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Graphical abstract Abstract

B-Tri-calcium phosphate material (B-TCP), have attract a wide interest in the material
science and medical science applications, due fo its excellent biocompatibility and its
identical chemical compositions to the natural teeth and bones. For that reason, (R-TCP)
compound is widely used as biocompatible ceramics in medical and dental science
applications. However, research shows that, pure B-TCP material has lower ability to
stimulate the growth of natural bone and teeth as needed. Therefore, in order fo address
this deficiency magnesium impurity is used to replace calcium in the matrix of pure B-TCP
fo enhance its electronic and optical properties which are not present in the pure one.
Thereby, ifs biological performance becomes improved. By changing the chemical
composition of B-TCP to be similar to the mineral compositions of the natural teeth and
bones. This will give more insight in fabrication of biomaterial devices for replacing,
repairing and rebuilding the broken or daomaged human teeth and bones. Here, we
present the study of compound B-TCP using density functional theory (DFT). For the
calculations, we used full potential linear augmented plane wave method (FPL-APW),
along with generalized gradient approximations (GGA) potential. The band gap values
of 5.2 eV and 3.4 eV are obtained for the pure and Mg-doped R-TCP, respectively. These
results are in good agreement with the experimental values. Our results show peaks which
correspond fo the refractive index, complex dielectric function, opfical conductivity,
optical reflectivity, extinction coefficient, absorption efficient, and electron energy loss.
These peaks are shifted towards the higher energy values for the pure and Mg-doped -
TCP material. The obtained results have more significance for increasing the quality of
electronic and optical properties of this material and offer more evidences to synthesize
enhanced B-TCP material for dental and medical applications.

Keywords: Density Functional Theory, PB_Tri-Calcium Phosphate, Electronic Properties,
Biomaterial, Optical Properties

Abstrak

Bahan B-Tri-Kalsium Fosfat, (B-TCP), telah mencapai kegunaan yang meluas dalam
bidang sains bahan dan sains perubatan disebabkan oleh bio-keserasiannya yang baik
dan kesamaan kandungan kimianya dengan gigi dan fulang semulajadi. Oleh sebab itu
sebatian (B-TCP) digunakan sebagai seramik biokeserasian bagi kegunaan dalam sains
perubatan dan pergigian. Walau bagaimanapun, para penyelidik mendapati bahawa
bahan B-TCP tulin mempunyai kebolehan yang rendah untuk merangsang pertumbuhan
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fulang dan gigi semulajadi seperti yang dikehendaki. Jadi, B-TCP tulin telah didopkan
dengan unsur Magnesium (Mg) untuk memantapkan sifat-sifat elektronik dan opfic yang
fidak terdapat dalam bahan bahan tersebut. Langkah ini telah memantapkan prestasi
biologi bahan tersebut selepas pendopanan, yang telah menukar sebatian kimia B-TCP
untuk menjadikannya serupa dengan sebatian galian bagi tulang dan gigi semulajadi.
INi baik untuk membina peranti biobahan bagi menukar, membaiki dan membina
semula gigi dan tulang manusia yang pecah atau rosak. Untuk mencapai matlamat ini,
sifat-sifat elektronik dan optik bagi bahan B-TCP tulin dan yang didopankan telah dikaji
dengan menggunakan Teori Kefungsian Ketumpatan (density functional theory, DFT).
Bagi pengiraan tersebut kaedah gelombang satah keupayaan penuh feragumen linear
(full potential linear augmented plane wave method (FPL-APW)) telah digunakan,
beserta dengan kira-hampir cerun umum (generalized gradient approximations (GGA)).
Nilai-nilai jurang jalur (5.2 eV dan 3.4 eV) telah diperolehi bagi B-TCP tulin dan B-TCP
terdop Mg. Keputusan—keputusan ini bersesuaian dengan nilai-nilai eksperimen. Dalam
geraf parameter opfikal, puncak-puncak yang berkaitan dengan indeks pembiasan,
fungsi dielektrik kompleks, kekonduksian optik, kepantulan optik, pekali kehilangan, pekali
serapan dan kehilangan tenaga electron didapati teranjak kea rah nilai tenaga lebih
finggi bagi bahan B-TCP tulin dan B-TCP terdop Mg. Keputusan yang diperolehi
mempunyai lebih kebaikan bagi penambahan kudaliti sifat-sifat elektronik dan optic
bahan ini dan mendedahkan lebih banyak bukti kepada bahan B-TCPtermantap sintisis
bagi kegunaan perubatan dan pergigian.

