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Phonon densities of states, dielectric constants, the Born effective charges, interatomic
force constants of stoichiometric apatites Me,;(PO,)gX,, where Me = Ca or Cd and X =F,
Cl, Br, OH, were calculated in the framework of DFPT with pseudopotential approach and
plane wave basis sets. Phonon densities of states of all investigated apatites were proven
to have similar structures which consist of four bands, consistently with previously reported
phonon spectra of Ca,y(PO,)sF, and Ca,;(PO,)s(OH),. Phonon frequencies for calcium apatites
are well consistent with the experimental IR-absorption curves. We have established the
effects of evolution in spatial charge distributions, electron energy structures of valence bands
and band gaps for apatites of the series Me,y(PO,)sX,, where Me = Ca or Cd and X =F, CI,
Br, OH. Band gaps in the calcium apatites were correctly described in the framework of
density functional theory. Lattice constants and bond lengths in apatites Me,y(PO,)gX,,
where Me = Ca or Cd and X=F, Cl, Br, OH, were calculated in the framework of the
density functional theory which are in a good concordance with the experimental observa-
tions. High stability of PO, -anions with respect to substitution of column ions in the
apatite structure was found, which means the small variation in volumes of PO, tetrahe-
dra. We have calculated phonon dispersion curves for Ca,y(PO,)sF,, and have shown that
the speed of sound along the six-fold screw axis in Ca;o(PO,)gF,, Ca,y(PO,)eCly,
Ca,y(PO4)e(OH),, Ca,o(PO4)gBr, was larger than that in the planes perpendicular to it.

Keywords: apatite, density functional theory, density functional perturbation theory,
electronic structure, phonon structure, dielectric constants.

@oHOHHBIE ILIOTHOCTH COCTOSHUM, IUSJIEKTPHUUECKHE IIOCTOSHHBIE, TeH30PHl 9((heKTUB-
HBIX 3apAnoB DBopHA, MeXXaTOMHBIE CHJIOBBIE IIOCTOAHHBIE CTEXHOMETPHUUYECKUX AallaTHUTOB
Me,((PO,)eX,, e Me =Ca umn Cd mw X =F, Cl, Br, OH, 6suiu paccunTansl B paMKax
TEOPUM BOZMYIIeHUS (DYHKIMOHAaMa 3ieKTpoHHOoI miotHOocTH (DFPT), mcmonnsysa mceBmomo-
TEeHIIUAJLHLIA MeTOJ M IIJIOCKMEe BOJHLI B KauecTBe Oasmca. [loxkasano, uTo (POHOHHLIE IJIOT-
HOCTU COCTOAHHUI BCEX MCCAETOBAHHLIX allaTUTOB MMEIOT MOJO0HBLIE CTPYKTYPHI, KOTOPLIE
COCTOAT M3 YETHIPeX II0JIOC, UTO HAXOAUTCS B COVIACHU € paHee MyOANKOBAHHLIMU Pe3yJILTa-
raMu 1o domHoHHEIM crnekTpaM Ca, (PO,)sF, u Ca, ((PO,)s(OH),. ®ononnrle wacToTH m1a
amaTUTOB KAJLIIMA XOPOIIO COMNIACYIOTCA € SKCIePHMeHTaJLHLIMU KpubhiMu HMK-morgorre-
HUA. YCTAHOBIAEHLI 2(PMPEKTHI SBONIONUN TPOCTPAHCTBEHHOIO paclpemelleHusa 3apAfa U dHep-
I'UH 3JIEKTPOHOB BAaJICHTHBIX 30H JJfA anaruToB cepum Me,o(PO4)gX,, rae Me = Ca umu Cd u
X =F, Cl, Br, OH. IIlupuHEl 3anpeleHHbIX 30H AlaTUTOB KAJbIUA OBLIN IIPABAJIBHO OIMCA-
HBl B paMKax Teopur (PYHKIMOHAJIA JIEKTPOHHON ILIOTHOCTH. B pamMKax Teopuum (HYHKIIUO-
HAJIA SJIEKTPOHHON ILIOTHOCTH PACCUMTAHBI [IAPAMETPHLI PEIIeTOK M IJMHBI CBA3EU alaTUTOB
Me,((PO,)eX,, Tae Me = Ca unu Cd u X =F, Cl, Br, OH, xoroprie mHaxogarca B Xopourem
COOTBETCTBUU C DKCIEPUMEeHTANbHLIME JaHHEIME. O6Hapy:xeHa BBICOKad crabmabHOCTE PO,-
AHHNOHOB II0 OTHOIIEHHIO K 3aMEI[eHUI0 AHMOHOB X B CTPYKType allaTHUTa, YTO O3HAUAET
HeGoubIlloe H3MeHeHue o6beMoB Terpasgpos PO,. Paccumransl KpuBble AucIepcun Auas do-
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momoB B Ca (PO,)gF,, m moxasamo, uTO CKOpPOCTH 3BYKa BAOJH BHUHTOBOW OCH IIIECTOTO
nopagka B Ca,g(POy)gF,, Ca y(PO,)sCly, Cayg(PO,)s(0OH),, Ca, o(PO,)gBr, Gonpuie, uem B
ILJIOCKOCTSAX, IEePIEeHINKYIAPHBIX K Hel.

@PoHoHHI TIyCcTHHM CTaHIiB, mieleKTPUUYHI KOHCTAHTH, TEH30PK e(QeKTHBHUX 3apAliB
Bopna, mixaromui cunosi koHcTaHTH crexiomerpuunnx anarutis Me,o(PO,)gX,, ne Me = Ca
a6o Cd i X=F, Cl, Br, OH, 6ynu pospaxoBani B pamkax Teopii 30ypeHHs (yHKIioHAKY
erexTporHoi ryctuHU (DFPT), BUKOpPHMCTOBYIOUM TICEBIOTMOTEHIIANLHUIT MeTon i mirocKi
XBUJi B AKocTi 6asucy. ITokasano, 110 GOHOHHI I'yCTHHU CTaHIiB BCiX MOCTiMKeHUX amaTUTIB
MalOTh TOAi0HI CTPYKTYPH, AKi CKJIAZAIOTHCA 3 HOTUPHLOX CMYT, 110 3HAXOAUTHLCA Y BiATIOBifT-
HOoCTi 70 pamime omyGaikyBaHHUX pesynbTiB mo GomomrmM cruextpaMm Ca,o(PO,)gF, i
Ca,z(PO,)(OH),. ®ororH] uacToTn AJIA aNATHTIB KANBIi0 Jo6pe ysTONMKYIOTHCHA 3 eKCIepH-
MeHTaJbHUMU KpuBuMu lY-nmorauunanusa. BeramosBiaerno edeKTH eBOJIIOIII IIPOCTOPOBOrO Poa3-
noxiny sapany i emeprii erexTponis BameHTHHX 30H Ana anatuTis cepii Me,y(PO,)eX,, ne Me
=Caabo Cdi X =F, Cl, Br, OH. Ilupunn 3a60poHeHNX 30H aAlaTUTIiB KaJLI[iI0 IPABUILHO
ONMUCYIOThCA B PaMKaX Teopil yHKIioHANMa eeKTPOHHOI I'ycTUHU. ¥ paMKax Teopii QyHK-
mioHaja eJeKTPOHHOI T'YCTHMHU PO3PaxOBAHO MapaMeTpyd TPaTOK i AOBMKHWHM 3B A3KiB ama-
turie Me,;(PO,)¢X,, ne Me = Ca a6o Cd i X=F, Cl, Br, OH, axi smaxogareca B mo0piit
BigmoBigzHOCTI 3 eKCIIEpUMEHTAILHUMEU ITAHUMI. BusBieHa BucOKa crabinpHicTb PO4—aHiOHiB
0 BigHOIIEHHIO A0 3aMinleHHsa aHioHiB X B CTPYKTYpi amatuty, 1o o3HAUYAE HE3HAYHY 3MiHY
o6’emis PO,-rerpaenpis. Pospaxosamo kpusi gmcmepcii gma domonis B Ca,n(POy)gF,, i
IIOKAa3aHOo, IO MBUAKICTE 3BYKY B3JOBMK I'BHHTOBOI oci mrocroro mopagky B Ca,y(PO,)gF,,
Ca,o(PO4eCly, Cayg(PO4)g(OH),, Cayg(PO,)gBr, Ginpma, Hix y moomuHAX IepIeHAUKYJIAP-

