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Electron structures of compounds Me,y,(PO,)gX,, where Me = Ca or Cd and X =F, ClI,
Br, OH were investigated using full potential APW+lo method. The structure and energy
location of peculiarities of total and partial densities of states for cadmium apatites were
established to be more sensitive to isomorphic substitution of anion fluor for chlor or
bromine or OH group than for calcium ones. The P6,/m space were shown to be preferable
for Ca,(PO,)sF, and Ca,((PO,)sCl, than P64. The dependence of total energy per unit cell
on the displacement along c-axis within the limits of space group P6, for Ca,;(PO,)sF, and
Ca,((PO,)eCl, was proven to be extremely small that justifies the lability of structure of
calcium apatites with respect to this position.

ITonuomoTeHnuaabHEIM MeTomoM IIIIB wmcciemoBaHO 3JeKTPOHHOE CTPOEHHNE COeNUHEeHUN
Me,3(PO,)eX,, rme Me=Ca mmu Cd, X =F, ClI, Br, OH. Ycranosmeno, uTo CTPyKTypa u
9HEPreTUYEecKoe II0JOKeHNe OCO0eHHOCTEeH IIOJHBIX U IapIiUMAJbHBIX ILIOTHOCTEH 9JeKTPOH-
HBIX COCTOSIHHM KaIMHEBBIX AllaTUTOB 3HAUNTEJIbHO UYyBCTBHUTE/JIbHEE K M30MOP(HBIM 3ame-
IIeHUAM aHHOHA ()TOopa HA XJOP, OPOM M I'MAPOKCHJ, B CPABHEHHU C KaJbI[MEBLIMU AIlaTH-
ramu. IlokasaHa MpeAnoOYTUTENLHOCTh CTPYKTYPEI P6g/m nua Cayg(POy)gF, u Cayo(PO4)Cl,
B cpaBHeHHUHU ¢ P65. [lna XJ0po- m (PTOpOAnaTUTOB Kaiblus Habaoganach ciabas 3aBUCH-
MOCTh CYMMAPHOI 9HEPIruH JJIEeMEHTAPHOM sAdYefiKM OT IOJIOKEHHS AHMOHA B Ipegesax IIpo-
CTPAHCTBEHHOU rpynmnbl P63, 4TO MOATBEPMKAAeT Na0UIBHOCTE CTPYKTYPBI AlATUTOB KAJbIMA
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OTHOCHUTEJIBHO 3TOM IIO3N I HNHN.

1. Introduction

Apatite group compounds (Meo(ZO4)gX>,
where Me™, n=1-8; Z™, m =1-3; Xk is
an electronegative element) attract atten-
tion of scientists for a long time due to a
large field of their applications. In particu-
lar, they can be used as artificial bioactive
compounds compatible with bone tissue,
moisture and alcohol sensors, matrices for
radioactive waste burial, accumulators of en-
vironmentally hazardous substances. Such a
variety of physical properties of apatites is
due to their capability to iso- and heterova-
lent substitutions defined by anomalous lim-
its of nonstoichiometry of their composition.

There are numerous studies aimed at
electron structure investigations to date,
however, a thorough description of isomor-
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phism laws can be attained by comparing
experimental results with theoretical calcu-
lations. Most theoretical electron structure
calculations are based on the methods which
do not give good agreement with experi-
ment for porous compounds [1-5].

In this work, studied has been the elec-
tron structure of Me,3(PO,4)gX; compounds,
where Me = Ca or Cd and X = F, CI, Br, OH.
The calculations were fulfilled using full
potential augment plane wave method that
is most applicable for porous compounds
and provides the geometry optimization of
atomic positions.

2. Computational procedure

The calculations of total and atom-pro-
jected densities of states were performed
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Fig. 1. Total and partial densities of states for isolated PO43‘ tetrahedron.

using full potential augment plane wave
method with APW+lo+LO basis set with
making allowance for relaxations of atomic
positions. Ca 3s, Ca 3p, P 2p were treated
as LO. The GGA functional of (PBE) [6] was
used for exchange-correlation potential. In-
tegrations over Brillouine zone were accom-
plished using 2-2-3 k-point sampling cen-
tered at T' point (4 inequivalent k-points)
[7]. For hydroxyapatites, the 2-1-3 grid was
used that corresponds to the same density
of k-points in reciprocal space.
Cayp(POy)sF2, Ca1g(PO4)eCla, Cay(POy)eBro,
Cdyg(PO4)gF2, Cdqg(PO4)sCly, Cdyg(PO4)gBrs
were considered to belong to P63/m space
group and Caqp(PO4)(OH)p, Cdqo(PO,)s(OH),,
to P2;/b one. The initial atomic positions in
the unit cell for geometry optimization was
taken from [8]. The unit cell was considered
to be cubic with unit cell parameter a = 16 A
in order to calculate molecular levels of iso-
lated PO43‘ anion.

