O layer situated the
interface.

The atomic structure, charge distribution, and CDD on the
(1010) surface of this system are shown in Figure 10ab.
Clearly, the covalent bonding between P and O atoms within
the PO, unit is illustrated, and the ionic bonding between O
and Ti atoms at the interface is also detectable.

In summary, for the HA(000)/Ti(0001) interface, the PO,-
HA/Ti has more preferable stacking and is more stable in
thermodynamics than the Ca-terminated interfaces. The
dominant bonds are the ionic interactions between interfacial
atoms, especially the Ti—O bonds.

The plane-averaged charge (PAC) is shown in Figure 11.
The PAC shows the spatial distribution and rearrangement of
electronic charge along the specified direction. The direction
that is perpendicular to the interface plane (c) is selected to
study the charge transfer across the interface. The PACs show
an insight into the charge transfer near the interface. A
perturbation of the density distribution near the interface is
clearly shown caused by the free surface of each slab.

The PAC of the relaxed PO,-HA/Ti supercell is illustrated in
Figure 11a. The electronic density across the interface is greatly
inhomogeneous in the HA slab compared to the titanium slab.
The second characteristic is a fairly great charge rearrangement
in a near-interface region about 0.5 nm thickness (A curve in
Figure 11a).

Figure 11b provides the PAC of the relaxed 1-Ca-HA/Ti
interface. The charge distributions of the Ti side in this case are
quite similar to that of the PO,-HA/Ti. The charges
accumulate in the subinterface layer of the HA side between
the titanium layer from Ti side and the third interface layer
from the HA side. The PAC difference is smaller compared to
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Figure 10. Atomic structure, charge distribution, and CDD projected
on the (1010) plane of the PO,-HA/Ti interface.

PO,-HA/Ti; however, the region is affected by the interface is
also about 0.5 nm thickness.

Far from the interface, the spatial charge distribution in the
stacked 2-Ca-HA/Ti (see Figure 11c) interface is quite similar
to that of the PO,-HA/Ti The charge distribution in the
vicinity of interface can seem as the superposition of charge
distribution of the individual slabs. Due to the weak bonding at
the interface, the charge rearrangement at the interface is much
smaller, and appears mostly in the ~0.5 nm thick region around
the interface.

To summarize, the PACs of considered structures show a
rearrangement of charge depending on stacking. The alteration
of the electronic density mainly happens in a ~0.5 nm thick
region in the interface. The bonding strength at the interface
measured by the work of adhesion can be correlated with the
amplitude of the difference in PACs.

This correlation becomes more obvious, after the work of
adhesion was plotted as the integral charge transfer (see Figure
12). The latter is obtained by the integration over the absolute
value of Bader difference of the supercell and could be treated
as an indirect measure of the local charge transfer. It is clear
that the two Ca atoms’ terminated 2-Ca-HA/Ti interface shows
rather small charge transfer, and its work of adhesion is below
1.0 J/m? The PO,-HA/Ti and 1-Ca-HA/Ti systems exhibit a
slightly larger charge transfer, and their works of adhesion are
—2.33 and —1.52 J/m?, respectively.

4. CONCLUSION

The first-principles density functional calculations were
performed to study the affinity properties of the
HA(0001)/Ti(0001) interface with a lattice mismatch of
6.2%. Three different stacks and two interface models have
been considered. Two methods, the full relaxation and the
UBER, were applied to determine the interfacial separation and
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Figure 12. Dependence of work of adhesion on integral charge
transfer.

the atomic arrangement in the interfacial zone. After relaxation,
the minimum interfacial separation is 0.235 nm (0.220 nm)
obtained by HA/Ti-a (HA/Ti-b) approaches for the 1-Ca-HA/
Ti interface, 0.248 nm for PO,-HA/Ti interfaces, and 0.369 nm
2-Ca-HA/Ti interfaces, respectively. On the basis of the
calculations, the most stable interface models (1-Ca-HA/Ti
and PO,-HA/Ti) have been identified. It was found that the
typical pattern of HA/Ti interfaces was the formation of
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different Ti—O bonds across the interface. A maximum of six
Ti—O bonds with the lengths of 0.20—0.24 nm for the 1-Ca-
HA/Ti interface and four Ti—O bonds with lengths around
0.20 nm for the PO,-HA/Ti interface result in the strong
adhesion: W,q = —1.52 J/m? for the former and —2.33 J/m? for
the latter. On the contrary, the metal-to-metal stacking (2-Ca-
HA/Ti) gives the weakest adhesion (W,q = —0.80 J/m?). The
geometry optimizations of interface models by partial and all
atoms relaxations influence the work of adhesion. The all atoms
relaxation possesses the stronger interfacial adhesion (—1.99 J/
m?) than the partial atoms relaxation (—1.14 J/m?) for DI of 1-
Ca-HA/Ti. The evaluated adhesion properties of the HA/Ti
interface also depend on the interface model, DI or SI For
example, the most negative W,q is —1.14 J/m? and the smallest
dy is 0.235 nm for the optimal 1-Ca-HA/Ti interface structure
of DI, while those of the SI interfaces are —1.52 J/m* and 0.235
nm, respectively. Analysis of the electronic structure has shown
that the existence of undercoordinated atoms at the interface
leads to a variety of features in the DOSs, ranging from metallic
characteristic in both the Ca- and PO,-terminated interfaces to
overlapping states of O 2 p and Ti 3 d electrons (Ti—O across
the interface). It has been found that the charge rearrangement
in the interface is a key factor determining the work of
adhesion; i.e,, those interfaces that show high charge rearrange-
ment also have a strong adhesion and vice versa.
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