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The role of the nascent d-shell of calcium in the formation of the anoma-
lous features of calcium apatite depending on the composition, synthesis
conditions, changes in dimensionality and topology of key elements is in-
vestigated. A detailed analysis of the electronic structure of calcium apa-
tite is performed with spectral and theoretical methods. The limitations of
the application of quantum-mechanical calculations using the methods of
the density functional theory to the description of the long-range compo-
nent of the interaction of calcium with the surroundings are established.
In turn, experimental data indicate that the stability of the structure of
apatite is determined largely by the two-valley effective potential of calci-
um d-electrons. In various calcium compounds, atomic effects play a sig-
nificant role in forming the shape of the L,-spectra of calcium, and, as a
result, the participation of d-states of calcium in bond formation is lev-
elled by their significant localization, apparently, in the inner valley of
the effective potential.

Hocaimxeno ponb d-obomouku Kanblito, 110 3apomKyeThed, y opMyBaHHI
aHOMAaJILHUX OCOOJIMBOCTEll amaTuUTy KaJjbIlilo B 3aJIe’KHOCTiI Bim ckJaxmy,
YMOB CHUHTE3UW, 3MiH BHUMiPHOCTM Ta TOIOJOrii KarouoBuX emeMeHTiB. Crek-
TPAJIbHUMHU Ta TEOPETUUYHUMM METOJaMU ITPOBENEHO AeTaJbHy aHallisy eJe-
KTPOHHOI OyZOBHU alaTUTIB KaJbI[il0 Ta BCTAHOBJEHO OOMEKEHICTh 3aCTOCY-
BaHHA KBAHTOBO-MEXaHIUYHMX PO3PaxXyHKIiB 3 BUKOPHUCTAHHAM METOJ Teopii
(GYHKI[IOHATY T'YCTHUHHU OO0 OIIMCY AAJNIEKOCSKHOI CKJagoBoi B3aemogmii Kain-
I[if0 3 OTOUEHHAM. ¥ CBOIO Uepry, eKCIepHMMeHTAJbHi JaHi BKasyiOTh Ha Te,
110 CTifiKiCTh CTPYKTYpPHU amaTUTy 0araTo B YOMY BU3HAYAETHCA IBOJOJIMH-
HUM e(peKTUBHUM HOTeHIIidANIoM d-edeKTpoHiB KambIlito. ¥ pisHMX cmoaykax
Kanbiito y ¢popmyBanHi popmu KpuBux L,-cexTpiB Kanbilito sHauHy poJb
BimirparooTs aTomMoBi edexTu, i, AK HacIigok, yuacTb d-craumiB Kaabllito B
YTBOPEHHI 3B’a3KiB HiBeJIbOBAaHO IX 3HAUHOIO JIOKAJi3alli€lo, IIBUAIIE 3a
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BCe, YV BHYTPIIIHIiN HOMIMHI e(eKTUBHOTO IMOTEHIiATY.

WccnemoBama poJib 3aposkmarorneiica d-000J0UKY KaJablud B (DOPMUPOBAHUU
AaHOMAJILHBIX OCOOEHHOCTEIH amaTuTa KaJbIsd B 3aBHCHMOCTH OT COCTAaBa,
YCJIOBUU CHUHTE3a, M3MEHEHHI pPasMEpPHOCTH M TOIIOJOTHMHM KJIIOUEBBIX dJie-
MeHTOB. CIEeKTpaJbHBIMU U TEOPETHUYECKMMM METONaMU IPOBEAEH IeTajb-
HBIA aHaJNN3 95JEKTPOHHOTO CTPOEHHUS AallaTHUTOB KaJbIUA W YyCTAHOBJIEHA
OTPaHUYEHHOCTh MIPUMEHEeHNSA KBAHTOBO-MEXAaHUUECKUX PACUETOB C MCIOJb-
30BaHUEM METOJOB Teopuu (PYHKIIMOHAJA MJIOTHOCTH K ONMHCAHUIO MAJIbHO-
IEeNCTBYIOIEN COCTABJIAIOIIEN B3aMMOJEUCTBUA KaJbIIUA C OKPYKeHUeM. B
CBOIO Ouepelb, 9KCIIepHMMEHTaJbHbIE JAaHHBLIE YKas3bIBAlOT Ha TO, YTO YCTOM-
YUBOCTh CTPYKTYPHI allaTHUTa BO MHOTOM OIIpefesseTcs ABYXIOJUHHBIM ad-
(GEeKTUBHBIM HOTEHIIMAJIOM d-3JIEKTPOHOB KaJbIUsd. B pasInuYHBIX coequHe-
HUAX Kaablusa B GopMHUPOBaHUU (GOPMBI KPUBBIX L, -CIEKTPOB KaJabIIUA
3HAUUTENBHYIO POJIb UT'PAIOT aToMHBIe 3(hGeKThl, WM, KaK CJIeICTBHEe, yUa-
cTre d-COCTOAHUYN KaJabliMsa B 00pas3soBaHUMU CBA3ell HUBEJIMPOBAHO WX 3HA-
YUTEJbHON JOKalIu3alueil, IO BCEHl BUINMOCTH, BO BHYTPEHHEH HIOJIMHE
9(h(PeKTUBHOTO IIOTEeHIIHhAaaa.
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ture.
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1. INTRODUCTION