Kata kunci: Teori Kefungsian Ketumpatan, B-TCP kalsium posfat, sifat elekironik dan sifat

optik bio-bahan
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1.0 INTRODUCTION

A great progress has been made in the material and
medical science areas to enhance the properties of
calcium phosphate biomaterial to use for rebuilding
and replacing damaged parts of the living skeletal
bones [1]. Therefore, much of the current research
has been dedicated to improving the properties of B-
TCP to synthesize and fabricate novel RB-TCP
biomaterial for medical and dental applications [2].

The early use of calcium phosphate material in
medical scince area has been discovered by Albee
in 1920 [3]Albee, defined this calcium phosphate
compound as Tri-calcium phosphate, which was the
first successful application of B-TCP compound for
human bones recovery. In the early of 1970s, another
study reported that, calcium phosphate materials
can be wused in dental applications[4].Calcium
phosphate biomaterials have been regarded as a
potential bone replacement due to their similar
mineral composition of the living natural bones and
teeth [5, 6]. Therefore, calcium phosphate
biomaterials are usually used in bone replacement,
bone augmentation, as well as in bone repairing and
reformation [7]. The importance of doping R-TCP with
Mg in this study, because Mg element is highly
needed for connective fissues, healthy bone and in
increasing the biological activity of B-TCP biomaterial
when it is used inside the human body [8]. B-TCP
compound is considered as essenfial constituent
elements for living teeth and bones [9].

The idea of using B-TCP biomaterial for freatments
or substitution of some part (s) of unhealthy or
damaged bones is to assist bone repair when ifs lost

are too big like in case of accidents when it cannot
fix or repair themselves [10, 11]

The crystal structure of B-Tri-calcium phosphate is
rhombohedral with a space group of (R3c, Z = 21).
Figure 1 shows the crystal structure of the B-TCP
material. In  this study, we wused theorefical
investigations for pure and Mg-doped B-TCP material,
to provide more understanding and a clear picture
of the electronic and optical properties of this
compound. This will provide insight info a clinical
design for a compatible and novel B-TCP. A number
of theoretical and experimental investigations’ have
been carried out focused on the electronic
properties of calcium phosphate material, and the
results are quite promising [12-17]. This motivates us to
carry out the present work, fo get more
understanding and a clear picture of the electronic
and opfical properties of the pure and Mg-doped R-
Tricalcium Phosphate compound.

In addition, we studied the electronic and opfical
properties of pure and Mg-doped B-TCP compound
in the R3c crystal structure of the experimental lattice
constants in static condition. Using density functional
theory a long with Full-Potential Linearized
Augmented Plane Wave (FP-LAPW) method [18, 19].
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Figure 1 Crystal structure of pure Beta-Tri-calcium phosphate
compound

2.0 METHODOLOGY

To study different chemical and physical properties
of the solid materials at the afomic level using
theoretical and  computational  studies are
considered as an effective way and the best choice
for predicting materials with desired properties when
experimental methods became difficult [20].

In this regards, we calculated the electronic and
optical properties of pure and Mg-doped PB-TCP
material. Using self-consistent scheme by solving the
Kohn-Sham equations with generalized gradient
approximations (GGA) [21]. Together with potential
linearized augmented plane wave (FP-LAPW)
method and implemented intfo the WIEN2k code
[22].

In FP-LAPW method, the unit cell is divided into two
regions, one is the interstitial region (IR) and the
second is the non-overlapping muffin-tin (MT) spheres
centered at the atomic sites.