HUX 10 Hel.

1. Introduction

Apatites compose is a class of compounds

with general chemical formula
Me10(ZO4)6X2, where Men+, n = 1_3; Zm+,
m = 1-3; X — electronegative element or

hydroxyl group. They attract attention of
researchers for a long time due to a wide
range of their practical applications. Most
often they are used as compatible with bone
tissue artificial bioactive materials, mois-
ture and alcohol sensors, matrices for radio-
active waste, storage of environmentally
harmful matter. Such a wide range of their
practical applications stimulates search for
the new apatite compounds with the desired
properties. Because of the complexity of
synthesis of apatites with the desired prop-
erties, ab initio quantum-mechanical calcu-
lations are the main tools for analysis of
their electronic structure and properties.
Apatites mainly belong to P63/m space
group [1]. Therefore, calcium atoms can oc-
cupy two nonequivalent positions: Ca(1) and
Cay). In certain cases depending on the syn-
thesis conditions and apatite’s constituents
the apatite’s symmetry may decrease to P63
or P2,/b [2, 38]. Space group P63/m implies
the point group of PO,-tetrahedra being C,,
therefore, three nonequivalent positions for
oxygen atoms exist (Oy), Op) and O).
Anions X are located at (high-symmetric po-
sitions (0, 0, 0.25) and (0, 0, 0.75). OH-
groups in hydroxyapatites can display al-
teration of their orientations (OH-HO) when
moving along six-fold screw axis. Such an
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effect locally destroys the P635/m symmetry
leading to P2,/b. Apatites with hexagonal
symmetry have more than 40 atoms per
unit cell, and apatites with monoclinic sym-
metry have more than 80 ones. In addition,
in both cases primitive cells volumes are
sufficiently large. Therefore, only recently
due to rapid increase in power of comput-
ers, the density functional theory have be-
come feasible for the apatite compounds.
Since calcium apatites were subjected to a
number of first-principles calculations.
Using pseudopotential approach within
DFT, Calderin et al. [8] have analyzed the
crystal and electronic structures of
stoichiometric calcium hydroxy-, fluoro-,
chloro- and oxyapatites. They found that
there is no significant preference of mono-
clinic structure for hexagonal one due to
very close energies per unit cell for the both
structures. Based on theoretical results,
they also showed that calcium hydroxyapa-
tite can easily exchange OH groups with
other negative charged ions, which is con-
sistent with experimental observations.
Later Calderin et al. [4] using classical shell
model studied lattice dynamic and obtained
theoretical IR-spectra for calcium hydroxya-
patite. Semi-empirical model potential
methods were applied by Corno et al. [5]
and Pedone et al. [6] establishing the inter-
pretation of the vibrational modes with pho-
non frequencies above 400 cm™! in terms of
internal vibrations of PO, tetrahedra. In all
these studies good agreement between the
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theoretical results and experiment was ob-
served. Despite of the recent progress in
semi-empirical approaches in computational
studies of vibrational properties of calcium
apatites, such methods have many technical
problems caused by the crystals complexity,
and limited classical shell models [4]. Such
results strongly depend on the model poten-
tials that have to be fitted to match the
experimental data. Therefore, first-princi-
ples DFPT approaches are to be used for
theoretical investigations of vibrational
properties of the apatite compounds. In [7],
the both experimental IR-spectroscopy and
theoretical DFPT methods were used to in-
vestigate vibration spectra of caleium fluor-
and hydroxyapatites. Special focus was
made on the study of dependencies of the
IR-spectra broadening on temperature. In
order to investigate inhomogeneous
broadenings of the IR-spectra related to
long-range electrostatic effects, the IR ab-
sorption spectra were obtained for the pow-
ders with different particle shapes (sphere,
needle and plate), and subsequent interpola-
tions of the IR-spectra to zero-temperature
point were performed. It was shown that vg
vibration mode for calcium hydroxyapatite
is significantly affected by the long-range
Coloumb interaction, such an influence on v,
is weaker, and for v; LO-TO splitting is
very small. Therefore, the linebroadening of
v; mode in calcium hydroxyapatite was es-
tablished to indicate on deviation from the
crystallinity in calcium hydroxyapatite. In
more recent work [8], dedicated to vibra-
tional and electronic properties of calecium
chlor-, fluor- and hydroxyapatite apatites
PAW-method in the framework of DFPT
was used. Electronic densitites of the states,
phonon frequencies with and without taking
into account long-range electrostatic ef-
fects, the Born effective charge tensors, di-
electric and elastic constants were com-
puted, and all obtained results were in a
good agreement with the experiment. To
sum up, electronic and vibrational proper-
ties of the most common calcium phosphate
apatites (Ca10(ZO4)6F2, Ca10(ZO4)60H2) are
well investigated to date, however, those of
Ca g(PO4)6Cly and Caqg(PO,4)gBry as well as
of cadmium apatites remain virtually un-
studied.

2. Computational procedure

The main objective of this research was
the first-principles theoretical calculations
of electronic structures, phonon spectra and
dielectric  properties for compounds
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Me10(PO4)6X2, where Me = Ca or Cd and X =
F, Cl, Br, OH. We used the pseudopotential
approach with plane waves as a basis [9]
and the frozen core approximation for solv-
ing problems of the density functional the-
ory. The HGH (Hartwigsen-Goedecker-Hut-
ter) scheme was used [10] for pseudo wave-
functions and pseudopotentials generations,
and core orbitals Ca 3s and Ca 3p were
considered as valence that is vitally neces-
sary due to the large number of oxygen
atoms, and significant electronic charge
flow from calcium to oxygen. The calcula-
tions were performed thanks to ABINIT
code, a common project of the Universite
Catholique de Louvain, Corning Incorpo-

rated and other contributors
(http://www.abinit.org).
The electronic structure calculations

were performed within the DFT-LDA ap-
proach with the Teter-Pade parametrization
of exchange-correlation potential. It is well-
known that LDA-functionals usually over-
binds and underestimates bond lengths, and
in the most cases GGA-functionals give bet-
ter results. However, formalism of LDA is
more straightforward, and the errors due to
LDA preserve trends, therefore for the pur-
pose of the study we have performed the
calculations within the framework of the
DFT-LDA. In the calculations of electronic
structure and energetic we used 3-3-5
Monkhorst-Pack meshes centered at I'-point
and the kinetic energy cut-off parameter of
979.2 eV.