Life on Earth is inextricably connected with apatite structures.
Their wide distribution in the bio- and lithosphere determines their
direct influence on the processes of vital activity and various as-
pects of ecological, biological and technical applications. Minerals
and synthetic compounds with apatite type structure form a large
family: A,,(TO,)¢X, (A =Ca, Sr, Ba, Pb, Na, Mn, Cd, Fe, K, Li, rare
earth elements (REE); T =P, Si, Ge, As, Cr, N, V, S; X=F, Cl, OH,
0O, Br, I, CO;). Interest in these compounds is determined by several
reasons. First, calcium-containing apatites are close in chemical
composition to the inorganic component of bone. Secondly, the pos-
sibility of a wide range of iso- and heterovalent substitutions de-
termines the use of apatites as luminescent materials and radioac-
tive waste disposal matrices. The significance of materials based on
apatites is noted today in many areas, including biology, medicine,
electronics, surface science, etc.
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The space agency NASA has adopted the Advanced Life Support
program, within which comprehensive studies of apatite-like com-
pounds are carried out in order to use them as a source of soil
phosphorus and oxygen for long-term space missions and settle-
ments on the Moon and Mars. Today, it is safe to conclude that, in
modern materials science, a new direction has been formed—apatite
science.

The expansion of practical applications of apatites is mainly due
to the features of the atomic and electronic structure, in particular,
the anomalous stability of the structure of calcium apatite in a wide
range of non-stoichiometry (Ca/P varies from =1.34 to =1.72).
Therefore, understanding the nature of the mechanisms for the sta-
bility of the structure of apatite and the fundamental principles of
organization and management of the physicochemical properties of
apatite-like structures based on calcium, according to the authors,
is possible only if the role of the emerging d-shell of calcium in the
compounds is described, depending on the composition, synthesis
conditions, changes in the size and topology of key elements, as well
as a detailed analysis of the electronic structure of calcium apatites.

The information accumulated in subsequent years in the scientific
literature, as well as the personal experience of the authors [1], al-
lows us to systematize and understand the anomalous features of
the structure of apatite and various processes involving apatite in
living tissue of organisms.

2. STRUCTURE OF APATITE

Crystallographic data of calcium apatites are given in many works,
in particular [2-7]. For the most common calcium and phosphorus
compounds with X ions on the axis ¢ (X =0H, F, Cl), cell parame-
ters are equal, respectively, a=9.4302(5), 9.3475(3), 9.5902(6) A
and c¢=6.8911(2), 6.8646(1), 6.7666(2) A. There are two non-
equivalent crystallographic sites for Ca, namely, Ca; (Ca in the
column) at z=0 and 1/2 and Ca, (spiral axis of Ca) at z=1/4 and
3/4. Each Ca;, ion is surrounded by 9 oxygen atoms from 6PO,
groups—CaQ,, and the Cagy, ion by 7 oxygen atoms from 5PO,
groups and 1 from OH group—Ca0O,X. Consequently, the composi-
tion of apatite can also be expressed as [Ca)][Ca ) ]s(PO4)s(OH),.

The base of the structure of apatite consists of two types of Ca-
polyhedra. Some of them, seven-vertex, are located according to the
rule of the three-way screw along the axis 65, moreover, the same
three-way screw is formed by empty polyhedra separating them;
others, nine-vertex, represent trigonal prisms with centred faces,
the prisms merge with each other with their bases and form col-
umns, in the centre of which are triple axis. Prism columns bind to
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the seven-vertexes via common oxygen atoms from PO, tetrahedra.
Hydroxyl ions are located on axis 6.