In this work, we used plane wave cutoff (defined by
the product of the magnitude of the largest
reciprocal laftice vector Kp.xin the plane wave
expansion times the smallest atomic radius of the
sphere Ryp), with value of RyrKnax = 3. to achieve
self-consistence field (SCF) convergence for our
calculations. The number of 1000 k-points was used

as input parameter for the self-consistent charge
density determination, in the irreducible symmetry
wedge of the Brilion Zone (BZ) [23]. The value of
—6 Ry was chosen for the cut-off energy (which is the
required energy fo separate the valance and core
states).

The values of the muffin-tin radii for Ca, P, and O
are 2.3, 1.8, and 0.97 a.u. (atomic units), respectively
for a pure compound. While for the doped one, the
values of muffin-tin radii for Ca, P, O, and Mg are 2.2,
1.75, 1.62 and 0.96 a.u (atomic units), respectively.

The present calculations were performed with the
above mentioned computational parameters for our
considered compound in two steps:

Firstly, we performed our calculations by using the
values of experimental lattice constant (taken from
reference) [24], which were wused as inpuf
parameters to obfain the initial structure of the pure
B-TCP to calculate its electronic and optical
properties.

Secondly, we construct a super cell of 1x1x2 for the
initial structure of the pure B-TCP material which was
obtained in the first step, with 0.16% of Mg element in
the pure B-TCP structure.

Ca

Figure 2 Crystal structures of Mg-doped Beta-Tri-calcium
phosphate compound
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3.0 RESULTS AND DISCUSSION
3.1 Electronic Properties

We have studied the electronic band structure for
our considered material, to know its band gap
values, which gives more insight about the optical
behavior of the materials [25].

The results of calculated band gap values for pure
and Mg-B-TCP are plotted in Figure 3 and Figure 4,
respectively. It is clear from Figure 3, the Fermi level is
fixed at 0 eV on energy scale. The conduction band
minima (CBM) and valence band maoxima (VBM) are
separated by the energy gap in each case of the
corresponding material. While in Figure 4 shows less
value of the band gap for Mg-B-TCP compound.

As shown in Figure 3 and Figure 4, the obtained
band gap values are 5.2 eV and 3.4 eV, for pure and
Mg-B-TCP material, respectively. In these two Figures,
we started from the lower energy part, in which the
two deep electronic structures are located around -
7.5 eV for pure B-TCP and -8.0 eV for Mg doped B-
TCP below the Fermi level.

%
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Figure 3 Band gap structure for pure p-TCP material

The second structure is located at -5.0 eV of SS
states for pure B-TCP and -6.0 eV for Mg-doped B-TC.
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Figure 4 Band-gap structure for Mg-doped B-TCP material.

The band gap character for both materials gives
more evidence fo select appropriate material to
design a suitable biomaterial for the clinical use.

3.2 Optical Properties

The importance of calculating the opftical properties
of our considered materials is fo get more information
and a clear understanding of the electronic band
structure, collective excitations, and the internal
structure of this material. In addition, opfical
parameters and band gap values provide more
clarification about the analysis and fabricating
materials.
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Figure 5 Calculated real €;(w) and imaginary €,(w) parts of
the dielectric function, refractive index n(w), exfinction
coefficient k(w), reflectivity R(w), absorption coefficient
a(w), optical conductivity o(w) and energy loss function
L(w) of the pure B-TCP compound

Figure 5 and Figure 6 show the plotted curves of
the static dielectric constant €1(0), static refractive
index n(0), the magnitude of the coefficient of
reflectivity at zero frequency R(0), absorption
coefficient a(w), optical conductivity o(w) and
energy loss function L(w) for pure and Mg doped -
TCP material, respectively.

As shown in Figure 5 and Figure 6, the static
dielectric function g, (w) has lower values at higher
energy for both materials, which is corresponding to
the higher values of the opfical reflectivity R(0) for the
pure and Mg doped B-TCP material.

The real part of the dielectric function g (w)
spectrum, reaches the stability stage at higher
energy values greater than 50 eV and 13 eV for pure
and Mg doped PB-TCP, respectively, which is
demonstrating that, when the incident photons fall
info these materials can pass safely without causing
any major interaction inside the target material.
While, the imaginary part of the dielectric
functions €,(w), reaches higher values at higher
energy values for both compounds.
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Figure é Calculated real €;(w) and imaginary €,(w) parts of
the dielectric function, refractive index n(w), extinction
coefficient k(w), reflectivity R(w), absorption coefficient
a(w), opfical conductivity a(w) and energy loss function
L(w) of Mg doped B-TCP compound

The refractive index n(w) curve shows acceptable
values for both compounds and remains with values
less than one after energy range of 19.50 (eV) and
12.04 (eV) for pure and Mg doped PB-TCP,
respectively.