The density functional theory is the most
common technique not only in the first-
principles electronic structure calculations
but also in ground state properties computa-
tions. Thereby, the extension of the density
functional theory to density functional per-
turbation theory provides an access to cal-
culations of physical quantities such as the
frequency dependent dielectric tensor, the
Born effective charges, phonon frequencies
and their dispersion laws, interatomic force
tensors (the Hessian matrices), elastic, com-
pliant and piezoelectric tensors. All these
characteristics are obtained by calculating
the second order partial derivatives of the
total energy with respect to individual atom
shift along the particular direction (phonon
perturbation), a constant external electric
field and external mechanical stress [11-
13]. Derivatives of the first and the second
types were used in the present work.

Calculations of the phonon spectra and
interatomic force constants were carried out
in the three following stages.
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I stage. The equilibrium positions of
atoms in the unit cells were calculated, i.e.
the structural geometries were relaxed until
each component of forces, which act on indi-
vidual atoms, become less than 4.12.10712 N
and qeach stress tensor component become
less than 8.84 MPa. The initial positions of
atoms were taken according to experimental
structure reported by [14]. The relaxations
to such small forces are necessary for the
calculations because requirement for deriva-
tive of the total energy with respect to an
arbitrary atom displacement along the arbi-
trary direction equals to zero (i.e. force act-
ing on each individual atom is equal to
zero) is a prerequisite for the further calcu-
lation of the phonon perturbations. For this
part of the calculation we used the follow-
ing parameters that affect accuracy of the
results within the framework of the density
functional theory:

a) for exchange-correlation potential it
was used the local density approximation
with the Teter-Pade parameterization;

b) the kinetic energy cut-off parameter
was taken large (979.2 eV);

c) the Brilouin zone sampling was 2-2-3
centered at TI'-point (4 nonequivalent
k-points).

II stage. The calculation of wave func-
tions using the atomic coordinates in the
unit cells, which were obtained in the pre-
vious stage. At this stage we used very high
convergence criteria, the self-consistent
field calculation was performed until the
energy difference between two successive it-
erations become less than 2.6-10715 V. All
the parameters that affect the accuracy of
calculations were the same as in the first
stage.

IIT] stage. At this point, the calculations
were performed basing on the electronic
wave functions that were obtained in the
second stage. The second order derivatives
of the total energy were calculated using
the procedure of the density functional per-
turbation theory (DFPT). The following per-
turbations were computed.

1. Two perturbations, caused by external
electric field, directed along x and z axes,
respectively [11]. The perturbations in the
directions of x and y axes are equivalent
due to the transverse symmetry of the crys-
tals. The calculation of these perturbations
is an integral part of the computation of
phonon frequency at I'-point because for di-
electric material the interaction of trans-
verse phonons with the longitudinal ones
must be considered (LO-TO splitting).
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2. Nineteen independent phonon pertur-
bations (in the case of calcium and cadmium
hydroxyapatites 28 independent phonon per-
turbation were computed, which is caused
by decrease of the lattice space group sym-
metry of hydroxyapatites compared with
chloro-, fluoro- or bromapatites). These pho-
non perturbations were used to calculate
126 phonon dispersion curves (in the case
of calcium and cadmium hydroxyapatites
there were 132 phonons totally). The pa-
rameters that affect the accuracy for this
part of calculation were taken the same as
for I and II stages. In all three stages we
used fixed occupation numbers for valance
electrons.

In order to calculate phonon frequencies
of isolated PO,-tetrahedra we used signifi-
cantly large cubic charged supercell of
about 888 A3 volume. Kinetic energy cut-
off parameter was larger than for apatites,
and equaled to 1360 eV. The calculations
were performed in three stages as for apa-
tite compounds, except for electric field
perturbations were not computed (LO-TO
splitting did not occur in isolated mole-
cules). Phonon modes were calculated only
at I-point with using varied occupation
numbers of valence electrons in order to
avoid problems with degenerate HOMO
level.

3. Results and discussion

In most cases the apatite structure is
characterized by six-fold screw axis and re-
flection planes which are perpendicular to
it. Both of these symmetries specify for the
apatite twelve symmetry transformations
and space group P6s/m. It means that for
calcium atom there are two nonequivalent
positions — Ca(1) and Ca(z). Ca 1) atoms are
located in the space between PO,-molecules
at (1/3, 2/3; 2), (2/3, 1/38; 2), (2/3, 1/3; =z
+1/2), (1/3, 2/3; 1/2—2). They form nine
bonds with oxygen atoms: three bonds
Ca(1)—0(1), three Ca(1)—O(2) and three
Ca(1y~O(3)- Calcium atoms of the second non-
equivalent positions are located in the mir-
ror planes that pass through the points (O,
0, 0.25), (0, 0, 0.75), and are perpendicular
to the sixth-fold screw axis. These atoms
form triangles around the anions which are
located at the sixth-fold screw axis (anions X).
Anions X occupies the high-symmetry
points (0, 0, 0.25), (0, 0, 0.75).

The crystal structure and calculated elec-
tronic distribution in coordinate space for
calcium chlorapatite with P6g/m symmetry
are presented in Fig. 1.
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Fig. 1. Electronic charge distribution in (0, 0, 1) plane that passes through (0, 0, 1/4) point.

The distribution contains near-gap re-
gion, subvalence region as well as core Ca
3p levels. The spatial distribution of Ca 3p
core electrons has sufficiently large exten-
sion, they are located at some distance from
the nucleus. Figure 1 demonstrates that the
wave function of Ca 3p electrons has a node
at some distance from the nucleus.

We would not submit the computed total
densities of states because it was done in
the earlier works, but would note some in-
teresting points. In the earlier work [15],
Ca 3p states in caleium hydroxyapatite were
established to fall in the valance region.
According to our results this fact is also
valid for calcium fluor-, chlor- and broma-
patites. As it was shown in [8, 15], for
Cayg(PO,4)eF > the bottom of conduction band
is formed by Ca 3d states, and we showed
that it is also wvalid for calcium fluor-,
chlor- and bromapatite. Calcium bromoapa-
tite have "tail” in the near-gap region
which significantly reduced the band gap,
compared with other calcium apatites. It is
formed by Br 4p states which substantially
increase dispersion in the near-gap region.
According to [16] the dispersion in the va-
lence band top reduced in the order
Ca10(PO4)6F2, Ca10(PO4)6(OH)2, Ca10(PO4)6C|2,
Cag(PO,4)eBry, and our results confirm this
statement. Calculated LDA-gaps are pre-
sented in Table 1. We can see that calcu-
lated band gaps reduce in the series

Ca10(PO4)6F2 — Ca10(PO4)6C|2 —
Ca10(PO4)6(OH)2 —> Ca10(PO4)GBr2

for calcium apatites, and in the series
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Table 1. Band gaps in investigated apatites