In these compounds, the anion interacts most strongly with the

atoms M,, which is determined by their position in the triangular
fragment. In Ca,o(PO,)sX,, the F ion is located in the plane of the
triangle, while large OH™ and Cl -anions are located above and below
M, triangles.
Nonstoichiometry of composition. A unique characteristic of calci-
um hydroxyapatite (Ca,;,(PO,)s(OH),, Ca-HAP) is the nonstoichiome-
try of its composition. The Ca/P ratio is used as the nonstoichio-
metric index. For calcium apatite, this parameter can vary over a
wide range from 1.30 to 1.74. Most of the Ca-HAP powders synthe-
sized by the ‘wet’ method are nonstoichiometric. Currently, to de-
scribe nonstoichiometry, formula Ca,,.(HPO,).(PO,)s.(OH),_.nH,0O
(0O<x<1, n=0-2.5) is used, suggesting a Ca deficiency. In this
case, it is assumed that the local negative charge is compensated by
the introduction of H' ions, leading to the formation of H,O mole-
cules occupying the OH™ positions. There is reason to believe that,
in addition to the Ca?*, PO,> and OH ions, in the ‘wet’ synthesis
H,0", H,0, u HPO,* ions also participate in phase formation, re-
placing respectively Ca?" and PO,* in the Ca-HAP crystal lattice.

In recent years, many works have been devoted to the preparation
of Ca-HAP with different Ca/P ratios. Ca-HAP with a Ca/P molar
ratio of 1.74, obtained by heating the precipitates to 1200°C,
1300°C, 1350°C, turned out to be, according to X-ray diffraction
data, anhydrous monophase crystal structures. Crystal-chemical
simulation showed that excess Ca? and O?* or OH  ions can be local-
ized in the channels of the crystal structure.

The crystal structure of Ca-HAP remains stable over a wide range
of deviations from stoichiometric composition (Ca:P=1.66), and
OH™ ions are stable even at relatively high temperatures (up to
1350°C). Consequently, the change in the physicochemical proper-
ties of nonstoichiometric samples is largely determined by the elec-
tronic structure.

Due to the anomalous parameter of nonstoichiometry, high radia-
tion resistance of calcium apatite is observed. The accumulation of
a large number of various types of defects during irradiation leads
to the formation of polycrystals and, ultimately, to the nanostruc-
turing of the sample. It is known that for almost the entire life in
the native bone of mammals, calcium apatite is in a nanodispersed
state with a specific surface area of about 550 m?/g. Bone nanocrys-
tals act as a matrix for the accumulation of metal ions that are not
involved in metabolism and during the lifetime are converted into
massive crystals.

The anomalous stability of the structure of calcium apatite to the
number of defects and the wide limits of the nonstoichiometric pa-
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rameter, according to the authors of the article, are due to the
chemical nature of the atom of the element, namely, the emerging
3d-electron shell of calcium.

3. NASCENT d-SHELL OF CALCIUM IN COMPOUNDS

Calcium in the table of elements of the periodic law has number 20
and refers to alkaline-earth elements. In an atomic state, calcium
has an electron configuration [Ar]+ 4s?’. However, in the metallic
state and in all compounds, calcium has a significant suboccupancy
of d-states, which is detected by spectral methods. Therefore, part
of the valence electron density is promoted to the d-band.

The lack of systematization of information about the phenomenon
of the collapse of the wave functions of electrons in atoms is one of
the reasons why it is still relatively little known and is not always
taken into account when studying the X-ray spectra of atoms. Alt-
hough this phenomenon occurs only in the case of certain elements,
when the atom configuration contains an excited electron with [ > 2
or for a relatively narrow interval of near-threshold energies, how-
ever, in these cases, it can lead to significant effects and affect var-
ious characteristics of atoms. It is known [8] that the collapse of an
electron occurs in the case of an element that in the periodic table
precedes an element that contains this electron in the normal con-
figuration of an atom. Calcium, preceding scandium, in which the
d-electron is in the normal configuration, is an element with a pos-
sible collapse of the d-electron in the crystal lattice.

For the d-electron of calcium (Fig. 1), there are two minima on
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Fig. 1. Collapse of the 3d-electron wave function [8]. The solid line—the
effective potential, the dashed line—the radial wave function.
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the effective potential curve.

During the collapse of the d-electron, the overlap of the 3d-radial
wave function with the 3p-electron function significantly increases.
This leads to an increase in the electrostatic interaction between
these shells. Consequently, the collapse of the d-electron in the
3p°3d isoelectronic series leads to an increase in the role of the elec-
trostatic interaction in comparison with the spin—orbit interaction.
In comparison with potassium, calcium has a significant drawdown
of the position of the maximum of the radial wave function of the
d-electron from =5.0 A to =0.7 A. Consequently, the presence of
two valleys on the effective potential curve of 3d-electrons of calci-
um may have a consequence in the anomalous stability of the apa-
tite structure to defects and explain the wide limits of the non-
stoichiometric parameter.