For both materials, the exfinction coefficient
k(w) curve is similar to the curve of the dielectric
function &,(w), which is verifying the established
theory of the materials [26].

The values of opfical conductivity spectra o(w), are
increasing as energy increases for both materials.

Electron energy loss studies (EELS) provide more
information of the energy range of the fast moving
electrons, when it falls intfo the material and interacts
with it. In this case, these electrons will lose their
energy per unit length as shown in Figure 5 and
Figure 6. The obtained values for EELS, the moving
electrons have the maximum values af plasmon
energy hw, region. This refers to the different
electronic configuration of both materials.

4.0 CONCLUSION

Density functional theory calculations were carried
out wusing (FPL-APW) method along with GGA
approximations for the exchange and correlation
potential as implemented in WIEN2K code. To study
the electronic and optical properties of pure and Mg
doped PB-TCP compound. The results show the
calculating band gap values of 5.2 eV and 3.4 eV for
pure and Mg doped B-TCP respectively. Optical
parameter such as, real €, and imaginary €,(w) parts
of the dielectric function, refractive index n(w),
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extinction coefficient k(w), reflectivity R(w),
absorption coefficient a(w), optical conductivity o(w)
and energy loss function L(w) which are depend on
the band gap are also presented and discussed.

The refractive index has values less than 1.0 at
higher energy values for both materials. The real
dielectric function reaches the stability stage at
higher energies above 50 eV. Which is indicating
that, when the incident photons falls into the target
material can pass safely without causing any major
inferaction inside the material.

Theoretical investigations for pure and Mg doped
B-TCP have been done, to provide more
understanding and improvement to design an
excellent B-TCP biomaterial which can be used in
bones and teeth replacements.

Acknowledgement

The author would like to acknowledge the Ministry of
Higher Education (MOHE) Malaysia and Universiti
Teknologi Malaysia (UTM) Skudai, Johor, Malaysia for
financial support under grant no. 4F736.

References

[11  S.Quillard, M. Paris, P. Deniard, R. Gildenhaar, G. Berger, L.
Obadia, J.-M. Bouler. 2011. Structural and Spectroscopic
Characterization of a Series of Potassium-and/or Sodium-
substituted B-tricalcium Phosphate. Acta Biomaterialia. 7:
1844-1852.

[2] S. Best, A. Porter, E. Thian, J. Huang. 2008. Bioceramics:
Past, Present and for the Future. Journal of the European
Ceramic Society. 28: 1319-1327.

[3] F.H. Albee.1920. Studies in Bone Growth: Triple Calcium
Phosphate as a Stimulus to Osteogenesis. Annals of
surgery. 71: 32.

[4]  A. Sdenz, E. Rivera, W. Brostow, V.M. Castano. 1999.
Ceramic Biomaterials: An Infroductory Overview. Journal
of Materials Education. 21: 267-276.

[5] M. Bohner. 2000. Calcium Orthophosphates in Medicine:
from Ceramics to Calcium Phosphate Cements. Injury. 31:
D37-D47.

[6] M. Vallet-Regi, J. M. Gonzdlez-Calbet. 2004. Calcium
Phosphates as Substitution of Bone Tissues. Progress in Solid
State Chemistry. 32: 1-31.

[71  R. Z. LeGeros, J. P. LeGeros. 2006. Calcium phosphate
Biomaterials: An Update. Int J Oral-Med Sci. 4: 117-123.

[8] F. Ren, Y. Leng, R. Xin, X. Ge. 2010. Synthesis,
characterization and Ab Initio Simulation of Magnesium-
Substituted Hydroxyapatite. Acta Biomaterialia. é: 2787-
2796.

