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Abstract
The band structures of Zn-based hydroxyapatites co-doped with Mg at varying amounts from 0 to 2.0 at. % have been

investigated theoretically in more detail. The calculations were done to obtain the band structure, density of states, and

band gap for all the modeled structures to study their electronic properties. It was seen that the co-doping has an effect on

the structural and electronic properties of all the as-investigated structures. The bandgap energy for all samples in each

group was found to be reduced gradually with varying doping rates of Mg into Zn-doped HAp. The band gap decreased

from 4.54 to 3.84 eV for samples of 0.4Zn–0.4 Mg-HAp and 2.0Zn–0.4 Mg-HAp with the same amount of Mg, respec-

tively, as a result of increasing the doping levels of Zn from 0.4 to 2.0 at.%. The lattice parameters, unit cell volume, and

density decrease with increase in doping of Zn-containing HAp and in addition of second dopant Mg at varying amounts

0.4, 0.8, 1.2, 1.6, and 2.0 at. % in all of the modeled sample group. Furthermore, it is observed that the declining values of

the aforementioned parameters are significantly impacted by the increasing Zn doping rates.
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1 Introduction

Hydroxyapatite (HAp) is one of the most significant and

extensively used bioceramics. As well as its non-toxic

properties, HAp has superior bioactivity and biocompati-

bility because it has chemical and structural similarities

with the mineral phase of mammalian bones and teeth;

therefore, HAp has been widely employed in bone tissue

engineering, drug delivery, orthopedics, and dentistry (Sun

et al. 2014; Yin et al. 2014; Liao et al. 2014). HAp has a

hexagonal structure with P63/m or P63 space group as well

as the stoichiometric composition Ca10(PO4)6(OH)2

(Fig. 1). For the hexagonal HAp, the lattice parameters are

a = b = 0.9418 nm and c = 0.6884 nm. As shown in

Fig. 1, Ca ions can be located in the unit cell at two distinct

sites: Ca(I) and Ca (II). The crucial characteristics of HAp

include the Ca/P molar ratio of 1:667 (Kaygili et al. 2015).

Because of its unique crystal structure and chemical

makeup, HAp is easy to dope with various ions. Ca defi-

ciency of HAp can also be the result of defect introduction.

The stability, morphology, solubility, mechanical charac-

teristics, and biological behaviors of HAp might be chan-

ged by doping ions and introducing defects into the crystal

lattice (Koutsopoulos 2002). Numerous experiments have

been performed on HAp with other elements like magne-

sium, iron, copper, zinc, and strontium (Bhattacharjee et al.

2019; Coelho et al. 2019; Ullah et al. 2018). Due to its poor

mechanical characteristics, HAp usage as an implant

material in medical fields appears to be challenging. To

obtain a stronger mechanical property, several chemical

elements are added to pure HAp as dopants (Badran et al.
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2017; Kaygili et al. 2013). Namely, metal ions of iron,

copper, cobalt, and zinc were doped to HAp at 0.5 wt. %,

1.0 wt. %, and 1.5 wt. %. The introduction of these metals

into such pure HAp occurs for a variety of reasons. Owing

to iron’s ability to boost the magnetic facility of pure HAp,

artificial bone grafts may be produced from Fe-doped HAp,

Fig. 1 The optimized geometry

belonging to the HAp. Here, the

red balls represent oxygen

atoms

Fig. 2 a The band structure and

b density of states for the pure

HAp (Mahmood et al. 2020)

Fig. 3 The optimized geometry

belonging to the 2.0Zn–2.0 Mg-

HAp (the red balls represent

oxygen atoms, and yellow (Mg)

and black (Zn) fractions are

symbolized the occupied

regions in the Ca sites)

