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Abstract
Beta-Tri-calcium phosphate (β-TCP) material attracts more attention in biomaterial research areas,
due to its excellent biocompatibility and identical chemical compositions to the natural teeth and
bones. However, using pure β-TCP compound as biomaterial in dental applications has been reduced
due to its less ability to stimulate natural bone growth in an acceptable manner, because it lacks some
essential elements. In this work, Sr and Zn elements as dopant in the matrix of pure β-TCP material
were used to obtain Sr and Zn-doped β-TCP material with enhanced physical properties and
biological performance. Electronic, optical properties and quantum chemical indices; chemical
Potential (µ), ionization potential (IP), Hardness (ɳ) and Softness (S) of pure and three different
configurations of doped β-TCP material were investigated using B3LYP and MP2 theories with 6311g* basis set. A full potential linearized augmented plane wave method (FP-LAPW), within
generalized gradient approximation (GGA) was used for the calculation of electronic and related
properties. In the results, the chemical potential values of the doped β-TCP compounds decreases
compared to the pure β-TCP indicating that the doped β-TCP compounds were more stable than the
host compound. The energy gap of the pure β-TCP was observed to be affected for the doped β-TCP
compound structures. The band gap values for the pure and Sr and Zn-doped β-TCP were 4.8eV,
5.0eV, 5.2eV and 3.6 eV respectively. The global hardness also decreases with softness values
increased. This demonstrates that the Sr and Zn-doped β-TCP compounds can be served as improved
biomaterial candidates for bone and teeth recovery.
Keywords: β-Tri-calcium phosphate; β-TCP compounds; chemical potential; global
hardness; band gap energy