4. EXPERIMENTAL AND CALCULATED X-RAY EMISSION
BANDS OF CALCIUM APATITES

For many decades, researchers have been trying to determine the
nature of the behaviour of calcium d-electrons in various com-
pounds. The core character of the d-shell of calcium was the object
of research in a number of papers, in particular [8-9], and is ex-
plained by the balance between the centrifugal potential, the Cou-
lomb and spin—orbit interactions in the vicinity of the atomic
sphere of calcium. In the case of filling the 3d-shell of an electron,
it can be either localized in the inner part of the atom, or located in
the outer valley of the effective potential.

Atomic and solid effects in the absorption spectra of calcium for
metallic calcium and simple compounds were considered in [10].
Analysis of the literature data and our results allows suggesting
that the atomic effects in the studied substances play a significant
role in the formation of the form of calcium L,-spectra. This is con-
firmed by the spectra of the quantum yield of photoemission, which
show a significant similarity of the spectra for completely different
compounds—carbonate and fluoroapatite of calcium, as well as the
spectra given in publications [11-21].

Comparison of the obtained L,-spectra of calcium in compounds
(Fig. 2) and L, ;-spectra of the quantum yield of photoemission (Fig.
3), which showed their little change, allows to suggest that the 3d-
electron is localized in the inner valley of the effective potential.

In the works of V. V. Nemoshkalenko [22], it was conducted a
comparative analysis of X-ray, optical and X-ray-electronic data
with a theoretical calculation, which showed that the calculation in
general terms correctly describes the energy structure of calcium
fluoride.
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Fig. 2. Ca L,-bands in compounds.
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Fig. 3. CaL, ;-spectra of the quantum yield of photoemission.

At the same time, studies of the spectrum of the quantum yield
in the region of the L, L, absorption edges of Ca in CaF, revealed
the presence of narrow selective maxima, which are not explainable
within the framework of theoretical calculations. These maxima are
higher from the bottom of the conduction band for 5 and 3 eV, re-
spectively. Their width at half-maximum intensity is 0.1-0.2 eV.
Apparently, these maxima reflect transitions to vacant d-states lo-
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calized near calcium atoms.

We obtained the X-ray emission bands calculated by the density
functional theory (DFT). The analytical form of the X-ray emission
bands was determined as the product of the corresponding partial
densities of electron states that are involved in the transition from
the valence band to the core level and the probability functions of
the transition between levels. The last is determined by all zones
that fall into a given energy interval and the wave function of the
corresponding core level, which is also determined by calculation.
For this purpose, a full-electron full potential LAPW + lo method
and a generalized gradient approximation (Perdew—Burke—
Ernzerhof exchange—correlation potential) were used within the
framework of DFT.

When constructing theoretical X-ray emission bands of Ca atoms,
one must take into account the presence of two non-equivalent posi-
tions of Ca atoms—Ca;, and Ca,. Figures 4, 5 show the calculated
curves of K-bands of calcium of the first and second non-equivalent
position and theoretical X-ray emission K-band of calcium in the
compound Ca,,(PO,)s(OH), obtained by adding the first and second
curves and experimental K-band calcium. There is a good agreement
between the experiment and the calculation. The main differences

LS
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Fig. 4. The contributions of the first (a) and second (b) non-equivalent cal-
cium atoms, and the theoretical K-band of calcium (¢) in the compound
Ca;o(PO,)(OH),.
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Fig. 6. Contributions of the first and second non-equivalent calcium atoms,
and theoretical L;,-band of calcium in the compound Ca,y(PO,)¢F,.

of the 4p-states of calcium atoms between the first and second non-
equivalent positions of the metal are observed in the region of about

2 eV relative to the level of the upper occupied level —HOMO.
L;; ;;-bands of Ca were obtained by adding the L;; and L;; bands.
The first is shifted relative to the second by the magnitude of the