Band gap AE (HOMO- | Band gap, eV
LUMO), eV (experiment)
(calculation)
Ca (PO sF5 5.6 5.9 [17]
Ca((PO,)6Cl, 5.4 5.6 [17]
Ca (PO (OH), 5.3 5.4 [17]
Ca,(PO,)gBr, 4.0 -
Cd;o(POy)eF, 2.6 -
Cd, (PO )(OH), 2.5 -
Cd,((PO,)6Cl, 2.3 -
Cd,((PO,)gBr, 2.8 -

Cd10(PO4)6F2 —> Cd10(PO4)60H2 -
Cd10(PO4)6C|2 - Ca10(PO4)6Br2

for cadmium ones. Therefore, for all inves-
tigated apatites, with the exception of cal-
cium hydroxyapatite, the band gap reduces
with the X-ion electronegativity reduction.
For Ca g(PO,4)s(OH), H 1s states appear in
the bottom of conduction band (the "tail™ in
total DOS curves), and reduce the band gap
compared to Cayo(PO4)gF>. Following the
comparison of the calculated band gaps for
with the experimental results [17] we reveal
a very good concordance, LDA-gaps are lit-
tle smaller than the experimental counter-
parts (within the limits of 0.3). Those band
gaps underestimations are normal for the
DFT calculations. It is interesting to com-
pare the calculated band gaps for
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Table 2 Interatomic force constants for P—O(1), P—O(z), P—O(%, P—Ca(z), Cam—O, Ca(z)—X, Ca(z)—O(3)
bonds in compounds Ca,y(PO,)gX,, where X = F, OH, Cl or Br

Interatomic force Ca;o(POy)eF, Ca((PO,)s(OH), Ca((PO,)6Cl, Ca,o(PO,)gBr,
constants, kN-m™!
[P—O(1)]XX -0.506 -0.497 -0.490 -0.481
[P_O(1)]yy -0.098 -0.098 -0.097 -0.095
[P_O(1)]zz -0.100 -0.098 -0.100 -0.100
[P_O(z)]xx -0.458 -0.457 -0.439 -0.423
[P_O(Z)]yy -0.103 -0.101 -0.101 -0.098
[P_O(Z)]zz -0.103 -0.101 -0.101 -0.100
[P_O(a)]xx -0.469 -0.469 -0.475 -0.472
[P—O(3)]yy -0.097 -0.097 -0.095 -0.095
[P—O(3)]ZZ -0.104 -0.103 -0.103 -0.098
[P_Ca(z)]xx -0.064 -0.062 -0.059 -0.058
[P—Ca(z)]yy 0.011 0.011 0.013 0.013
[P_Ca(z)]zz 0.045 0.044 0.044 0.044
[Ca(1)—O(1)]XX -0.022 -0.016 -0.070 -0.065
[Ca(1)—0(1)]yy -0.012 -0.012 -0.009 -0.008
[Ca(1)_o(1)]zz -0.011 -0.011 -0.009 -0.008
[Ca(2)—X(1)]XX -0.031 -0.037 -0.067 -0.067
[Ca(2)—X(1)]yy -0.011 -0.011 -0.002 0.002
[Ca(2)—X(1)]ZZ -0.009 -0.011 0.002 -0.002
[Ca(2)—O(3)]XX -0.025 -0.026 -0.037 -0.033
[Ca(2)—O(3)]yy -0.008 -0.009 -0.006 -0.008
[Cé3|(2)—0(3)]ZZ -0.008 -0.008 -0.011 -0.008

Ca g(PO,4)(OH), with other ones, calculated
within the framework of DFT, in the earlier
works. Matsunaga et al. reported of 5.4 eV,
Demkov et al. —5.3 eV and results of Rulis
et al. —4.5 eV. Compared the previously re-
ported and our results as well as the experi-
mental data we can conclude that using
plane waves basis sets within the framework
of DFT give an excellent agreement with
the experiment [8, 15, 17] but using liner
combination of atomic orbitals leads to sig-
nificantly larger band gap underestimation
by the DFT-calculations. Another interest-
ing discreapency is related to the band gap
for Ca;g(PO4)gBro. Rulis et al. have re-
ported the calculated band gap for
Ca g(PO4)eBr, being larger than for
Cag(PO4)6(OH), in contrast to our results,
and this is the main difference in the bang
gaps for Ca10(PO4)6F2, Ca10(PO4)6C|2,
Ca10(PO4)6(OH)2, Ca10(PO4)6Br2 of Rulis’s
results comparing with our ones. The ex-
periment should be performed to clarify the
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Fig. 2. Dispersion curves for three acoustic
phonons and first four optical phonons. (—)
are the dispersion relations for two trans-
verse acoustic phonons, (— —) is the disper-
sion curve for the longitudinal phonon and
(-) are four branches for the optical phonons
along the I'M, M-K, K-T' and I'-A lines of
the reciprocal lattice for calcium fluoroapatite.

problem. Comparing the calculated band
gaps of calcium apatites with those of cad-
mium ones we can conclude that the calcium
apatites have much larger band gaps. Small
band gaps widths for the cadmium apatites
are caused by arising Cd 5p states in the
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Table 3. Interatomic force constants for P_O(1)’ P—O(z), P—O(3) bonds in compounds Cd;y(PO4)gX,,

where X = F, OH, Cl or Br

Interatomic force Cd, (PO 6F, Cd, (PO )(OH), Cd,((PO,)6Cl, Cd;((PO,)gBr,

constants, kN-m™!
[P_O(1)]xx -0.406 -0.464 -0.480 -0.701
[P—O(1)]yy -0.125 -0.093 -0.076 -0.064
[P—O(1)]ZZ -0.092 -0.083 -0.093 -0.078
[P_O(Z)]xx -0.391 -0.452. -0.3855 -0.598
[P_O(Z)]yy -0.095 -0.093 -0.093 -0.061
[P_O(Z)]zz -0.090 -0.079 -0.090 -0.084
[P_O(3)]xx —0.488 -0.433 -0.469 -0.548
[P—O(a)]yy -0.084 -0.081 -0.093 -0.112
[P—O(3)]ZZ -0.083 -0.086 -0.083 -0.084

bottom of the conduction bands. However,
this fact requires experimental verification,
maybe it is due to well-known problem of
the band gap underestimation by the DFT
calculations.

The results of the first-principle calcula-
tions of the phonon dispersion curves for
Ca g(PO,4)eF> in the framework of DFPT are
presented in Fig. 2.

Only three acoustic phonons dispersion
curves and first four optical ones are de-
picted in the figure. The remaining 119 op-
tical phonon branches are not represented in
order to avoid overloading of the figure.
The points I" (0.0, 0.0, 0.0), M (0.25, 0.25, 0),
K (0.5, 0.0, 0.0), A (0.0, 0.0, 0.5) in the
reciprocal lattice are critical in all hexago-
nal structures. Since the angle at I'-point
for transverse acoustic vibrations is larger
than that for longitudinal vibration, we can
conclude that the speed of sound along the
screw axis is larger than in xy plane. Such
rule is valid for all investigated calcium
apatites. Therefore, the speed of sound
along c-axis for Ca g(POy)gF2, Ca g(PO,4)sCl,
Ca g(PO4)s(OH),, Cayg(PO4)gBra  is larger
than in the planes perpendicular to it. The
dispersion curves of transverse acoustic and
optical oscillations are superimposed while
passing along I'-A line that is determined
by the crystal symmetry of the apatites.