1. Introduction
Calcium phosphate materials have been used in the early nineteenth century as a ceramic
biomaterial for human bones recovery, and its first successful application was reported by
Albee in 1920 (Albee, 1920). Albee identified and named this type of calcium phosphate
biomaterial as “Tri-calcium phosphate”. In the early 1970s, more study is reported that
calcium phosphate materials are used as a biomaterial candidate for dental applications
(Bakheet, 2016; Nery et al., 1975).
Much of current works have investigated the role of β-Tri-calcium Phosphate compound at
the wide scope of biomaterials both in theoretical and experimental areas. This opportunity
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was increased by the continued enhancement in the chemical, physical and mechanical
properties of the β-TCP compound, which made it more appropriate materials for
biomedical applications (Corno et al., 2006; Gibson et al., 1996). Therefore, the different
shapes (cement, implant, and coatings) of β-TCP biomaterials are widely used for several
types of bone growth, recovery, and replacement (LeGeros & LeGeros, 2006; Liang, Rulis, &
Ching, 2010).
β-TCP compound has crystal structure of rhombohedral with space group (R3c, Z = 21), and
lattice constants, a = b = 10.4325 , c = 37.4029 , and
,
,
. Usually,
β-TCP is formed at low temperature, stable at
, and is slow degrading material.
Therefore, it is considered as a favorable compound for biomedical applications like in
orthopedics area (Kalita, Bhatt, & Dhamne, 2006; Mathew & Takagi, 2001). Additionally, βTCP has a similar mineral composition of the natural bones and teeth. This similarity makes
β-TCP compound more suitable material for bone and dental tissues recovery (Araújo et al.,
2009), particularly when it is used for implants purposes like in teeth and bone replacement
(Bohner, 2000; Ito & LeGeros, 2008; María Vallet-Regí & González-Calbet, 2004).
The implant materials such as Beta-Tri-calcium phosphate should satisfies exceptional
characteristics such as good solidity, excellent biocompatibility, and adequate resistance to
the corrosion defects (Matsuno et al., 2001). In this aspect, β-TCP material fulfils all the
required terms, therefore, it is considered to be essential element for living bones and teeth.
In addition, β-TCP plays an important role in graft purposes, which make it suitable ceramic
material with uniquely biocompatible features in the recent dental and medical application
(Watari et al., 2004).
In addition to the bone and teeth applications of β-TCP compound, it is reported that pure
β-TCP compound is unable to encourage the living bone and teeth formation as required. As
well as it has high solubility property for the bone and teeth cells (Xue et al., 2008).
Therefore, in this work impurities such as Mg, Sr and Zn elements, which are inserted
within the matrix of pure β-TCP crystal were used for the enhancement of physical and
bioactivity properties that do not exist in the pure Beta-TCP to overcome the drawbacks.
Also, the doping β-TCP compound with Mg, Sr and Zn elements is highly required for
connective tissues, healthy bone, and increasing the biological activity of β-TCP material
when it is used as a biomaterial device to insert into the human body (Bandyopadhyay et al.,
2006).
Investigating and controlling the electronic and optical properties, and chemical indices for
the pure and doped Beta-Tri-calcium phosphate materials, using either theoretical or
experimental techniques have been directed to fabricate novel β-TCP materials for dental
and medical applications (Maria Vallet-Regí, 2001). Therefore, a comprehensive
computational study on the electronic properties, chemical indices and optical parameters
for the modified compounds were conducted, to provide more understanding and clear
picture of the mentioned properties which could assist in the synthesis, fabrication, and
design of good β-TCP biomaterials for biomedical application.
2. Computational Methods
To calculate the electronic and optical properties, a density functional theory along with
GGA exchange-correlation potential (Schwarz, Blaha, & Madsen, 2002), as implemented in
WIEN2k code (Wien, Austria 2000) (Karlheinz Schwarz, 2003) was used. The value of
RMTKmax = 3 and was adopted to achieve the self-consistence field (SCF) convergence for the
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calculations, where
is the smallest atomic radius in a unit cell, and Kmax is the
magnitude of the maximum value of k-vector in the plane wave expansion. The number of
k-points is 1000, which are used as input parameter for the self-consistent charge density
determination in the irreducible symmetry edge of the Brillouin Zone (BZ) (Garcia et al.,
2006). The value of -6 Ry is chosen for the cut-off energy, which is the required energy to
separate the core and valence electrons state.
The calculation was carried out using the experimental lattice constants of pure β-TCP
compound (Yashima et al., 2003), which were used as input parameters to get the relaxed
structure of the pure β-TCP. Then, supercell calculation was applied for the relaxed
structure of pure β-TCP compound using 1x1x1 fractional coordinates to get the bigger
structure (supercell structure) of β-TCP. Calcium elements were replaced in the structure of
β-TCP with Sr and Zn elements in the ratio of 30 % for each element to have three doped
structures namely Sr-β-TCP and Zn -β-TCP compounds, respectively.This will provide the
desired properties of the material. The structures of the compounds is given in Fiure 1(a).

Figure 1(a): Sr and Zn-doped β-TCP crystal structures

For the calculation of quantum chemical indices; Chemical potential (µ), Ionization Potential
(IP), Hardness (ɳ) and Softness (S) for the considered materials, three–parameter exchange
functional combined with the nonlocal Lee-Yang-Parr (B3LYP) (Lee, Yang, & Parr, 1988) and
second–order Møller–Plesset perturbation theory (MP2) (Krishnan & Pople, 1978; Møller &
Plesset, 1934) level of theories with 6-311g* basis set (Ditchfield, Hehre, & Pople, 1971)) was
employed using Gaussian 09 package (Agrawal et al., 2011). The frontier atomic orbitals
were applied into Koopmans’ theorem to obtain the mentioned chemical indices (Abduljalil
et al., 2012) . Thus, the Ionization potential ( ) is expressed as;
(1)
With the chemical potential (µ) is described by the relation:
(2)
and the hardness index (η) is defined by the relation:
(3)
and the softness (S) is defined by;
.
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where HOMO and LUMO stand for; Highest Occuoped Molecular Orbitals and the
Lowest Unocupied Molecular Orbitals.
3. Results and Discussion
3.1 Electronic Properties
The band gap energy of a particular material provides more information about the optical
behavior and determines carrier excitations of material (Liang, Rulis, & Ching, 2010;
Rahnamaye Aliabad & Kheirabadi, 2014; Yin et al., 2002). Therefore, in this work, the
electronic band structure of the pure and doped β-TCP compound along with high
symmetry directions in the primitive brillion zone (BZ) were investigated. Figures 1 (a and
b) show the results of the calculated band gap energy of the doped Sr and Zn- β-TCP
compound, respectively. As shown in Figure 1, the Fermi level was set at 0 eV on the energy
scale. The conduction band minima (CBM) and valence band maxima (VBM) are located at
the line of K symmetry point of the BZ along x-axes, showing its indirect band gap nature.