spin—orbit splitting of the energy level of Ca 2p. Figure 6 shows the
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theoretically calculated contribution of the first non-equivalent po-
sition of the Ca atom to the Ca L,-band (Fig. 6, a), contribution of
the second non-equivalent position of the Ca atom to the Ca L;-band
(Fig. 6, b) and calculated Ca L;-spectrum of the compound
Ca,(PO,)¢F, (Fig. 6, c) obtained by averaging the analytical form of
the first and second graphs, taking into account the number of Ca
atoms corresponding to a given non-equivalent position.
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Fig. 7. Contributions of the first and second non-equivalent positions of
the calcium atom, and the theoretical L ;;-band of calcium in the com-
pound Ca,o(PO,)sF,.
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Fig. 8. Theoretical and experimental L;; ;;;-bands of calcium in the com-
pound Ca,(PO,)sFs.
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The theoretically calculated difference in the energy of Ca;,2p;),
and Ca(;)2p,,, levels is 3.69 eV and is within 0.1 eV deviations from
the experiment [2]. This value is the same for the first and second
non-equivalent positions of the calcium atom. By default, in the
WIEN code, the intensity ratio of the L;; and L;; bands is 2.0, since
the number of 2p;,-electrons is twice the number of electrons of Ca
2p,;;. However, in order to maximize the agreement between the
theoretical and experimental forms of the L ;;;-curves of calcium, a
factor of 1.44 was used.

Figure 7 shows the theoretically calculated contribution of the
first non-equivalent position of the Ca atom to the Ca L, ;;-band
(Fig. 7, a), contribution of the second non-equivalent position of the
Ca atom to the Ca L;; ;;;-band (Fig. 7, b) and theoretically calculated
Ca L, ;;;-spectrum of the compound Ca,((PO,)sF, (Fig. 7, ¢).

Figure 8 presents a comparison of the theoretical and experi-
mental L, ;,-bands of calcium in the compound Ca,|(PO,)sF,;. The
main differences in the shape of these curves are observed in the
energy range from 349.0 to 352.0 eV.

The calculated and experimental X-ray Kg-spectra of phosphorus
in the compound Ca,;o(PO,)s(OH), are shown in Fig. 9.

The curves of the Kg-bands consist of two peaks—the main max-
imum and the long-wave feature. The calculation significantly un-
derestimates the distance between them and therefore the long-wave
feature on the calculated curves is poorly pronounced. This is due
to the fact that the phosphorus atom is coordinated by 4 oxygen at-
oms with very short bonds (= 1.51 A). In this regard, the radius of
the MT sphere for the phosphorus atom should be chosen rather
small—about 0.76 A. However, the electron density of the phospho-
rus atom, especially the valence p-density, which participates in the
formation of the Kg-band of phosphorus, goes beyond the limits of

Experiment

e

Calculation

2130 2135 2140 s KB, eV

Fig. 9. K3-bands of phosphorus in the compound Ca,(PO,)s(OH),.
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the geometric PO,-tetrahedron. Therefore, the small radius of the
MT-sphere for the phosphorus atom, when calculating the X-ray
emission bands, does not allow a detailed description of the valence
band of phosphorus. The presence of the long-wavelength feature in
the experimental Kg-bands of phosphorus determines the long-range
interaction of the phosphate ion with the environment, in particu-
lar, with various types of calcium cations. This fact significantly
affects the stability of the crystal lattice of calcium apatite.

Figure 10 shows the theoretical and calculated X-ray emission
K, -bands of fluorine in the compound Ca,y(PO,)sF,. As in other the-
oretically calculated X-ray emission bands, in this case, the calcula-
tion underestimates the distance between the peaks on the curve of
the K,-band of fluorine. This fact indicates a significant underesti-
mation of the fluorine—calcium interaction in such calculation.

The presence of a short-wave feature on the experimental spec-
trum of the K,-band of fluorine, which corresponds in a single en-
ergy scale to the maximum of the 3d-states of calcium in the metal,
indicates a significant interaction of fluorine with calcium.

When constructing the theoretical X-ray emission bands of the
oxygen atom of the Ca,,(PO,)sF, compound, it is necessary to take
into account the contribution of three non-equivalent PO,-
tetrahedron O atoms. According to the results of the calculations,
the first non-equivalent oxygen atom has the lowest energy O 1s.

The positions of the core O 1s levels on the energy scale for the
second and third non-equivalent positions of the oxygen atom are
closer to the vacuum level in comparison with the first non-

Experiment

——

Calculation

I S e F,eV

Fig. 10. Experimental and theoretical K, -bands of fluorine in the com-
pound Ca,(PO,)sFs.
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Fig. 11. Contributions from three non-equivalent oxygen atoms and theo-
retical K -band of oxygen in the compound Ca,,(PO,)sF,.

equivalent position, but this difference is small, within 0.2 eV. Con-
tributions from three non-equivalent oxygen atoms with allowance
for the above-mentioned shifts (a, b, and c), as well as the resulting
calculated K,-band of oxygen in the compound Ca,,(PO,)F. (d) are
presented in Fig. 11.