First we have calculated the phonon den-
sities of states without long-range Coulomb
interaction [18]. Calculated phonon density
of the states within such an approximation
for the apatites Meg(POy)gX,, where Me is
Ca or Cd and X=F, OH, Cl or Br, are de-
picted in Fig. 3. Phonon frequencies at I'-
point which correspond to stretching or
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bending modes of two A and B atoms can be

estimated as
o) = N—ry,
MyB

where £ — is one of the diagonal component
of the interatomic force interaction tensor
(Tables 2 and 8) and myg is reduced mass of
A and B atoms which can be calculated as
Myg= My Mp/Mmy+mp.

The graphs clearly demonstrate that the
phonon density of the states for apatites
Me,g(POy4)eXs, where Me is Ca or Cd and
X=F, OH, or Cl|l and Ca10(PO4)6Br2 have
pronounced band character with the differ-
ent lengths of individual bands. The first
band which contains most of the vibrational
modes is localized in the frequency range
from 0 to 870 cm™! for the calcium apatites
and from 0 to 330 cm™! for the cadmium
ones. The second band falls in the frequency
range from 380 cm~! to 500 cm™l, and the
position of this band on the frequency scale
was different for different types of the apa-
tites. The third band is localized in the
range from 500 cm™! to 600 cm™! and the
fourth one from 800 em™! to 1150 em 1.
For each calcium apatite in the fourth band
an intense peak is observed. The position of
the peak depends on the type of the c-axis
anion. For Ca3(POy)gF, its position is
956 cm_l, for Ca10(PO4)6(OH)2 — 952 cm_l,
for Cayg(PO,4)sCl, — 908 em 1, and for
Ca10(PO4)6Br2 — 938 cm_l.

According to [17], PO43‘ tetrahedron has
four vibrational modes v; = 980 cm™1, v, =
363 em 1, vg = 1082 em 1 and vy = 515 em 1.
Comparing these data with the calculated
phonon density of the states (Fig. 3) for
apatites Me,o(PO4)eXy, where Me = Ca or
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Fig. 8. Phonon density of states for the following apatites. I — Ca,y(PO,)gBr,,

3 — Cay(PO,)eF, 4
Cd 5(PO,)eF 2, 8 — Cdyp(PO4)e0OH,.

Cd, and X =F, Cl, Br, OH, we conclude that
in the apatites v; and vg modes form the
fourth band of the states phonon density in
the range of wave vectors from the 900 em™1
to 1150 em~l. These modes mainly corre-
spond to stretching vibrations of phospho-
rus and oxygen atoms around their common
center of mass. Modes v4 and vy form bands
with the lower energies, namely the third
and second bands of the states phonon den-
sities, respectively, which are localized in
the frequency regions from 500 em ! to
600 cm™!, and from 380 cm™! to 500 ecm™!.
These bands mainly correspond to the
stretching modes for O-O bond as well as
bending modes for P-O bond.

The first, most "massive” band of the
phonon density of the states for apatites
Me10(PO4)6X2, where Me = Ca or Cd and X =
F, Cl, Br, OH, which is localized in the fre-
quency range from 0 to 370 ecm™l, consists
of three parts. The stretching and bending
modes for Ca,—X as well as the stretching
and bending modes for Ca(z)—P mainly con-
tribute to the most "energetic” sub-band of
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Wave vector, cm’
2 — Cayy(PO,)Cly

—4 Ca;o(POe(OH),, 5 — Cdyy(PO,eBry, 6 — Cdyg(PO,)Clyy 7 —

the first band which ranges from 250 to
370 cm™l. The substitution in ecalcium
fluorapatite of fluorine atoms for chlorine,
bromine or hydroxyl group increases the re-
duced mass of Cap—X bonds. The intera-
tomic force constants for these atoms are
also increased by the substitutions, thereby
the energy of these oscillations remains al-
most unchanged. The second part of the
first bands, which occupies the frequency
range from 150 to 250 cm™!, is formed by
stretching and bending vibrations of the
Ca(1)—0(1), Ca(1)—0(2), Ca )—O 3): Finally,
the third sub-band of the first band of the
phonon density of the states is formed by
all other bonds including three acoustic
phonons.

O-H bending vibrations occur at frequen-
cies 630 and 501 cm™! for the calcium and
cadmium hydroxyapatite, respectively. Ac-
cording to the experimental IR-absorption
data the OH-bending mode for calcium hy-
droxyapatite is at 625 cm™1, so we have ex-
cellent agreement between the experimental
and calculated results even without includ-

Functional materials, 22, 1, 2015
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500 1000 Wave vector, cm-!
Fig. 4. Experimental IR-absorption spectrum
(solid line) and theoretical phonon densities
of the states calculated within the framework
of DFPT (thin line) for calcium fluoroapatite.

ing the long-range electrostatic interaction.
It is interesting to compare our results with
other theoretical works. In Demkov et al.
work PAW-method within the framework of
the DFT-GGA was used and overestimation
of the OH bending mode was much larger
(11 %). In contrast to the calcium hy-
droxyapatite, for cadmium hydroxyapatite
(sixth curve in Fig. 3), these vibrations fell
into the energy gap between the second and
the third bands and, therefore, a single
sharp peak is formed in the curve of the
phonon density of the states.

The phonon frequencies, which corre-
spond to the stretching vibrations of oxygen
and hydrogen atoms for the calcium and
cadmium hydroxyapatites are not depicted
in Fig. 3 and according to the IR spectros-
copy data [17] the frequency for calcium
hydroxyapatite equals to 8573 cm™l. On the
other hand, calculation in the framework of
the DFPT shows that these oscillations cor-
respond to two phonon branches centered at
3499 and 3528 cm !, respectively. We have
obtained two frequencies for the stretching
modes of O—H bonds because for hydroxya-
patite simulation P65 symmetry is used in-
stead of P63/m. Thus, a good agreement
between the theoretical and experimental
frequencies is observed for the stretching
vibrations of oxygen and hydrogen atoms
around their common center of mass (less
than 2 % deviation from the experiment).
In [8], almost the same deviation was re-
ported, but overestimation of the OH
stretching mode occurred, in contrast to our
observation of underestimation. Therefore,
for the both stretching and bending mode
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Table 4. Experimental and calculated bond
lengths of PO,-tetrahedra in Ca,y(PO,)sF,

Bond/ [Experiment, | Calculation | Deviation
bond A (HGH- from
length scheme), A expel;}oment,
P—O(1) 1.5477 1.5449 0.2
P—O(Z) 1.5490 1.5591 0.7
P—O(3) 1.56317 1.5518 1.3
0(1)—0(2) 2.5525 2.5597 0.3
0(1)—0(3) 2.5420 2.5562 0.6
0(2)—0(3) 2.4950 2.5168 0.9
0(3)—0(3) 2.4588 2.4955 1.5

we obtained the frequencies underestima-
tion, and in [8] the frequencies overestima-
tion was observed. The fact seems to be
strange, because using LDA-functionals
usually leads to higher phonon frequencies
than GGA ones. The difference obviously
comes from different methods, we used the
pseudopotential method with HGH-scheme,
and [8] used PAW-method. For cadmium
hydroxyapatite OH-streching vibrations
take place at lower frequencies (3472 and
3508 cm™1). The Bader charge calculation
have given effective charges for oxygen and
hydrogen ions in the calcium hydroxyapa-
tite —1.266 and +0.470 electron charge, re-
spectively. Oxygen and hydrogen ionic
charges for the cadmium hydroxyapatite ob-
tained by the Bader analysis of atoms in
molecules are equal to —1.151 and +0.433
electron charge, respectively. Therefore, the
substitution of calcium atoms for cadmium
ones is accompanied by decrease of concen-
tration of the electron density at OH groups
and, on the other hand, the length of OH
bond remains almost unchanged. These two
factors lead to the decrease of interatomic
force constants for the O—H bond. Neverthe-
less, this fact still requires experimental
verification.