Figure 1(b):. Band structure of Sr and Zn-Doped β-TCP compounds

Sr and Zn-doped β-TCP was observed to have higher band gap values when compared to
the pure and Mg doped β-TCP compounds (Bakheet, 2016). The current and other
theoretical band gap values for the considered compounds is given in Table 1. For the pure
Sr and Zn-doped- β-TCP compounds, the computed band gap energy values (Figures 1)
were 4.8eV, 5.0eV, 5.2eV and 3.6 eV respectively.
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Table 1: Band gap values of Sr and Zn-doped β-TCP compounds
Band gap (eV)
Band gap(eV)
Compound
Current work
Other work
2.36a
Ca3(PO4)2

4.8

2.16b
5.25c

a

Mg3(PO4)2

5.0

-

Sr3(PO4)2

5.2

-

Zn3(PO4)2

3.6

-

(Yin et al., 2002), b (Yin, Stott, & Rubio, 2003), c (Liang, Rulis, & Ching, 2010).

Besides, in the band structure configurations for the two compounds, the lower energy part
of each compound in these figures were observed to possess two deep electronic structures
at the lower energy part, which are located below Fermi level around -8.0, -8.4, -8.6, -8.4 eV
for the pure Mg , Sr, and Zn-doped β-TCP compounds respectively. In addition to band gap
calculations, the total and projected density of states (TDOSs and PDOSs) were also
investigated for the pure (Bakheet, 2016) and doped β-TCP compounds, which elaborates
more on the nature of band structure for the doped β-TCP compounds. The calculated
TDOSs and PDOSs of the pure β-TCP and doped β-TCP compounds is shown in Figures 2-5
respectively. The importance of calculating PDOS was to infer the variances among
electronic band structures of the material.

Figure 2: Density of states (DOS) of pure β-TCP compound

As presented in Figures 2-5, the total density of states are located in the energy range of -20
to 20 eV for the pure and Zn-β-TCP, and in -9.0 to 18 eV, -9.0 to 15 eV for Mg and Sr- β-TCP,
respectively. In Figure 2, the p state of
atoms contributes to the TDOS of pure β-TCP,
between energy ranges of -18 eV to -16.0 eV. While, for Ca atom, the s and p states
contribute to TDOS started from -9.0 to 18 eV for Mg-β-TCP compound (Figure 3). The same
in the case of Ca atom starting from -8.0 eV to 15 eV for Sr-β-TCP in Figure 4, and from -20
to 20 eV for Zn-β-TCP compound (Figure 5).
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Similarly, the s and p states of Mg, Sr and Zn elements of Mg-β-TCP, Sr-β-TCP, and Znβ-TCP compounds participated for the total density of states started from the energy range
of -9 eV to 18 eV, -8 eV to 15 eV and from -20 eV to 20 eV as presented in Figures 3-5,
respectively. The p and s states of P atom show higher contribution to TDOS for pure β-TCP
(Figure 2) than the doped ones, while for Mg-β-TCP compound, only s state are dominated
and show higher contribution to the TDOS than the p state (Figure 3). Furthermore, in Sr-βTCP compound (Figure 4), the p and s states of P atom, almost have similar participation to
the total DOS. While for Zn-β-TCP compound, only s state has the main contribution
compared to the s state (see Figure 5).