1844 Iranian Journal of Science (2023) 47:1843–1859

123



Fig. 4 The BS and DOS of the a 0.4Zn-HAp, b 0.4Zn–0.4 Mg-HAp, c) 0.4Zn–0.8 Mg-HAp, d 0.4Zn–1.2 Mg-HAp, e 0.4Zn–1.6 Mg-HAp, and

f 0.4Zn–2.0 Mg-HAp
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Fig. 4 continued
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Fig. 5 The BS and DOS of the a 0.8Zn-HAp, b 0.8Zn–0.4 Mg-HAp, c) 0.8Zn–0.8 Mg-HAp, d 0.8Zn–1.2 Mg-HAp, e) 0.8Zn–1.6 Mg-HAp, and

f 0.8Zn–2.0 Mg-HAp
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Fig. 5 continued
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Fig. 6 The BS and DOS of the a 1.2Zn-HAp, b 1.2Zn–0.4 Mg-HAp, c 1.2Zn–0.8 Mg-HAp, d 1.2Zn–1.2 Mg-HAp, e 1.2Zn–1.6 Mg-HAp, and

f 1.2Zn–2.0 Mg-HAp

Iranian Journal of Science (2023) 47:1843–1859 1849

123



Fig. 6 continued
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Fig. 7 The BS and DOS of the a 1.6Zn-HAp, b 1.6Zn–0.4 Mg-HAp, c 1.6Zn–0.8 Mg-HAp, d 1.6Zn–1.2 Mg-HAp, e 1.6Zn–1.6 Mg-HAp, and

f 1.6Zn–2.0 Mg-HAp
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Fig. 7 continued
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Fig. 8 The BS and DOS of the a 2.0Zn-HAp, b 2.0Zn–0.4 Mg-HAp, c 2.0Zn–0.8 Mg-HAp, d 2.0Zn–1.2 Mg-HAp, e 2.0Zn–1.6 Mg-HAp, and

f 2.0Zn–2.0 Mg-HAp
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Fig. 8 continued
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to improve medical imaging (Jain et al. 2008). Besides, to

create an antimicrobial activity, pure HAp was doped with

Cu and Zn (Chen et al. 2010). In earlier works, HAp was

doped with different ions such as Mn2?, Ni2?, K?, Ag?,

Na?, Cu2?, Co2?, Sr2?, Ba2?, Zn2?, Mg2?, Pb2?, Cd2?,

Y3?, La3?, Ce3?, Al3?, F–, Cl–, Br–, and CO3
2- (Kaygili

et al. 2013; Wopenka and Pasteris 2005; Clara et al. 2007;

Hall et al. 1999; Peretz et al. 2001; Kanchana and Sekar

2010; Chen and Miao 2005; Eslami et al. 2008). All these

ions can substitute Ca2?, PO4
3-, and OH- ions within the

crystalline lattice of HAp, which causes remarkable chan-

ges in its biological and mechanical properties. Zn and Ag

have been used to improve the antimicrobial properties of

the as-produced material (Chen et al. 2010; Gamal et al.

2023; El-Bassuony et al. (2023)).

However, the types and extents of ionic substitutions are

difficult to comprehend owing to the complexity of the

apatite crystal structure. In contrast, computer simulation

provides an effective method for investigating various ion-

doped HAps to understand both the substitution mecha-

nisms and the characteristics of doping ions (Mostafa and

Brown 2007). In general, ions-doped HAp has been studied

using density functional theory (DFT).

DFT is a quantum mechanics (QM) method that studies

the electronic structure characteristics of the ions doped in

HAp. It does not require empirical parameters because it

considers the system’s total energy as a function of electron

density (Mostafa and Brown 2007). The known findings on

computer simulations of various single anion- and cation-

doped HAps are summarized in Tables 2 and 3 of Ref.

(Wang et al. 2017). Besides, DFT analysis has been per-

formed on a number of ionic pairs co-doped into the HAp

crystal lattice, including Si/Mg, Zr/Mg, Zn/Mg, Ag/Mg,

and Sr/Mg co-doped HAps, which were synthesized using

various techniques (Kim et al. 2003; Kaygili and Keser

2016; Alioui et al. 2019; Mosaad et al. 2023).