Figure 12 compares the theoretical and experimental K,-band of
oxygen in the compound Ca,y(PO,);F,. There is a characteristic un-
derestimation of the distance between the peaks, especially in the
region of 520.0 eV. In general, as can be seen from the figures,
there is a satisfactory agreement between the experimental oxygen
spectra and the theoretically calculated ones. There is only one
short-wave feature in the experimental spectrum, which is not re-
flected by a theoretical approach. In a single energy scale, this fea-
ture corresponds to the position of the main maximum of the K-
band of calcium and reflects, respectively, 2p—3d, 4p interaction of
oxygen with calcium. As in the case of fluorine, the small radius of
the MT sphere does not allow to describe fully the long-range com-
ponent of the interaction of oxygen with calcium.

The presence of short-wave components in the spectra of oxygen
and fluorine may indirectly indicate an important feature of the
long-range interaction of calcium with the surrounding atoms.

A similar procedure of averaging over the contributions to the
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Fig. 12. Experimental and theoretical K,-bands of oxygen in the compound
Cao(PO,)6F,.

K,-bands of oxygen was carried out for the compound
Ca,((PO,)s(OH),. Here, in addition to the contribution from three
non-equivalent oxygen atoms of PO,-tetrahedra, oxygens of OH-
groups also contribute. The electron density of valence electrons on
any of the three non-equivalent oxygen atoms of the PO,-
tetrahedron is lower than that of the oxygen atom of the OH-group.
The contributions from the second and third non-equivalent oxygen
atom are shifted by 0.1 and 0.2 eV, respectively, and these results
(a, b, ¢, and d) are presented in Fig. 13. The resulting theoretically
calculated K,-band of the oxygen of the compound Ca,,(PO,)s(OH),
is shown in Fig. 13, e.

The experimental and theoretical K,-band of the oxygen of the
compound Ca,,(PO,)s(OH), is shown in Fig. 14. A comparison of the
K,-bands of oxygen for fluor- and hydroxyapatite (Figs. 11-14)
shows a significant similarity of the curves describing the electron-
ic states of the oxygen of both compounds. Given the fact that oxy-
gen in the structure of apatite is about = 50% of atoms and, there-
fore, determines the general patterns of formation of the valence
band, we can say with certainty that this is in some sense an oxy-
gen matrix [1].

5. QUANTUM-MECHANICAL CALCULATIONS OF THE ATOMIC
STRUCTURE OF APATITES Ca,(POy)sX,, WHERE X F, Cl, OH

To analyse the atomic structure of calcium apatites, we applied the
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Fig. 13. Contributions from four non-equivalent oxygen atoms of the PO,-
tetrahedra and OH-groups, and the theoretical K, -band of oxygen in the
compound Ca,,(PO,)s(OH),.

full potential LAPW + lo method within the framework of the gen-
eralized gradient approximation using the exchange—correlation po-
tential in the form of the Perdew—Burke—Ernzerhof approximation.
The results show that, for all calcium apatites studied by us, the
lengths of P—O bonds on the length scale are arranged in the same
order, namely, the length P-O, <length P-O, < length P-0O, (Ta-
ble). Such a general tendency for the bond lengths of all calcium
apatites studied by us indicates that the replacement of anions on
the sixth-order axes does not significantly change the spatial orien-
tation of PO,-tetrahedra.

When replacing anions located on the sixth order axes, for the
surroundings of the calcium atom, we obtained the following pat-
tern consisting in that the length of the Ca—O, increase in a se-
ries of compounds Ca,,(PO,)F;— Ca;(PO,)s(OH),— Ca,o(PO,):Cl,,
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Fig. 14. Experimental and theoretical K,-bands of oxygen in the compound
Ca,o(PO,)s(OH),.

and the reverse pattern was recorded for Ca;—O,, bonds.

The following factors affect the change in Ca;—0O bond lengths,
when replacing all anions located on axes of the sixth order.

Firstly, the calcium atoms of the second non-equivalent position
are coordinated by various X anions. Therefore, an increase in the
electronegativity of anions located on the sixth-order axes leads to
an increase in the outflow of electron charge from anions X to the
calcium atoms of the second non-equivalent position, which should
lead to a decrease in the electron charge outflow from Ca, atoms to
the nearest oxygen atoms. The last fact should lead to an increase
in the lengths of Ca—O bonds.