3. Resultls and discussion

Electron structure of PO,-tetrahedra in
apatites. Tetrahedral PO43‘ anion is a strue-
ture constituent of many crystalline com-
pounds including apatites. As a first ap-
proximation, the PO43‘ tetrahedra can be
considered as individual molecules with
symmetry influenced by lattice force field.
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In the free state, the P—O bond length is
equal to 1.55 A and the point group T . To
investigate the basic electron structure fea-
tures of PO, complex in apatites, we have
calculated the total and partial densities of
states for isolated PO43‘ anion and for in-
vestigated apatites and the comparative
analysis was fulfilled.

The total and partial densities of states
for isolated PO,3~ tetrahedra are shown in
Fig. 1. The most substantial contribution to
densities of states was observed to be from
2s and 2p states of oxygen. Composition of
those partial densities of states defines the
shape of total DOS curve. The curve of 2s
state of oxygen includes two intense peaks.
The first one is located at 19 eV and corre-
sponds to the atomic state. The second is at
22 eV and conforms to hybridization 3s or-
bital of phosphorus with 2s orbital of oxy-
gen, since P 38s has a singularity at that
energy. The O 2p states curve has 5 peculi-
arities (Fig. 1), the first and the second
peaks correspond to hybridization of 2p
oxygen states with 3p and 3s states of phos-
phorus, respectively. The peculiarities 3-4
indicate the hybridization with d states of
phosphorus that appeared in PO43‘ anion
molecule. The fifth peak corresponds to
atomic O 2p state which is a characteristic
feature of all the calculated apatites. The
same picture was observed for all studied
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Fig. 2. Partial density of states for Ca;y(PO,)gF,.
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Fig. 8. Partial densities of states of O 2p for Cd,3(PO,)gF, (left) and Ca,y(PO,)sBr, (right).
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apatites (data are not presented). The elec- 032k Pp
tron density on the d orbital of phosphorus BN S
for isolated PO43‘ tetrahedron is about 1/4 0161
of 3s density while in apatites, this concen- 00of . . . AN .
tration ratio increases and can reach 0.7. Tr
Comparing the O 2s states curves for sl Cdd
isolated PO43~ anion and for PO,3 in cal- -
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culiarity of O 2s for calcium apatites due to 0 L L e I
interaction with Ca 3p orbital. Thus, ana- __25 —20 ) 15 o -10 S Eev
lyzing the results of calculations, we can Fig. 4. Partial densities of states for
suppose that characteristic feature of inves- Cd15(PO4)6(OH),.

tigated calcium apatites is an energy loca-
tion of Ca 3p level in the valence band
(Fig. 2). In particular, this fact was estab-
lished for calcium hydroxyapatites in [4].
The O 2p state curve for Cag(PO,)eF, is
widened a little with respect to that for
isolated molecule (Figs. 1, 2). Considering
the shape of oxygen 2p states for
Cag(PO,)6F2, we can conclude that both for
Ca10(PO4)GF2 and for Ca1o(PO4)6(OH)2 it has
5 peculiarities (data are not presented).
These data correlated with those for iso-
lated PO43‘ tetrahedron (Fig. 1). The O 2p
state curves for Ca;p(PO4)gBr, and
Cag(PO,4)eCly contain six peculiarities while
for all the calculated cadmium apatites,
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these curves include more than six peculi-
arities (Fig. 3).

Along with above-mentioned extra peaks
in O 2p curves for cadmium apatites, the
splitting of P 3p peculiarities was estab-
lished for all the cadmium apatites caused
by interaction 3p orbital of phosphorus with
4d orbital of cadmium (Cd 4d — O 2p—P 3p
hybridization) (Fig. 4).

The relaxations of atomic positions for
investigated apatites were performed within
the limits of P6g/m space group, conse-
quently, the point group of PO, tetrahedra
was Cg. An exception form the hydroxyapa-
tites belonging to P2;/b space group that

349



A.P.Soroka et al. / Electron structure of calcium ...