Figure 4 displays comparison of theoreti-
cal phonon density of the states with the
experimental IR-absorption spectrum for
calcium fluoroapatite. In this case we used
the Gaussian smearing of 20 em™1, in con-
trast to Fig. 4, where smearing is not used.
We note a good agreement between experi-
ment and calculation. Mode at ~425 ecm™! is
likely not active in IR spectroscopy, and for
the most “energetic” band (from 900 to
1150 em™1) it is observed some theoretical
phonon frequencies underestimation. Since
this part of the band corresponds to the
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Table 5. Experimental and calculated lattice constants for Me,;(PO,)¢X,, where Me = Ca or Cd,

X =F, Cl, Br, OH

Lattice constants/ Calculation Experiment [14]
compound wA | oA | ca | v,A | A | A | ca | v, A8
Ca (PO 6F, 9.36 6.86 0.733 520.48 9.39 6.88 0.733 525.35
Ca,y(PO,)g(OH), 9.34 6.86 0.735 518.26 9.42 6.88 0.730 528.71
Ca,,(PO4)eCl, 9.65 6.83 0.708 550.82 9.62 6.76 0.703 541.79
Ca,((PO,)gBr, 9.73 6.80 0.699 557.53 9.76 6.74 0.691 556.02
Cd;o(POy)eF, 9.19 6.63 0.752 495.54 9.30 6.63 0.713 496.60
Cd,(PO,)g(OH), 9.41 6.69 0.711 513.02 9.33 6.66 0.714 502.07
Cd;o(PO,)6Cl, 9.55 6.52 0.679 520.38 9.67 6.50 0.672 526.38
Cd,(PO,)gBr, 9.55 6.75 0.708 532.02 8.46 6.45 0.762 399.79

stretching and bending modes of P-O bonds
and structural relaxation using the
pseudopotential method with the HGH-
scheme a little overestimates the lengths of
P-O bonds within the limits of 1.8 %
(Table 4), theoretically calculated intera-
tomic force constants for P-O interaction
are underestimated. Hence, calculated fre-
quencies that related to P-O oscillations are
a little lower than the experimental values.
The experimental and theoretically calcu-
lated lattice constants for apatites
Me10(PO4)6X2, where M = Ca or Cd and X =
F, Cl, OH, Br are presented in Table 5.
Criterion for obtaining the equilibrium
lattice parameters and atomic positions in
the cells was the fact that each of the com-
ponent of forces that acts on each individ-
ual atom becomes less than 4.12:10712 N,
and each component of the stress tensor
which acts on the cell as a whole becomes
less than 8.84.10% Pa. The general trend of
the unit cell parameters underestimation
(up to 8 %) by the calculations with LDA-
functionals in this case was not confirmed.
For all investigated apatites, except for cad-
mium bromoapatite, the deviations from the
experimental lattice constants are less than
1.5 %, and the calculated lattice constants
are larger than the experimental ones for
some compounds and for others are less. We
note that for the calcium apatites the trends
for a and c lattice parameters are correct,
except for a lattice constant in
Cayg(PO4)s(OH), compared to that in
Cayg(PO4)6Fo. The huge difference between
the calculated and experimental data was
established for the cadmium bromoapatite
(more than 1 A deviation for a parameter
and 0.3 A — for ¢ parameter). This devia-
tion is a consequence of nonmonototic be-
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haviour of the lattice volume. Indeed, the
replacement of F by Br in Cd3(PO,)gF, de-
creases the unit cell volume, while the ionic
radius of F ion is much smaller than Br.
Therefore, the decrease of the unit cell vol-
ume by such a substitution is anomalous.
Calculation of the unit cell parameters for
Cdo(PQy4)gBr, does not detect the effect
mentioned above, and gives the lattice con-
stants for Cd,q(PQ,4)gBr, which are larger
than for Cdqg(POy)gF,. Putting the differ-
ent initial positions of atoms in the unit cell
does not resolve the problem, the structure
always have fallen into the local minimum
of energy which provides to large deviation
of the -calculated lattice constants for
Cdo(PO4)gBro from the experimental val-
ues. Therefore, such anomalous "structure
compression” for Cd;o(PO,)gBr, were not
correctly reproduced by the calculations in
the framework of DFT (or, may be, it is a
typographical error in [14]).

In small external electric field the com-
ponents of the external electric field E can
be written as g,z = 8,5+ 4m - x,p, Where
Xop = Roc/EB’ E is the external electric field,

P is polarization, and oo and B — one of the
axes x, y or z. The results of the first-prin-
ciples calculations of dielectric tensor com-
ponents are listed in Table 6.

The off-diagonal components of the ten-
sors (xy, xz, yz, yx, 2x, 2y components) are
close to zero, and the components ¢,, and
€,y are equal due to the transverse crystal
symmetry. € — is the tensor related to
electronic component of the dielectric ten-
sor, i.e. without relaxation of atoms under
applying the constant external electric
field. On the other hand, these components
are the components of the dielectric tensors
at frequencies above 3600 cm~! when in the

)
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Table 6. Components

of the dielectric tensor for investigated compounds

Diilcia;t;(i)?l ;crelrilssor €% r g°°yy €, Soxx epsilo:llf;B 0 e,
Ca;o(POy)6F, 3.12 3.12 3.11 10.06 10.06 7.95

Ca,((PO,)(0OH), 3.19 3.19 3.14 11.45 11.45 7.77
Ca,,(PO,eCl, 3.19 3.19 3.11 12.62 12.62 7.83
Ca,((PO,)gBr, 3.31 3.31 3.09 14.98 14.98 8.03
Cd, (PO 6F 5 4.08 4.08 4.12 - - -

Cd,(PO,)g(OH), 4.39 4.39 4.49 - - -
Cd,((POsCl, 4.02 4.02 4.20 - - -
Cd;((PO,)gBr, 4.52 4.52 4.67 - - -

Table 7. Diagonal components of the Born effective charge tensors for apatites Me,y(PO,)gX5,,
where Me = Ca or Cd and X = F, CI, Br, OH