Figure 3: Density of States (DOS) of Mg-doped β-TCP compound

Figure 4: Density of States (DOS) of Sr-doped β-TCP compound

Moreover,
atom has density contribution to TDOS of pure β-TCP by both s and p states,
and by p state only for Mg-β-TCP in the energy range of -9 eV to 18 eV, and the maximum
contribution of p state of
atom is below the fermi level. While for Sr- β-TCP and Zn- βTCP compounds, only p state of P atom represents the main contribution to the TDOS in the
energy range of -8 eV to 12 eV for Sr- β-TCP and between -22 eV to 20 eV for Zn- β-TCP, as
shown in the Figures 4 and 5, respectively.

A. M. A. Bakheet et al, DUJOPAS 4(2): 141-153, 2018

146

Ab-initio Study of Chemical and Physical Properties of Pure, Sr, and Zn-Doped β-Tricalcium Phosphates
for Biomedical application

Figure 5: Density of States (DOS) of Zn-doped β-TCP compound

Finally, the s and p states of
atom have a clear contribution to TDOS of the pure β-TCP
in the energy range of -19.0 eV to 15 eV. While for the doped ones, only the s state of
atom has a real contribution to the TDOS for Mg-β-TCP and only p state for Sr-β-TCP and
Zn-β-TCP, as shown in Figure 4 and 5 respectively. The band gap character for these
materials gives more evidences about these materials to design and fabricate suitable
biomaterials for the clinical applications. In our point of view, the doped Mg, Sr, and Zn-βTCP compound is considered as suitable and alternative materials to pure β-TCP material
which is able to perform the task of the pure β-TCP compound in biomaterial area thereby in
clinical applications.
3.2
Optical Properties
The optical properties provide more information and clear understanding of the electronic
band structure, internal structure and collective excitations of the studied materials. Also,
band gap and optical properties calculations add more evidence about the material to use it
as a potential biomaterial (Khan et al., 2013). Moreover, it determines the interaction
mechanism of the electromagnetic radiation with the target material (Khan et al., 2013). In
this work, we have calculated the optical parameters of the considered compounds such as
static dielectric constant
, static refractive index 𝑛 (0), magnitude of the coefficient of
reflectivity at zero frequency 𝑅(0), absorption coefficient
, optical conductivity
and energy loss function EELS. The results are presented in Figures 6 and 7 for the two
doped β-TCP compounds.
As presented in Figures 6 and 7, the dielectric function,
increases to its maximum
value within small energy range, then rapidly decreases to lower values for each compound.
This means, when the electromagnetic radiations interact with the materials can passed into
them smoothly without causing any major interaction within the target material. These
lower values of the dielectric function at maximum energy values are clearly matched to the
higher values of optical reflectivity R(0) for the pure and Mg (Bakheet, 2016), and Sr and Zndoped β-TCP compounds.
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The transitions from the valence to conduction band are usually from top to down and
contain a real participation to the essential part of optical spectra (Van der Laag et al., 2004).
The first critical point which is called the “fundamental absorption edge” of the optical
absorption occurs at 4, 2, 6 and 1.8 eV as shown in Figures 6 and 7 for the doped Sr and Znβ-TCP compounds, respectively. This absorption edge gives the minimum energy required
for the optical transition between the lowest conduction band and highest valence band.
Thus,
(the imaginary part of the dielectric function) was also reached its maximum
values at minimum energy values, and again decreases to the minimum values for each
compound as shown in Figures 6 and 7.
While the
(extinction coefficient) curves for all the considered compounds were
almost identical to the curve of the dielectric function
. This similarity is supporting
and validating the established theory of the solid materials (Fox & Bertsch, 2002).