Table 1 Theoretical calculation

results for Zn-based HAp

structures doped with Mg

Structure Eg (eV) a (nm) c (nm) V (nm)3 q (g cm–3)

0.4Zn-HAp 4.61 0.9357 0.6791 0.5149 3.158

0.4Zn–0.4 Mg-HAp 4.54 0.9349 0.6793 0.5142 3.156

0.4Zn–0.8 Mg-HAp 4.44 0.9349 0.6780 0.5132 3.154

0.4Zn–1.2 Mg-Hap 4.34 0.9330 0.6783 0.5113 3.152

0.4Zn–1.6 Mg-HAp 4.18 0.9312 0.6777 0.5089 3.150

0.4Zn–2.0 Mg-HAp 3.96 0.9305 0.6764 0.5072 3.148

0.8Zn-HAp 4.50 0.9351 0.6789 0.5141 3.161

0.8Zn–0.4 Mg-HAp 4.44 0.9346 0.6784 0.5132 3.159

0.8Zn–0.8 Mg-HAp 4.36 0.9329 0.6788 0.5116 3.157

0.8Zn–1.2 Mg-HAp 4.25 0.9315 0.6782 0.5096 3.155

0.8Zn–1.6 Mg-HAp 4.09 0.9306 0.6774 0.5080 3.153

0.8Zn–2.0 Mg-HAp 3.87 0.9298 0.6763 0.5063 3.151

1.2Zn-HAp 4.39 0.9343 0.6786 0.5130 3.164

1.2Zn–0.4 Mg-HAp 4.34 0.9337 0.6783 0.5121 3.162

1.2Zn–0.8 Mg-HAp 4.27 0.9322 0.6782 0.5104 3.160

1.2Zn–1.2 Mg-HAp 4.16 0.9311 0.6775 0.5087 3.158

1.2Zn–1.6 Mg-HAp 4.00 0.9302 0.6765 0.5069 3.156

1.2Zn–2.0 Mg-HAp 3.80 0.9284 0.6763 0.5048 3.154

1.6Zn-HAp 4.20 0.9331 0.6786 0.5117 3.168

1.6Zn–0.4 Mg-HAp 4.17 0.9320 0.6782 0.5102 3.166

1.6Zn–0.8 Mg-HAp 4.12 0.9313 0.6778 0.5091 3.164

1.6Zn–1.2 Mg-HAp 4.05 0.9304 0.6773 0.5077 3.162

1.6Zn–1.6 Mg-HAp 3.90 0.9293 0.6765 0.5059 3.160

1.6Zn–2.0 Mg-HAp 3.71 0.9279 0.6759 0.5040 3.158

2.0Zn-HAp 3.90 0.9325 0.6777 0.5103 3.171

2.0Zn–0.4 Mg-HAp 3.84 0.9309 0.6783 0.5090 3.169

2.0Zn–0.8 Mg-HAp 3.80 0.9304 0.6777 0.5080 3.167

2.0Zn–1.2 Mg-HAp 3.73 0.9294 0.6772 0.5066 3.165

2.0Zn–1.6 Mg-HAp 3.66 0.9280 0.6764 0.5044 3.163

2.0Zn–2.0 Mg-HAp 3.58 0.9265 0.6761 0.5026 3.161
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Furthermore, a survey on the Scopus database based on

the growing interest in the electrical properties of HAp in

the last decade has been shown as a bar chart figure in Ref.