Secondly, an increase in electronegativity of anions located on
sixth-order axes is accompanied by a decrease in the volume of the
unit cell and, consequently, a decrease in all bond lengths, includ-
ing Cay—O lengths. As we can see, the above two factors compete
with each other; therefore, the length of the bond will be deter-
mined by which of the factors will be dominant. For short Cagy—0
bond lengths, namely, Ca;—O) and Cap—O, bonds, the first factor
is dominant. Therefore, there is a tendency to decrease Ca—0O3, and
Ca)—O, bond lengths as the electronegativity of anions located on
the sixth-order axes decreases. At the same time, for longer Cag—
Oy and Cap—0Oq, bonds, the second factor is dominant. Moreover,
an increase in the Ca(z) O, bond length with a decrease in the elec-
tronegativity of anions located on the sixth-order axes turns out to
be significant. Thus, for example, the replacement of all fluorine
atoms with chlorine atoms in the structure of calcium fluoroapatite
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TABLE. The bond lengths of apatites of the Ca,,(P0O,)¢X, form, where
X =F, Cl, OH, obtained because of the relaxation of atomic positions inside
the unit cells with fixed experimental lattice parameters.

Compound Bond | Ca,(PO)F, | Ca(PO)Cl, | Cay(PO,)(OH),
P-0,, A 1.551 1.549 1.557
P-0,), A 1.562 1.564 1.565
P-0, A 1.554 1.552 1.561

0.1~Op)» A 2.568 2.560 2.582
0.1~Op) A 2.563 2.586 2.571
0p~0)» A 2.519 2.482 2.519
0y ~0g)» A 2.502 2.522 2.527
Caqy—Opy, A 2.394 2.410 2.405
Ca)—Op), A 2.448 2.396 2.450
Cay)—Og)» A 2.806 2.771 3.938
Cap—Og), A 2.341 2.306 2.822
Cap—0p), A 2.356 2.250 2.422
Ca—Ogyps A 2.471 2.511 2.454
Cag—Ouy, A 2.722 2.984 2.388
Cap—X, A 2.306 2.589 2.633
0y~Opyer A 2.891 3.029 2.897
01y~Oger A 2.944 3.002 2.953
0i~Ozer A 2.932 2.915 2.931
0i5~Ozer A 3.049 2.884 2.978
Oi5~Oger A 3.076 3.178 3.039
Cay—P, A 3.096 3.065 3.025

li&s accompanied by an increase in the Cay—O, bond length by 0.26

For Cap—X bond lengths, the following trend is recorded. The
distance Cay—X decreases with increasing electronegativity of ani-
ons located on the sixth-order axes. The O—Oignbouring tetrahedron)
lengths determine the interaction of tetrahedra with each other.
There are only five such links: O4,—Ogye, O1)=O3).s O2=Oyer 02y~ O 2)e
and Og—Og.. Different apatites of the Ca,((PO,)sX, series, where
X =F, Cl, OH, are characterized by a different arrangement on the
length scale of the above bonds.

Born effective charges of phosphorus atoms increase in a series
of compounds Ca;y(PO,)sF; — Ca,o(PO,)s(OH), > Ca,,(PO,)sCl,,. The
tensors of the effective Born charges of oxygen atoms have a signif-
icant deviation from isotropy. The effective charge of oxygen atoms
ranged from —2.7 to —1.3 electron charge for different directions of
motion. For apatites of the Ca,,(PO,);X, form, where X =F, OH, Cl,



338 L. I. KARBOVSKA, V. L. KARBIVSKYY, N. A. KURGAN et al.

the O, component turned out to be larger than O,,,, and the dif-
ference ranged from 0.65 to 0.85 electron charge, i.e. changed in-
significantly during the transition from one type of apatite to an-
other. A similar situation was observed for O, atoms, i.e. O,
turned out to be larger than O,,, and the difference also changed
insignificantly during the transition from one type of apatite to an-
other.

For the third non-equivalent oxygen atom, the opposite picture
was established. The components O, turned out to be significantly
less than O),,, for apatites of the Ca,((PO,)sX; form, where X = F,
OH, Cl. The tensors of the effective Born charges of the X atoms
located on the ¢ axes have significant deviations from isotropy.

The elastic constants of the compounds under study were ob-
tained. The phosphorus—oxygen interaction is very strong, because
the longitudinal component of force tensor varies in the range of
large values from 0.506 to 0.423 kN-m™'. The transverse compo-
nents for these interactions are significantly smaller than the longi-
tudinal components (five times), which means the directionality of
the force interaction along the P—O bond. The off-diagonal compo-
nents of the force tensor are very small compared to the diagonal
components, which also indicates the covalence of the phosphorus—
oxygen bond.