2] H. Matsuno, A. Yokoyama, F. Watari, M. Uo, T. Kawasaki.
2001. Biocompatibility and Osteogenesis of Refractory

(0]

(1]

[12]

[13]

[14]

(15]

[16]

(17]

(8]

[19]

(20]

(21]

(22]

(23]

[24]

[25]

[26]

Metal Implants, Titanium, Hafnium, Niobium, Tantalum and
Rhenium. Biomaterial. 22: 1253-1262.

J. M. Bouler, M. Trécant, J. Delécrin, J. Royer, N. Passuti, G.
Daculsi. 1996. Macroporous Biphasic Calcium Phosphate
Ceramics: Influence of Five Synthesis Parameters on
Compressive Strength. Journal of Biomedical Materials
research. 32: 603-609.

W. Zheng. 2011. Preparation and Characterisation of Tri-
Calcium Phosphate Scaffolds With Tunnel-Like Macro-
Pores for Bone Tissue Engineering.

D. Koller, F. Tran, P. Blaha. 2011. Merits and limits of the
Modified Becke-Johnson Exchange Potential. Physical
Review B. 83: 195134.

D. Koller, F. Tran, P. Blaha. 2012. Improving the Modified
Becke-Johnson Exchange Potential. Physical Review B. 85:
155109.

H. Dixit, R. Saniz, S. Cottenier, D. Lamoen, B. Partoens. 2012.
Electronic Structure of Transparent Oxides with the Tran—
Blaha Modified Becke-Johnson Potential. Journal of
Physics: Condensed Matter. 24: 205503.

D.J. Singh. 2010. Electronic Structure Calculations with the
Tran-Blaha Modified Becke-Johnson Density Functional,
Physical Review B. 82: 205102.

F. Tran, P. Blaha. 2009. Accurate Band Gaps of
Semiconductors and Insulators  with  a  Semilocal
Exchange-Correlation Potential. Physical review letters.
102: 226401.

M. Yousaf, M. A. Saeed, A. R. M. Isa, A. Shaari, H. R.
Aliabad. 2012. Electronic Band Structure and Optical
Parameters of Spinel SnMg204 by Modified Becke—
Johnson Potential. Chinese Physics Letters. 29: 107401.

K. Schwarz, P. Blaha, G. Madsen. 2002. Electronic structure
Calculations of Solids Using the WIEN2k package For
Material Sciences. Computer Physics Communications.
147:71-76.

N. Godbout, D. R. Salahub, J. Andzelm, E. Wimmer. 1992.
Optimization of Gaussian-type Basis Sets for Local Spin
Density Functional Calculations. Part . Boron Through
Neon, Optimization Technique and Validation. Canadian
Journal of Chemistry. 70: 560-571.

W. Zhu, P. Wu. 2004. Surface Energetics of Hydroxyapatite:
a DFT Study. Chemical Physics Letters. 396: 38-42.

J. Czernek, R. Fiala, V.r. Sklendf. 2000. Hydrogen Bonding
Effects on the 15N and 1H Shielding Tensors in Nucleic
Acid Base Pairs. Journal of Magnetic Resonance. 145: 142-
146.

P. Blaha, K. Schwarz, G. Madsen, D. Kvasnicka, J. Luitz.
2011. Institute of Mater. Chem. TU Vienna.

J. C. Garciag, L. Scolfaro, A. Lino, V. Freire, G. Farias, C.
Silva, H. L. Alves, S. Rodrigues, E. da Silva Jr. 2006.
Structural, Electronic, and Optical Properties of Zro2 from
Ab Initio Calculations. Journal of Applied Physics. 100:
104103.

M. Yashima, A. Sakai, T. Kamiyama, A. Hoshikawa. 2003.
Crystal Structure  Analysis of B-tricalcium  Phosphate
Ca3(PO4)2by Neutron Powder Diffraction. Journal of Solid
State Chemistry. 175: 272-277.

H. Rahnamaye Alicbad, M. Kheirabadi. 2014.
Thermoelectricity and Superconductivity in Pure and
doped Bi2 Te3 with Se. Physica B: Condensed Matter. 433:
157-164.

M. Fox, G. F. Bertsch. 2002. Optical Properties Of Solids.
American Journal of Physics. 70: 1269-1270.