(Das and Pamu 2019). The figure compares the number of

articles published in the recent decade (2007–2017) on

biomaterial preparation versus the electrical properties of

such biomaterials. A logical analysis of the electrical

properties is essential for medical diagnosis and sensor-

based uses of such materials and helps understand tissue

and cell structures and functions. As is general knowledge,

the desire for superior practical applications drives the need

for greater system performance, which often involves

energy gap, carrier mobility, etc. Even so, understanding

the fundamentals of electrical behaviors/properties is the

basis for the answers. Therefore, Eg is a key factor in

determining its electrical conductivity. Additionally, the

band structure and density of states (DOS) have a signifi-

cant impact on how distinct materials’ electronic properties

are determined (Martin 2020). In order to comprehend the

hidden scientific principles in the density distributions of

free electrons in the metals, researchers in the domains of

solid-state and condensed matter physics carefully analyze

these distributions (Nørskov et al. 2009) and also to

develop new materials (Seo et al. 2014; Ma et al. 2015).

Recently, in our reported data for the first time the band

structure, DOS and BG were computed for Sm/Mg, Sm/Zn,

and Sm/Sr co-doped HAp to show the effect of the co-

dopants with various rates on these samples’ electronic

properties (Hssain et al. 2022a, 2022b, 2022c).

This study aims to search band structures and DOS of

five different group samples of Zn-doped HAp with addi-

tional doping with Mg at varying amounts. Several group

of samples of Zn-containing HAps at a constant amount of

0.4, 0.8, 1.2, 1.6, and 2.0 at. % Zn were prepared and, in

addition, the second dopant of Mg was utilized at varying

amounts of 0.4, 0.8, 1.2, 1.6, and 2.0 at. %, for each group.

To show the effects of dopants on the structural and elec-

tronic properties of all samples in each group, the lattice

parameters of hexagonal co-doped HAp are obtained as

well as band structure and DOS.

2 Materials and Methods

Previous studies from our group (Hssain et al.

2022a, 2022b, 2022c) have more thorough information on

the density of states (DOS). DOS calculations can be

obtained as

DOS Eð Þ ¼
X

g E � eið Þ ð1Þ

where g is a Gaussian function with a specified full-width-

at-half-maximum, the total energy of a molecule is denoted

by E, while the energy of its ith molecular orbital is

denoted by ei. Samples were prepared at a predetermined

rate, and potential of the system was obtained in our case.

By using the CASTEP software, band structures have been

calculated.

In DFT, the valence band states represent the electron

energy levels that are occupied by valence electrons. These

states originate from the atomic orbitals of the constituent

elements in the crystal lattice. DFT calculates the elec-

tronic wave functions and energies associated with these

states. It allows us to understand how electrons are dis-

tributed among the atoms in the crystal, leading to the

formation of valence band states. The character and energy

levels of these states provide insights into the chemical

bonding and electronic properties of the material.

3 Results and Discussion

3.1 Band Gap and Density of States (DOS)
Results

To make a good comparison between the un-doped HAp

and doped HAps, the band structure and density of states

belonging to the pure HAp are shown in Fig. 2a and b,

respectively. The as-optimized structure with the higher co-

dopants contents (2.0Zn–2.0 Mg-HAp), as an example, is

shown in Fig. 3. Bandgaps (BG) for all selected sample

groups are shown in Fig. 4a–f, 5a–f, 6a–f, 7a–f, and 8a–f,

which are located in the interval points between (M-H). A

continuous spectrum bench is present at both low and high

energies. It appears that the valence and conduction band

structures are flat. The highest occupied valence band and

the lowest vacant conduction band are found in (M-H)

points, demonstrating that a direct BG may be used to

characterize these materials. Pure HAp, on the other hand,

has an indirect BG. This is because the valence band’s

highest energy point occurs at different wave vectors

k = c-K or c-M, and the conduction band’s lowest point

is located at wave vector k = c (Avakyan et al. 2018). The

BG energy of pure HAp was theoretically reported as

5.23 eV (Slepko and Demkov 2011), and its experimental

value was determined to be 4.86 eV (Ignjatović et al.