Figure 6 . Calculated refractive index
dielectric function, extinction coefficient

, reflectivity

, real

and imaginary

parts of the

, energy loss function (EELS), optical conductivity σ(ω) and

absorption coefficient α(ω) of Sr-doped β-TCP compound.

Similarly, the dielectric constant
and refractive index n(ω) curves in Figures 6 and 7
are almost identical to each other. This gives good agreement with the standard theory of
materials (Fox & Bertsch, 2002). While the refractive index n(ω) curve shows considerable
values for each compound with values less than one, after the energy values of 8, 9, 12 and
13 (eV) for the pure and Mg, in our previous work (Bakheet, 2016) , and Sr and Zn-β-TCP
compounds, respectively.
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Figure 7. Calculated refractive index

, reflectivity

dielectric function, extinction coefficient

, real

and imaginary

parts of the

, energy loss function (EELS), optical conductivity

of Zn-doped β-TCP compound

In addition, the results of the calculated optical conductivity
are presented in Figures 6
and 7. In these figures, the values of
increase in the energy range of 4-15, 3-11, 6-13 and
2-13 eV for the pure (Bakheet, 2016) and doped ones, after that it decreases at high energy
values. This signifies that these materials do not interact with incident photons at higher
energies, the plots of absorption coefficient
show that the absorption region for Mg-βTCP and Zn-β-TCP compounds takes place in lower energy values compared to the pure
and Sr-β-TCP compounds. The variation of
values over a broad energy range
indicates that these types of materials can be easily functioned within different and wide
energy ranges. This property may increase their potential use to fabricate novel biomaterial
devices for the medical and dental applications.
Generally, the calculations of electron energy loss (EELS), offer good information about the
energy range of the fast moving electrons when they fall into the target material and interact
with it. In this case, the incident electrons will lose their initial energy per unit length when
interact with the target material. Therefore, the EELS for the considered compounds were
calculated and shown in Figures 6 and 7. In these figures, the electrons have a maximum loss
value at the highest point in the figures called Plasmon energy
region
3.3
Chemical Indices of the pure and doped β-TCP compounds
The quantum chemical indices have been investigated first time for the pure and doped βTCP compounds using MP2 and B3LYP level of theories along with 6-311g* basis set,
applied in Gaussian 09 package (Agrawal et al., 2011). Also, the frontier atomic orbitals
(HOMO/LUMO) was obtained from Koopmans’ theorem (Abduljalil et al., 2012;
Parthasarathi, Subramanian, & Chattaraj, 2003; Raya et al., 2011; Thanikaivelan et al., 2000).
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Table 2: Calculated chemical Potential (µ), ionization potential (IP), Hardness (ɳ) and Softness (S) of the pure βTCP and fully Mg, Sr and Zn-doped -β-TCP compound at MP2 and B3LYP level of theories along with 6-311G*
basis set
Chemical
Indices

B3LYP

MP2

B3LYP

MP2

B3LYP

MP2

B3LYP

MP2

IP (eV)

6.663

10.76

7.732

11.99

7.671

10.928

7.782

11.96

µ (eV)

-4.251

-5.501

-5.404

-6.323

-4.537

-5.071

-5.859

-6.140

ɳ (eV)

1.912

5.260

2.328

5.664

3.334

5.056

1.992

5.819

0.415

0.190

0.430

0.177

0.300

0.206

0.520

0.172

S

In this section, the chemical indices studied were; chemical potential, (µ), ionization
potential (IP), softness index (S) and global hardness (ɳ), which provide significant
information to examine the stability of the considered material, particularly when it melts,
reacts and dissolves, etc. Accordingly, the calculated values of chemical potential for Mg, Sr,
Zn-doped β-TCP compounds decrease compared to the pure one, which is clearly observed
in Table 2 and 3 and indicating that the doped β-TCP material with Mg, Sr, Zn elements are
more stable than the pure ones.
Table 3. Calculated chemical Potential (µ), ionization potential (IP), Hardness (ɳ) and Softness (S) of the pure βTCP and partial Mg, Sr and Zn-doped -β-TCP compound at MP2 and B3LYP level of theories along with 6-311G*
basis set
Chemical
Indices