Components. of Me(1)xx Me(1)yy Me(1)zz Me(2)xx Me(2)yy Me(2)zz P Pyy P, Xex ny X,
Born effective

charge tensors

Ca (PO, )6F, 2.39 | 2.839 | 2.67 | 2.47 | 2.47 | 2.34 | 3.27 | 3.27 | 3.15 |-1.57|-1.57|-0.74
Ca;o(PO,)g(OH), | 2.43 | 2.43 | 2.65 | 2.43 | 2.43 | 2.34 | 3.31 | 3.31 | 3.19 |-1.37|-1.37|-0.91
Ca,o(POyeCl, | 2.45 | 2.45 | 2.68 | 2.46 | 2.46 | 2.39 | 8.35 | 3.35 | 3.23 |-1.47|-1.47|-1.50
Ca,o(PO,)gBr, | 2.48 | 2.48 | 2.72 | 2.45 | 2.45 | 2.43 | 3.38 | 3.38 | 3.27 |-1.37|-1.37|-2.30
Cd,o(POy)eF, 2.61 | 2.61 | 2.96 | 2.64 | 2.64 | 2.99 | 3.46 | 3.46 | 3.43 |-1.61|-1.61|-0.54
Cd;((PO4)s(OH), | 2.68 | 2.63 | 3.11 | 2.60 | 2.60 | 3.03 | 8.52 | 3.52 | 3.44 |-1.49|-1.49|-1.05
Cdo(POyeCl, | 2.68 | 2.68 | 3.24 | 2.58 | 2.58 | 3.13 | 3.57 | 3.57 | 3.50 |-1.45|-1.45|-1.16
Cd,y(POy)gBr, | 2.58 | 2.58 | 2.88 | 2.32 | 2.32 | 2.63 | 3.80 | 3.80 | 3.50 |-0.57|—-0.57 |-1.57

presence of an external electric field the
atomic arrangement does not have time to
rebuild. Tensors &€~ have small deviations
from diagonality, which significantly in-
crease with substitution calcium by cad-
mium in the apatite structure. The devia-
tion also increases in the series of

(i.e. with the decrease of X-ion electronega-
tivity) for the caleium apatites as well as
for cadmium ones, except for Cd;o(PO4)gBrs.
However, for the calcium apatites &~ is
larger than €*,, in contrary to the cadmium
apatites. Also we note that € component
for the cadmium apatites are much larger
than the ones for the calcium ones (more
than 30 %), this is caused by much smaller
calculated band gaps for the calcium apa-
tites with respect to the cadmium ones. It is
interesting to compare these calculated val-
ues with other DFPT results of €~ and ex-
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perimental observations. We observe some
dielectric constants overestimation both by
our calculation as well as by [7] in compari-
son with experimental observations. How-
ever, the tendencies that €=, is larger than
€, for Ca g(POy)gF> and Caqy(PO,4)e(OH),,
as well as the fact that the anisotropy of
dielectric tensor for Ca;p(PO4)gF, is lower
than the one for Ca;g(PQO4)g(OH),, correctly
reproduced by DFPT-calculation.

The extent of anisotropy of €9 tensor also
increases in series

Ca10(PO4)6C|2 - Ca10(PO4)eBr2.

For calcium apatite €, . is greater than

e0

X

.- In addition, the extent of ¢0-tensors

anisotropy is greater than the ones of €.
Change of dipole moment generally can
be written as
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Table 8. Diagonal components of the Born effective charge tensors for oxygen atoms

Components_ of O(1)xx 0(1)yy 0(1)22 O(Q)XX O(2)yy O(2)zz O(3)xx O(S)yy 0(3)22
Born effective

charge tensors
Ca (PO eF, -2.06 -2.06 | —-1.36 -1.93 -1.93 -1.25 -1.46 | -1.46 | -2.20

Ca,; (PO, e(OH), | -1.97 | -1.97 | -1.35 -1.97 -1.97 | -1.24 -1.48 | -1.48 | -2.20
Ca,,(PO,eCl, -1.98 | -1.98 | -1.32 -2.08 -2.03 -1.23 -1.47 | -1.47 | -2.18
Ca,((PO,)gBr, -1.98 | -1.98 | -1.28 -2.07 | -2.07 | -1.20 | -1.49 | -1.49 | -2.13
Cdo(POy)6F, -2.16 -2.16 | -1.31 -2.19 | -2.19 | -1.31 -1.48 | -1.48 | -2.80

Cd,p(POys(0OH), | —2.11 -2.11 -1.29 -2.22 -2.22 -1.30 | -1.49 | -1.49 | -2.82
Cd,((POsCl, -2.09 | -2.09 | -1.28 -2.28 | -2.28 | -1.28 | -1.54 -1.54 | —2.88
Cd;o(PO,)gBr, -2.18 | -2.18 | -1.42 -2.32 -2.32 -1.32 -1.57 | -1.57 | -2.40

where 8(7) is the change in charge density,
caused, for example, by external electric
field and Q is the volume of the unit cell.
The charge density is defined as the sum of
electronic and nuclear densities, the latter
is equal to the sum of delta functions mul-
tiplied by the nuclei charges. Then, the
Born effective charge of v atom is defined
Qo (AP),,
ug
placement along the direction up. Thus, the
effective Born charges tensor determines how

as Z.

v,of = , where ug — is atom dis-

the B-component of polarization changes when

v-atom is displaced along o-axis.

Diagonal components of the Born effec-
tive charges tensors for compounds
Me10(PO4)6X2, where Me is Ca or Cd, and
X =F, OH, Cl or Br are presented in Tables
7 and 8.

The interatomic force constants in
cartesian coordinate system, calculated in
the framework of DFPT, are listed in Tables
2 and 3. The first vector (x) of the frame of
reference is directed along the line contain-
ing two interacting atoms (along the bond).
The second vector (y) is taken perpendicular
to the first one, and the force arising by
displacement of atoms along the bond line.
The third basis vector (z) is taken perpen-
dicular to the first and the second ones.
Thus, the first basis vector is longitudinal,
and the second and third basis vectors are
transversal. Negative values for the most of
diagonal components of the force tensors
(xx, yy and zz components) mean that the
force that emerged by displacement of an
atom along the particular direction have the
direction opposite to the displacement.

The interaction of phosphorus-oxygen is
very strong and the longitudinal component
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of the interatomic force tensors ranged
from 0.423 to 0.506 kN-m~1. The transverse
components of these interactions are much
smaller than the longitudinal ones (in five
times), it means “the directivity” of the
force interaction along P-O bond. The off-
diagonal components of the tensors are very
small in comparison with the diagonal ones,
which also points out the covalence nature
of interaction in the P-O bonds.