2019). For the commercial HAp, this value was reported to

be 4.92 eV (Bystrov et al. 2016). In another studies, this

value was theoretically determined to be 5.08 eV (Moradi

and Alvani 2020) and 4.71 eV (Mahmood et al. 2020). In

this study, the results are more significant than previous

work because the simulations are done for the five different

sample groups of Zn-containing HAp with constant

amounts for all samples of each group at of 0.4, 0.8, 1.2,

1.6, and 2.0 at. %, respectively, and co-doped with Mg at

varying amounts for all samples that contains in each group
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0.4, 0.8, 1.2, 1.6, and 2.0 at. %. The BG values were

computed to be 4.61, 4.54, 4.44, 4.34, 4.18, and 3.96 eV

for the first sample group of 0.4Zn-HAp, 0.4Zn–0.4 Mg-

HAp, 0.4Zn–0.8 Mg-HAp, 0.4Zn–1.2 Mg-HAp, 0.4Zn–

1.6 Mg-HAp, and 0.4Zn–2.0 Mg-HAp, respectively. Then,

its values were found to be 4.50, 4.44, 4.36, 4.25, 4.09, and

3.87 eV for the second sample group of 0.8Zn-HAp,

0.8Zn–0.4 Mg-HAp, 0.8Zn–0.8 Mg-HAp, 0.8Zn–1.2 Mg-

HAp, 0.8Zn–1.6 Mg-HAp, and 0.8Zn–2.0 Mg-HAp,

respectively. Next, the values of this parameter were

computed to be 4.39, 4.34, 4.27, 4.16, 4.00, and 3.80 eV

for the third sample group of 1.2Zn-HAp, 1.2Zn–0.4 Mg-

HAp, 1.2Zn–0.8 Mg-HAp, 1.2Zn–1.2 Mg-HAp, 1.2Zn–

1.6 Mg-HAp, and 1.2Zn–2.0 Mg-HAp, respectively. After

that, the calculated BG values were determined to be 4.20,

4.17, 4.12, 4.05, 3.90, and 3.71 eV for the fourth sample

group of 1.6Zn-HAp, 1.6Zn–0.4 Mg-HAp, 1.6Zn–0.8 Mg-

HAp, 1.6Zn–1.2 Mg-HAp, 1.6Zn–1.6 Mg-HAp, and

1.6Zn–2.0 Mg-HAp, respectively. Finally, this parameter’s

values were calculated to be 3.90, 3.84, 3.80, 3.723, 3.66,

and 3.58 eV for the first sample group of 2.0Zn-HAp,

2.0Zn–0.4 Mg-HAp, 2.0Zn–0.8 Mg-HAp, 2.0Zn–2.0 Mg-

HAp, 2.0Zn–1.6 Mg-HAp, and 2.0Zn–2.0 Mg-HAp,

respectively. Consequently, as it can be seen from the

aforementioned results that substitutions of Zn and Mg in

the HAp lattice at various rates are important defects in it,

which significantly affect the BG values of all sample

groups as well as its electronic properties. The results

obtained show that increasing the amount of the dopants in

all sample groups has decreased considerably the BG

energy. As shown in Table 1, the largest BG is found to be

4.61 eV for the sample of 0.4Zn-HAp which is a single

(Zn) doped HAp with the smallest rate (0.4 at. %) in the

first sample group. These largest values of BGs for the

samples become remarkably smaller with increasing the

amount of co-doped Mg of 0.8, 1.2, 1.6, and 2.0 at. %.

Besides, with increase in the rates of Zn dopants in all

sample groups, the BG value gradually reduced, and then,

the highest amount of dopants in the sample of 2.0Zn–

2.0 Mg-HAp leads to the smallest BG (3.58 eV) among all

of the sample groups. In our prior studies, the increasing

rates of used dopants of Er3?, Sm3?, Bi3?, and Pr3? (İsen

et al. 2023; Kaygili et al. 2020; Kareem et al. 2022; Ahmed

et al. 2023) had found to have a similar trend to lower BG

levels. In addition, in our recent work, the same trends have

been observed for decreasing the BG with increase in the

amount of dopants for three different sample groups of Sm/

Mg, Sm/Zn, and Sm/Sr co-doped HAp that investigated

theoretically (Hssain et al. 2022a, 2022b, 2022c). There-

fore, the results of this study highly agree with those of

previous research. When electronic states change along

axes of symmetry, the bandgap energy decreases, this can

change the bandgap value due to doping.