B3LYP

MP2

B3LYP

MP2

B3LYP

MP2

IP (eV)

5.8134

11.1604

4.5744

10.204

6.7994

11.110

µ (eV)

-4.1334

-5.6964

-4.5454

-5.7364

-4.374

-5.957

ɳ (eV)

1.680

5.364

0.829

4.468

1.426

5.353

0.595

0.186

1.207

0.224

0.702

0.187

S

Furthermore , it is important to calculate the ionization potential (IP) for the studied
materials to know the amount of the incident photon energy that can ionize the target
material. Accordingly, as seen in Tables 3 and 4, the values of (IP) are clearly increasing for
Mg, Sr, and Zn-doped β-TCP compounds compared to the pure one. Only in Ca_Sr(PO4)2
case, the ionization potential shows lower values than to the pure β-TCP.
Moreover, the calculated values of global hardness are decreasing as the softness values
increase. This illustrates that the Mg, Sr, and Zn-doped β-TCP compounds show higher
stability property compared to the pure β-TCP material, which makes them as appropriate
biomaterial candidates in the clinical applications.
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4.
Conclusion
Ab-initio density functional theory calculations were carried out using (FP-LAPW) method
along with GGA approximations for the exchange and correlation potential as implemented
into WIEN2K code. The electronic and optical properties of the pure and Mg, Sr, and Zndoped β-TCP compounds were studied. The calculated band gap values were observed to be
4.8eV, 5.0eV, 5.2eV and 3.6 eV for the pure and Mg, Sr, and Zn-doped β-TCP, respectively.
The total and projected density of states for Mg, Sr and Zn-doped β-TCP compounds were
confirmed to have higher number of electronic density compared to the pure one. B3LYP
and MP2 methods along with 6-311g* basis set were used to perform the chemical indices
calculations. Accordingly, the computed values of the chemical potential for Mg, Sr, Zndoped β-TCP compounds are observed to decrease when compared to the pure β-TCP. This
indicated that the doped β-TCP compounds are more stable than β-TCP compounds. As
well as the global hardness decreases as the softness values increase. This demonstrates that
the Mg, Sr, and Zn-doped β-TCP compounds show higher stability property compared to
the pure β-TCP compound.
5.
Acknowledgement
Project supported by Ministry of higher Education (MOHE) Malaysia and Universiti
Teknologi Malaysia (UTM) Grant No: Q.J130000.2526.06H14.

A. M. A. Bakheet et al, DUJOPAS 4(2): 141-153, 2018

151

Ab-initio Study of Chemical and Physical Properties of Pure, Sr, and Zn-Doped β-Tricalcium Phosphates
for Biomedical application