The interaction of phosphorus atom with
the nearest oxygen environment changes
only slightly when hydroxyl group is substi-
tuted for fluorine, chlorine or bromine ions.
It means that the phonon frequencies that
are related to P—O vibrations remain almost
unchanged by substitution in X-position
(Fig. 3). However, the tendency of slight re-
duction of the longitudinal component of
the interatomic tensor force tensors with
the decrease of X-anion electronegativity is
established (it is more pronounced for the
first and second nonequivalent oxygen
atoms). Earlier, it was noted in [7] for
Ca10(PO4)6F2, Ca10(PO4)60H2 and was as-
signed to the volume cell decrease. There-
fore, we confirm this assertion, and gener-
alized it to Ca10(PO4)6F2, Ca10(PO4)60H2 as
well to the cadmium apatites. In spite of the
fact that phosphorus is surrounded by oxy-
gen atoms which should prevent interaction
P—Ca(z), the interaction was proven to be
quite strong (the longitudinal component
ranged from 0.058 to 0.064 kN-m~1 and de-
creases with the decrease of X-anion elec-
tronegativity). The transverse components
of the tensors are also significantly less
than the longitudinal ones, similar to the
phosphorus-oxygen bond. This obviously
points out the covalent nature of phospho-
rus-calcium bond and directivity of the in-
teractions in the bond direction. Interest-
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Table 9. Comparison of vibrational modes of PO,-tetrahedron calculated in the framework of

DFPT with experimental values

Scheme for Ionic charge | P-0O bonod Vi, em™1 Vg, em™! Vs, em™! Vy» em™!
pseudopotential length, A

Experiment -3.00 - 980 363 1082 515
HGH 0 1.5181 922 161 1032 298
HGH -1.00 1.5270 920 235 999 363
HGH -2.00 1.5391 904 295 941 417
HGH -2.54 1.5407 895 280 953 403
HGH -3.00 1.5411 894 282 949 405

ingly, that oxygen atom of the neighboring
oxygen tetrahedron is only slightly further
from phosphorus atom than from calcium one
(by 0.1 +0.2 A), however IFCs (interatomic
force constants) of P—O ,giacent tetranedron) are
much smaller (about 6 {imes) than that for
P—Ca(z) bonds. Thus, the interaction of
P_Oﬁzdjacent tetrahedrop) 1S Weak.

The longitudinal interatomic force con-
stants of Ca1y—O bonds for calcium fluoro-
and hydroxyapatite are rather small (-0.022
and —0.016 kN-m !, respectively). The
transverse components of the interatomic
force tensor turned out to be not much less
than longitudinal ones, and equal to —0.012
and -0.012 kN-m 1. Thus, for -calcium
fluoro- and hydroxyapatites Ca 1)—0(1 inter-
action is weak, and the bond is ionic. The
reverse picture is observed for calcium
chloro- and bromoapatites, longitudinal
components of the interatomic force con-
stants for Ca1)—0(1 are much larger in
comparison with the ones for fluoro- and
hydroxyapatites (—0.070 and —0.065 kN-m™1,
respectively). In addition, the transverse
components of the tensors are much smaller
than the longitudinal ones, i.e. the interac-
tion nature is more covalent than for the
calcium hydroxyapatite and fluoroapatite.

The strength of Ca(2)-X bond increased in the
series

Ca10(PO4)6C|2 - Ca10(PO4)eBr2.

It means that Ca(z)—X bond becomes more
covalent in the above mentioned order. The
transverse components of the interatomic
force tensors of these interactions for
Ca10(PO4)6F2 and Ca10(PO4)6(OH)2 are less
about three times than the longitudinal
ones, i.e. the bonds have partially ionic and
partially covalent nature. The replacement
of c-axis anion by Cl or Br ions leads to the
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drastic decrease of the transverse compo-
nents, while the longitudinal ones increase,
which also points out an increase of the
covalent constituent of Ca(2 —X interactions.

Analyzing the strength in Ca(z)—0(3
bonds we can conclude that the longitudinai
component of the interatomic force con-
stants increases in the series

Ca10(PO4)6BI’2 — Ca10(PO4)6C|2,

and the transverse ones reduce indicating to
an increase of the covalent component of
Ca(z)—0(3) interaction in the series.

The substitution of Ca for Cd in the
structures of chloro-, fluoro- and hydroxya-
patite is accompanied by reduction of the
longitudinal component of the interatomic
force constants for phosphorus-oxygen
bonds. The reason is the substitution causes
the decrease of electronic density at PO,
tetrahedra which is to be accompanied by
lowering the phonon frequencies.

PO,-tetrahedron is the main constituent
of all phosphate apatites. In Table 9, we
submit the calculated vibrational modes of
isolated PO,4-tetrahedron.

Modes vg and v, are threefold degener-
ate, mode v, is twofold degenerate, and v;
is nondegenerate. The calculations showed
that P-O bond length reduces with the de-
crease of ionic charge of PO,-tetrahedron.
Frequencies of v; and v, modes, which
mainly correspond to the phosphorus-oxy-
gen oscillations, reduce with the decrease of
ionic charge of POy-tetrahedron. Calculated
vibration frequencies for isolated PO,-tetra-
hedron were not in so good agreement with
the experimental analogs than the ones for
the apatites. Especially large deviations of
the calculation results from experimental
values are established for the modes with
lower frequencies (v4 and vg modes). Such
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errors are likely caused by the plane waves
do not fit to describe phonon frequencies of
isolated molecule and too large acoustic sum
violation occurs (maybe local orbitals would
give better results). The other reason can be
that negative charged ion contains spurious
self-interaction which influences calculated
phonon frequencies.

4. Conclusions

Phonon densities of states, dielectric con-
stants, the Born effective charges, intera-
tomic force constants of the stoichiometric
apatites Meq(PO4)eXs, where Me = Ca or Cd
and X=F, Cl, Br, OH, were calculated in
the framework of DFPT with the pseudopo-
tential approach and plane wave basis sets.
The phonon densities of states of all inves-
tigated apatites were proven to have similar
structures which consist of four bands, con-
sistently with previously reported phonon
spectra of Cayo(PO4)6F> and
Cayg(PO,4)6(OH),. The phonon frequencies
for the calcium apatites are well consistent
with the experimental IR-absorption curves.

We have established the effects of evolu-
tion in spatial charge distributions, electron
energy structures of valence bands and band
gaps for apatites of the series Me,o(POy4)gXo,
where Me = Ca or Cd and X = F, ClI, Br, OH.
The band gaps in calcium apatites were cor-
rectly described in the framework of the
density functional theory. In cadmium apa-
tites the electronegatitvity of c-anion corre-
lated with the band gap width, the decrease
of c-anion electronegativity is accompanied
with decrease of the band gap.

The lattice constants and bond lengths in
apatites Meq(PQ4)eX5, where Me = Ca or Cd
and X = F, ClI, Br, OH were calculated in the
framework of the density functional theory,
and they are in a good concordance with the
experimental observations. The high stabil-
ity of PO4-anions with respect to substitu-
tion of column ions in the apatite structure
was found, which means the small variation
in volumes of PO, tetrahedra.

The strength of Ca—-X bonds was estab-
lished to increase in the series

Ca10(PO4)6C|2 - Ca10(PO4)6BI’2.
We have calculated phon on dispersion

curves for Caq z(PO,)gF,, and have shown
that the speed of sound along the six-fold

92

screw axis in Caqg(POy)gF2, Cayg(PO,4)eClo,
Ca10(PO4)6(OH)2, Ca10(PO4)6Br2 was larger
than that in the planes perpendicular to it.

Simulations of isolated PO,-tetrahedron
with different ionic charges were per-
formed. Within the DFT-LDA method the
total densities of states, unit cell constants,
band gaps, and the Bader effective charges
of some elements in the apatite group mate-
rials were calculated.

The extent of &£ tensor anisotropy in-
creases in series

Ca10(PO4)6F2 —> Ca10(PO4)6(OH)2 —
Ca1o(PO4)6C|2 — Ca1o(PO4)6Br2.

For the calcium apatite €0 __ is greater than

xx
8022. In addition, the extent of &¥-tensors

anisotropy is higher than the ones of €.
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