Table 1. P-bond lengths in (PO,);-tetrahedra obtained by relaxation of atomic arrangement

Compound P-O(1), A P-0(2), A P-0(3), A P-0(4), A
Cayo(PO,)6F, 1.53524 1.54338 1.54338 1.54731
Cay(PO,)sCl, 1.54952 1.55207 1.55207 1.56431

Ca;o(PO,)s(OH), 1.55401 1.55848 1.55860 1.55686
Cdyo(PO,)6F, 1.55386 1.54286 1.54286 1.56995
Cdyo(PO,)sCl, 1.54601 1.54622 1.54622 1.58148

Table 2. Energy differences between P 8s and O 2s states. (P 3s(a) is P 3s atomic level; (P 3s(g),

energy level produced by hybridisation)

Compound P 3s(a)-0O 2s, eV P 3s(g)-0 2s, eV P 3p—0 2s, eV
Ca,o(PO,)eFs ~2.966 10.412 12.844
Ca,(PO,)sCl, -3.033 10.140 12.442
Cayo(PO,)eBr, ~2.802 10.016 12.763

Ca,(PO,)(0OH), -2.885 10.761 12.451
Cdyo(PO,)eF2 ~2.748 10.041 13.552
Cd,(PO,)sCl, ~2.023 10.028 12.833
Cd,((PO,)gBr, -3.343 10.401 11.989

Cd,((PO,)s(OH), ~2.612 10.386 13.799

Isolated (PO,)%" tetrahedron -2.608 12.234 14.453

Table 3. Energy separations of states for investigated compounds

Compound 0 2p—0 2s, eV H 1s-0 2s, eV O 25(PO,-0 2s(OH), eV
Cd,(PO,)g(OH), 17.338 14.181 0.51
Ca,((PO,)s(0OH), 17.387 14.057 0.19

isolated OH~ 18.738 15.089 -

results in the reduction of PO,43~ anion sym-
metry from C; point group to C;. The re-
sults obtained show equal P-0O(2) and
P-O(3) bond lengths (Table1l) for
Me,g(PO,4)eXs compounds, where Me = Ca or
Cd and X = F or Cl, that justifies the attri-
bution of PO43‘ tetrahedron to point group
C,. The difference between P-0O(2) and
P—O(3) bond lengths indicated that the
point group of PO, tetrahedra is Cj.

The nature of P—O bonds in PO, tetra-
hedron can be considered in the light of
changes in energy difference between P 3s
and O 2s levels (Table 2) and charge redis-
tribution caused by hybridization. The con-
centration ratio O s/O p for isolated PO43‘
tetrahedron is larger than those for all the
investigated apatites. The energy levels pro-
duced by P 3p hybridization with O 2s and
P 3s with O 2p were proven to be compara-
ble in their intensities to their atomic lev-
els, that means the covalent character of
P-O bonds.
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The change of electron densities P 3s, P
3p and O 2s was proven to be more suffi-
cient for cadmium apatites Cd;g(POy)g(F,
OH, CI, Br), than for calcium ones when
varying the anion on c-axis (Table 2).
Thereby, we can assert the partial electron
densities of states P 3s, P 38p and O 2s for
cadmium apatites to be more sensitive with
respect to isomorphic substitution in anion
group than calcium ones.

Electron density of anion located on c
axis. The calculated energy difference be-
tween 2s and 2p states of oxygen for cal-
cium and cadmium hydroxyapatites are pre-
sented in Table 3. The data for isolated ion
OH~ are presented for comparison. It has
been established that energy difference be-
tween O 2p and O 2s levels for cadmium
hydroxyapaptite is 0.049 eV larger than
that for Cd10(PO4)6(OH)2 and H 1s - O 2s is
0.124 eV lower. The energy difference be-
tween O 2s(PO,) and (O 2s(OH)) levels for

Functional materials, 17, 3, 2010
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Fig. 6. Partial 4p density of bromine states for

shift of O
O 2s(OH) is

for Ca1o(PO4)6(OH)2, such
25(PO,) with respect to
0.19 eV.

The comparison of partial densities of
states for Cayg(PQ,4)s(OH), and
Cd4g(PO,4)6(OH), indicates the difference be-
tween charge densities for these compounds
(Fig. 5). The curves of 2s states of oxygen
and 1s states of hydrogen for calcium hy-
droxyapatite are observed to have a peculi-
arity at —20 eV. Such peculiarity was not
observed for cadmium apatite; that means
the presence of O 2s(PO4S),O 38(OH)-P 3s
interaction for cadmium apatites and ab-
sence of such interaction for cadmium ones.
This is due to the better metallic properties
of cadmium than calcium, and thus, the
charge outflow from cadmium to oxygen
tetrahedra is larger than that for calcium,
thus resulting in a stronger interaction
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Ca,z(PO,)gBr, (left) and C,y3(PO,)gBr, (right).