References
Abduljalil, K., Furness, P., Johnson, T. N., Rostami-Hodjegan, A., & Soltani, H. (2012).
Anatomical, physiological and metabolic changes with gestational age during normal
pregnancy. Clinical pharmacokinetics, 51(6), 365-396.
Agrawal, S., Dev, P., English, N. J., Thampi, K. R., & MacElroy, J. (2011). First-principles
study of the excited-state properties of coumarin-derived dyes in dye-sensitized solar
cells. Journal of Materials Chemistry, 21(30), 11101-11108.
Albee, F. H. (1920). Studies in bone growth: triple calcium phosphate as a stimulus to
osteogenesis. Annals of surgery, 71(1), 32.
Araújo, J., Sader, M., Moreira, E., Moraes, V., LeGeros, R., & Soares, G. (2009). Maximum
substitution of magnesium for calcium sites in Mg-β-TCP structure determined by Xray powder diffraction with the Rietveld refinement. Materials Chemistry and Physics,
118(2), 337-340.
Bakheet, A. M. A. (2016). First principles study of the physical properties of pure and doped
calcium phosphate biomaterial for tissue engineering. Nanobiomaterials in Hard Tissue
Engineering: Applications of Nanobiomaterials, 215.
Bandyopadhyay, A., Bernard, S., Xue, W., & Bose, S. (2006). Calcium Phosphate‐Based
Resorbable Ceramics: Influence of MgO, ZnO, and SiO2 Dopants. Journal of the
American Ceramic Society, 89(9), 2675-2688.
Bohner, M. (2000). Calcium orthophosphates in medicine: from ceramics to calcium
phosphate cements. Injury, 31, D37-D47.
Corno, M., Busco, C., Civalleri, B., & Ugliengo, P. (2006). Periodic ab initio study of
structural and vibrational features of hexagonal hydroxyapatite Ca 10 (PO 4) 6 (OH)
2. Physical Chemistry Chemical Physics, 8(21), 2464-2472.
Ditchfield, R., Hehre, W. J., & Pople, J. A. (1971). Self‐consistent molecular‐orbital methods.
IX. An extended Gaussian‐type basis for molecular‐orbital studies of organic
molecules. The Journal of Chemical Physics, 54(2), 724-728.
Fox, M., & Bertsch, G. F. (2002). Optical properties of solids. American Journal of Physics,
70(12), 1269-1270.
Garcia, J. C., Scolfaro, L., Lino, A., Freire, V., Farias, G., et al. (2006). Structural, electronic,
and optical properties of ZrO2 from ab initio calculations. Journal of applied physics,
100(10), 104103.
Gibson, I., Akao, M., Best, S., & Bonfield, W. (1996). Phase transformations of tricalcium
phosphates using high temperature X-ray diffraction. Paper presented at the Proceedings
of the 9th International Symposium on Ceramics in Medicine.
Ito, A., & LeGeros, R. Z. (2008). Magnesium-and zinc-substituted beta-tricalcium phosphates
as potential bone substitute biomaterials. Key Engineering Materials, 377, 85-98.
Kalita, S. J., Bhatt, H. A., & Dhamne, A. (2006). MgO–Na2O–P2O5‐Based Sintering Additives
for Tricalcium Phosphate Bioceramics. Journal of the American Ceramic Society, 89(3),
875-881.
Khan, I., Ahmad, I., Zhang, D., Aliabad, H. R., & Asadabadi, S. J. (2013). Electronic and
optical properties of mixed Be-chalcogenides. Journal of Physics and Chemistry of
Solids, 74(2), 181-188.
Khan, I., Aliabad, H., Ahmad, W., Ali, Z., & Ahmad, I. (2013). First principle optoelectronic
studies of visible light sensitive CZT. Superlattices and Microstructures, 63, 91-99.
Krishnan, R., & Pople, J. A. (1978). Approximate fourth‐order perturbation theory of the
electron correlation energy. International Journal of Quantum Chemistry, 14(1), 91-100.
Lee, C., Yang, W., & Parr, R. G. (1988). Development of the Colle-Salvetti correlation-energy
formula into a functional of the electron density. Physical Review B, 37(2), 785-789.

A. M. A. Bakheet et al, DUJOPAS 4(2): 141-153, 2018

152

Ab-initio Study of Chemical and Physical Properties of Pure, Sr, and Zn-Doped β-Tricalcium Phosphates
for Biomedical application