When doping with foreign atoms like Mg, DFT allows

us to investigate how the dopant atoms introduce new

electronic states within the band structure. We can see the

effect of it in the band structure figures.

3.2 Unit Cell Parameters and Density of the Zn
and Mg co-Doped HAp Structures

The HAp structure for investigating how defects like ion

substitutions affect its properties, is principally based on its

initial, unaltered stoichiometric structural phase-hexagonal

P63m, with a unit cell containing 44 atoms and consisting

of structural OH channels with two hydroxyl OH groups in

each unit cell (Bystrov et al. 2015; Bystrov 2017; Aronov

et al. 2007). For each set of samples, we optimize the

lattice parameters and generate the hexagonal supercells.

The lattice parameters and the relaxed volumes of the

supercells for all sample groups that modeled were found

as shown in Table 1. The variations in the lattice param-

eters are predicted after the doping process with Zn con-

stant rates and Mg at varying amounts for all samples in

each group. It can be seen that the cell parameters and

volume are decreased with increase in the amounts of

dopants and thus the smallest cell parameters and volume

are found to be 0.9265 nm, 0.6761 nm, and 0.5026 (nm)3

for the sample 2.0Zn–2.0 Mg-HAp in the last group which

includes the highest rates of both dopants among all of the

samples of each group.

The theoretical density values have shown a significant

result as gradually increased with the rising of the doping

rates of Zn at constant values for each of the five different

sample groups, thus the more Zn there are, the higher these

values get. However, Mg at varying rates (0.4, 0.8, 1.2, 1.6,

and 2.0 at. %) co-doped with Zn (at a constant amount for

each group), which have decreased the density values

gradually for each group, increasing the Zn doping from

0.4 to 2.0 at. % has shown a remarkable increase in the

density values from the first group to the last one.

According to Table, the sample of 0.4Zn–2.0 Mg-HAp has

the lowest value of density to be 3.156 g cm–3 in the first

group, while the highest value of density is belonged to the

structure of 2.0Zn-HAp to be 3.171 g cm–3. The higher

amount of Zn causes the higher density, and the higher

amount of Mg causes the lower density in each group. Ca,

Mg, and Zn have known densities of 1.550, 1.738, and

7.133 g cm–3 (Apfelbaum 2017; Ibrahimzade et al. 2021),

respectively. Since Zn and Mg ions have different densities

that can be substituted for Ca ions, the change in density

means that Mg and Zn ions occupy the places of Ca ions.

Because the density of Mg ion is lower than that of Zn,

high amount of Mg causes low density.

The higher amounts of both co-dopants are more

effective in improving the electronic properties. The
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addition of both co-dopants to the HAp structure con-

tributes to its conduction mechanism. It affects its crystal

structure-related parameters as mentioned above, but it

should not be overlooked that a high amount of the addi-

tive(s) may be caused by the toxic effects (İsen et al. 2023;

Kaygili et al. 2020; Kareem et al. 2022; Apfelbaum 2017).

4 Conclusion

The band structures and DOS of the Zn-based HAps were

doped with Mg at various amounts. Zn and Mg contents

affected the band structures, lattice parameters, DOS, and

density. Adding Mg caused a gradual decrease in the

parameters, including bandgap energy, density, lattice

parameters, and unit cell volume. High levels of Zn caused

the smaller values for band gap, lattice parameters, and unit

cell volume, while the higher values for the density were

observed. Significantly, it was seen that the amount of Zn

was more effective in decreasing the band gap than Mg.

Both elements can be used for controlling the parameters as

mentioned above.
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