Table 4. Energy distances for investigated

apatites
Compound O02p-0 | Xs—-0 |Xp-0O 2s,
2s, eV 2s, eV eV

Ca;o(POy)eF, 16.767 -3.537 16.767
Cd,((POysF5 17.252 -3.021 16.001
Ca,o(POyeCl, | 16.490 3.401 14.068
Cd;o(PO,eCl, | 17.088 2.915 14.639
Ca,o(PO,)gBr, | 15.831 4.735 16.164
Cd;((PO,)gBr, | 18.828 4.417 17.086

0 2s(PO4)-0O 2s(OH)-P 3s for calcium apa-
tites.

The same picture was observed for all the
investigated apatites (Fig. 6, Table 4). The
presence of Xs — O 25(PO,) and Xp — O 2p(PO,)
interactions for calcium apatites has been
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Table 5. Band gaps widths for investigated

apatites
Compound Band gap width, eV
Ca (PO 6F, 5.14
Ca,((PO,)6Cl, 5.08
Ca,((PO,)gBr, 3.86
Ca,((PO,)e(0OH), 4.66
Cd,((POysF5 2.12
Cd((PO,)sCl, 2.53
Cd,((PO,)gBr, 2.70
Cd,((PO,)g(OH), 2.34

established. The interaction X s — O 2s(PQOy,)
for cadmium apatites is appreciably weaker
for calcium apatites than for cadmium ones
while X p — O 2p(PO,) one is stronger a little.
Comparing the shape of X p band for calcium
and cadmium apatites, we have found that
the latter contains amore pronounced peak
corresponding to atomic level and a larger
tail (Fig. 6).

The main features of the electron charge
density behavior trends have been estab-
lished (Table 4). The energy separation be-
tween O 2s and X s levels has larger disper-
sion for cadmium apatites than for calcium
ones. On the contrary, the dispersion of O
2p — O 2s is larger for calcium apatites.
The relatively large difference O 2p — O 2s
between cadmium bromapatite and calecium
bromapatite can be explained by distinction
of O 2p band for Cdo(PO,)gBr,. A deviation
from the common trend we observed for X p
— O 2s states. The reduction of X p — O 2s
was observed for fluorapatites when calcium
was substituting for cadmium. For
Ca10(PO4)GC|2 and for Ca10(PO4)GBr2, an in-
crease of this distance was observed.

Total density of states. Comparison of
calculation data for the set of Meo(PQ,4)eXs
apatites where Me =Ca or Cd and X=F,
Cl, Br, OH (Fig. 7) shows a common feature
of filled part of valence band, which has
strongly pronounced band character with
different widths of individual subbands.
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Fig. 7. Total densities of states for investi-
gated compounds.

Two bands separated by energy were found
for all the investigated apatites. The upper
band is located near "Fermi level” and the
lower one is subvalence states. Taking into
consideration partial densities of states
mentioned above (Figs. 1-3) and the num-
ber of individual atomic species, we can
conclude that the main contribution to total

Table 6. Lattice constants for investigated compounds

Compound Calculation Experiment
a, A e, A c/a |4 A3 a, A e, A c/a
Ca((PO4)sCl, 9.72 6.75 0.69 552.29 9.63 6.78 0.70 544.52
Ca,((PO,)6F, 9.48 6.94 0.73 540.14 9.36 6.88 0.73 522.00
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densities of states are O 2s and O 2p states
of tetrahedral sublattice. Thus, oxygen
states of tetrahedral sublattice mainly spec-
ify the shape and peculiarities of total den-
sity of states curve for all the calculated
calcium apatites. A little widening of bands
near "Fermi level” was established for cad-
mium apatites caused by contribution of
cadmium 4d states. Some modifications of
subvalence bands were observed for calcium
and cadmium bromapatites. Those are due
to sufficient energy separations of O 2s lev-
els of different nonequivalent oxygen atoms
in PO, tetrahedra.

Band gaps. In order to describe electron
structure of investigated apatites totally, an
analysis of band gap widths was performed
(Table 5). The analysis of obtained data dis-
played that band gap widths for calcium
apatites are close to experimental values
and those for cadmium apatites appeared to
be much smaller. This is due to the well-know
problem for all calculations of exciting states
and band gaps in the framework of density
functional theory [9].