LeGeros, R. Z., & LeGeros, J. P. (2006). Calcium phosphate biomaterials: an update. Int J
Oral-Med Sci, 4, 117-123.
Liang, L., Rulis, P., & Ching, W. (2010). Mechanical properties, electronic structure and
bonding of α-and β-tricalcium phosphates with surface characterization. Acta
Biomaterialia, 6(9), 3763-3771.
Mathew, M., & Takagi, S. (2001). Structures of biological minerals in dental research. Journal
of Research - National Institute of Standards and Technology, 106(6), 1035-1044.
Matsuno, H., Yokoyama, A., Watari, F., Uo, M., & Kawasaki, T. (2001). Biocompatibility and
osteogenesis of refractory metal implants, titanium, hafnium, niobium, tantalum and
rhenium. Biomaterials, 22(11), 1253-1262.
Møller, C., & Plesset, M. S. (1934). Note on an approximation treatment for many-electron
systems. Physical Review, 46(7), 618.
Nery, E., Lynch, K., Hirthe, W., & Mueller, K. (1975). Bioceramic implants in surgically
produced infrabony defects. Journal of periodontology, 46(6), 328.
Parthasarathi, R., Subramanian, V., & Chattaraj, P. (2003). Effect of electric field on the global
and local reactivity indices. Chemical physics letters, 382(1), 48-56.
Rahnamaye Aliabad, H., & Kheirabadi, M. (2014). Thermoelectricity and superconductivity
in pure and doped Bi2 Te3 with Se. Physica B: Condensed Matter, 433, 157-164.
Raya, A., Barrientos-Salcedo, C., Rubio-Póo, C., & Soriano-Correa, C. (2011). Electronic
structure evaluation through quantum chemical descriptors of 17β-aminoestrogens
with an anticoagulant effect. European journal of medicinal chemistry, 46(6), 2463-2468.
Schwarz, K. (2003). DFT calculations of solids with LAPW and WIEN2k. Journal of Solid State
Chemistry, 176(2), 319-328.
Schwarz, K., Blaha, P., & Madsen, G. (2002). Electronic structure calculations of solids using
the WIEN2k package for material sciences. Computer Physics Communications, 147(1),
71-76.
Thanikaivelan, P., Subramanian, V., Rao, J. R., & Nair, B. U. (2000). Application of quantum
chemical descriptor in quantitative structure activity and structure property
relationship. Chemical Physics Letters, 323(1), 59-70.
Vallet-Regí, M. (2001). Ceramics for medical applications. Journal of the Chemical Society,
Dalton Transactions(2), 97-108.
Vallet-Regí, M., & González-Calbet, J. M. (2004). Calcium phosphates as substitution of bone
tissues. Progress in Solid State Chemistry, 32(1), 1-31.
Van der Laag, N., Snel, M., Magusin, P., & De With, G. (2004). Structural, elastic,
thermophysical and dielectric properties of zinc aluminate (ZnAl 2 O 4). Journal of the
European Ceramic Society, 24(8), 2417-2424.
Watari, F., Yokoyama, A., Omori, M., Hirai, T., Kondo, H., et al. (2004). Biocompatibility of
materials and development to functionally graded implant for bio-medical
application. Composites Science and Technology, 64(6), 893-908.
Xue, W., Dahlquist, K., Banerjee, A., Bandyopadhyay, A., & Bose, S. (2008). Synthesis and
characterization of tricalcium phosphate with Zn and Mg based dopants. Journal of
materials science: materials in medicine, 19(7), 2669-2677.
Yashima, M., Sakai, A., Kamiyama, T., & Hoshikawa, A. (2003). Crystal structure analysis of
β-tricalcium phosphate Ca3(PO4)2by neutron powder diffraction. Journal of Solid State
Chemistry, 175(2), 272-277.
Yin, X., Calderin, L., Stott, M., & Sayer, M. (2002). Density functional study of structural,
electronic and vibrational properties of Mg-and Zn-doped tricalcium phosphate
biomaterials. Biomaterials, 23(20), 4155-4163.
Yin, X., Stott, M., & Rubio, A. (2003). α-and β-tricalcium phosphate: a density functional
study. Physical Review B, 68(20), 205205.

A. M. A. Bakheet et al, DUJOPAS 4(2): 141-153, 2018

153