For the compound Ca,o(PO,)sF,, when fluorine is replaced by chlo-
rine or a hydroxyl group, the interaction of phosphorus with the
nearest oxygen environment changes only slightly. Thus, there is a
tendency to decrease the longitudinal component of force tensor of
interatomic interaction while decreasing electronegativity of anion
X, which is more pronounced for the first and second non-
equivalent oxygen atoms. It would seem that phosphorus is sur-
rounded by oxygen atoms on all sides that makes it difficult to in-
teract with calcium atoms. However, phosphorus—calcium interac-
tion was quite strong. Thus, the longitudinal component changed
from 0.064 to 0.058 kN-m', wherein decreased with decreasing
electronegativity of the anion located on the ¢ axis. The transverse
components of this force tensor were also significantly smaller than
the longitudinal components that indicates the covalent phospho-
rus—calcium bond type and the direction of interaction along the
bond line. It is interesting that the oxygen atom of the neighbour-
ing tetrahedron is slightly farther from the phosphorus atom than
the calcium atom (only 0.1-0.2 A), but the force constants for the
bond phosphorus—oxygen (neighbouring tetrahedron) are substan-
tially less than the corresponding force constants for the bond P-
Cay. Thus, the interaction of phosphorus—oxygen (neighbouring
tetrahedron) is weak. Consequently, these facts confirm the exist-
ence of a long-range interaction of calcium with surrounding atoms
due to the presence of a two-valley effective 3d-electrons potential



QUANTUM NATURE OF STABILITY MECHANISMS OF CALCIUM APATITE 339

with a localization of the second valley of about 3.0 A.

Oxygen atoms constitute the atomic environment of the Ca, at-
om, and for calcium fluor- and hydroxoapatite, the nearest to the
first non-equivalent position of the calcium atom is the O, atom,
while for calcium chloroapatite, the O, atom is the closest. A
change in the oxygen environment for calcium chlorapatite in com-
parison with fluor- and hydroxy-analogs leads to a significant
change in the nature of the oxygen—calcium bonds. The longitudinal
force constants of these bonds for calcium fluor- and hydroxyap-
atites were small and amounted to —0.022 and 0.016 kN-m™, respec-
tively. At the same time, the transverse components of force tensor
turned out to be not much less and equal to —0.012 and —0.012
kN-m™. Thus, for calcium fluor- and hydroxyapatites, the Ca;—Oy,
interaction is weak, and the connection is not clearly pronounced as
directional, i.e. ionic one.

The interaction of the calcium atom of the second non-equivalent
position with the anion located on the ¢ axis increases in the series
of compounds Ca,,(PO,)sF; > Ca;o(PO,)s(OH), — Ca,,(PO,)sCl,. In ad-
dition, for the calcium fluor- and hydroxyapatite, the transverse
component of the force constants is three times smaller than the
longitudinal, i.e. the bond is partially ionic and partially covalent.
When anion on the ¢ axis is replaced by chlorine, the transverse
component decreases sharply and the longitudinal component in-
creases that means an increase in the covalent component of the
Ca;—X bond.

6. CONCLUSIONS

The theoretically calculated X-ray emission bands of the O K,- and
Ca Kg-bands in the calcium apatite were in good agreement with the
experimental spectra. For the L, ;,-bands of calcium in the
Ca,(PO,)¢F, compound, the agreement between the theoretical and
experimental curves was a bit worse, which indicates the need to
take into account relativistic corrections that make it possible to
calculate the difference in the shape of the L;; and L;; bands. Some
discrepancy between the theoretical and experimental forms of the
P K bands in Ca,z(PO,)s(OH), is caused by the small radius of the
MT-sphere of phosphorus and, as a result, not taking into account
the electron density of phosphorus, which is outside the sphere. The
difference in the forms of the curves between the theoretical and
experimental F K bands in the compound Ca,,(PO,)sF; is due to a
significant underestimation by the calculation of the covalent com-
ponent of the Ca—F bond.

The presence of an ordered structure of oxygen tetrahedra in ap-
atite is a canonically decisive parameter in the formation of the
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form and the main features of the curve of the total density of elec-
tronic states of calcium apatites.

In various calcium compounds, atomic effects play a significant
role in shaping the shape of the L,-spectra of calcium and, as a re-
sult, the participation of d-states of calcium in bond formation is
levelled by their significant localization, apparently, in the inner
valley of effective potential.

Due to the peculiarities of the electronic structure of calcium and
a limited choice of MT-spheres, quantum-mechanical calculations
using the density functional theory methods cannot fully describe
the long-range component of calcium interaction with the surround-
ings, however, the presence of a number of experimental data indi-
cate that the stability of the apatite structure is largely determined
by the two-valley effective potential of calcium d-electrons.
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