The structure calculation of the apatites
based on total energy per unit cell. The space
group of apatites is specified by anion loca-
tion on c-axis. If the anions have relative
coordinates Z; = 0.0 and Z5=0.5 or Z; =
0.25 and Z5 = 0.75, then the apatite belongs
to space group P6g/m. If Z,—Z4 = 0.5 and Z;
is not equal to any above-mentioned value,
then the apatite belongs to P63 space group.
Otherwise, the apatite space group is P2,/b.
Consequently, chloroapatite, fluoroapatite
and bromoapatite can formally belong to any
of the above-mentioned space groups and hy-
droxyapatite, to P63 or P2;/b. We tried to
identify the anion position for Ca;o(POy,)gF>
and Caqg(PO4)sCl, from energy considera-
tions. Anions were moved within the range of
P63, i.e. the condition Z;—Z, = 0.5 is not
breached. The extremely weak dependence of
total energy per unit cell is revealed when
anions are moved. The total energy amplitude
fluctuation is equal to 0.0002 Ry for
Ca10(PO4)6F2 and 0.0004 Ry for
Ca,g(PO4)gCly. The minimum of total energy
per unit cell in both cases falls on Z; = 0.25,
Zy = 0.75, thus meaning that the space group
P6g/m is preferable over P63 for
Ca g(PO4)gF, and Cayg(PO4)sCl,. However,
extremely weak dependence of total energy
upon the anion displacement means that ani-
ons keep the lability with respect to location
on c-axis. The larger fluctuation amplitude
for Ca1o(PO4)6C|2 than for Ca1o(PO4)6F2 can
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be explained by lower negativity of chlorine
than fluorine.

The lattice constants have been calculated
for Ca10(PO4)6C|2 and Ca10(PO4)6F2 (Table 6).
The calculation shows a good agreement with
experimental results [10].

4. Conclusions

The energy location of peculiarities in
total and partial densities of states for cad-
mium apatites have been shown to be more
sensitive to isomorphic substitution of fluo-
rine anion for chlorine, OH group or bro-
mine than for calcium ones. The interaction
X s — O 2s, where X is a halogen, was ob-
served for calcium apatites in contrast to cad-
mium ones because of less charge outflow
from Ca to O and X for calcium apatites and
therefore, a stronger interaction between O
and X. For cadmium apatites, O 2p bands
(and therefore total densities of states) are
smeared a little with respect to calcium
ones due to hybridization Cd 4d — O 2p. The
space group P63/m has been established to
be preferable over P65 for Ca o(PO4)gF, and
Cao(PQO,4)6Cly. However, extremely weak de-
pendence of total energy upon the anion dis-
placement justifies that anions keep the
lability with respect to location on c-axis.
The calculations using GGA (Perdew,
Burke, Ernzerhof) functional gave band
gaps for calcium apatites agreeing well with
experimental values. The calculations also
vielded lattice constants for Ca,g(PO,)eF>
and Cayp(PO4)gCl, close to the experimental
values.
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EnxeKkTpoHHaA CTPYKTypa amaTHMTIB KaJbIilo i KaaMiio

A.Il.Copoxra, B.JI.Kapb6iécoxuii, B.X.Kacianenko

IToBromorenmianpaum wmetomom IIIIX gociimsKeHO eJNeKTPOHHY CTPYKTYPY CIIOJNYK
Me,3(PO/)eX,, me Me = Ca 1a Cd, X=F, Cl, Br, OH. Bcramosmeno, mo CTPyKTypa Ta
eHepreTuyYHe IIOJIOXKEHHS OCOOJMBOCTEM IIOBHUX 1 IIapriaJbHMX I'yCTHH CTaHIB alaTUTiB
KaaMilo 3HAYHO UyTJAUBimIi g0 isomopduux 3amimieds ropa Ha XJa0p, 6pom ado rigpoxcua y
mopiesHHI 3 amatumramu Kanenilo. Iloxasamo mpiopurer crpykrypu P6g/m  mna
Ca,((PO,)gF, i Ca,((PO,)eCl, v nopiBranmni 3 P6g. daa xjopo- i (ropoamaTuTis KabIiiio
crnocTepirasacsa cjaabka 3ajJeKHICTh CyMapHOi eHeprii eJJeMeHTapHOI KOMIpKHU Bif IOJIOJKEHHA
aHioHa y MesKaxX IIPOCTOPOBOi rpymu P8g, mo miATBepAsxye nabiTbHICTL CTPYKTYPH alaTHUTIB
KaJIbIil0 BifHOCHO Iiei moswuiii.
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