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Abstract
Context Based on the first-principles calculations, this paper investigates the structural, elastic, electronic, and optical properties 
of albite and kaolinite, respectively. It is determined that both of them show structural stability, mechanical stability, and brittleness 
by calculating formation enthalpy, phonon dispersion, elastic, and mechanically relevant properties. Both materials are insulators 
with an indirect bandgap. By calculating the TDOS and PDOS, the main characteristics of the electronic structure of  NaAlSi3O8 
come from O-2p and Si-3p states, O-2p, and Al-3p states hybridization, similar to  Al4[Si4O10](OH)8. The covalence of Si–O 
bonds in  NaAlSi3O8 is greater than Al–O bonds, and the covalent property sequence of Si–O bands in  NaAlSi3O8 is Si2-O3 > Si1-
O4 > Si2-O2 > Si1-O8 > Si1-O6 > Si3-O2 > Si3-O4. The optical anisotropy of  NaAlSi3O8 and  Al4[Si4O10](OH)8 is analyzed.
Methods First-principles density functional theory (DFT) calculation was carried out by the CASTEP computer program. 
The GGA-PW91 exchange–correlation was used. The energy convergence tolerance, the maximum force, and the maximum 
displacement were set in the calculation.

Keywords DFT · Albite · Kaolinite · Elastic properties · Optical properties

Introduction

Both albite and kaolinite are aluminosilicate with good insu-
lating properties [1]. Albite can be used to make ceramics 
[2–6], glass [7, 8], tiles [9], catalysts [10], etc. Kaolinite can 
be used as a raw material for ceramics, paper making, cata-
lysts [11–13], adsorbents [14–18], nanotube raw materials 
[19, 20], refractory materials [21], etc.

The physical and chemical properties of albite are now 
widely investigated. Liu et  al. [22–24] investigated the 
thermodynamic stability of albite at high temperatures and 
pressures by means of molecular simulations. Li et al. [25] 
calculated isotopic fractionation coefficients for albite using 

a reductive partitioning function. Factors responsible for the 
isotopic fractionation of silicon and oxygen in albite were 
investigated [26, 27]. Quantitative calculation of surface ani-
sotropy of albite provided new ideas for selective grinding 
of aluminosilicate minerals based on crystal characteristics 
[28].

For kaolinite, the electronic structure of synthetic natu-
ral kaolinite was determined by combining X-ray absorp-
tion spectrum and first-principles calculation, and the band 
gap of synthetic kaolinite decreased with the formation of 
defects [29]. Based on DFT simulations to obtain the optical 
properties of kaolinite, the role of hydrogen bonding in the 
O–H bond has an impact on the photosynthesis of the crystal 
[30]. Weck et al. calculated the structural, mechanical, and 
thermodynamic properties of kaolinite using DFT-2. The 
calculated results are in good agreement with the experi-
mental data [31]. The deformation and damage processes 
of kaolinite under tensile action were simulated by MD, 
with the tensile strength and Young’s modulus decreasing 
with increasing temperature [32]. Studies on the adsorption 
principles of kaolinite were also being carried out, and the 
microscopic adsorption mechanisms of Ca(II) and K(I) on 
the surface of kaolinite were calculated using DFT [33]. The 
plane wave pseudopotential calculation was used to study the 
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adsorption of [PbCl] + by kaolinite on hydroxylated (001) 
substrate surface in aqueous system, and the mechanism of 
Pb–O (or Cl) bonding was discussed [34].

The computational simulations were accompanied by 
experimental measurements and calculations for both 
substances. By comparing the Raman spectra measured 
on naturally ordered and fully ordered albite with those 
calculated using WCILYD Hamiltonian quantities, it is 
demonstrated that the calculated vibrational wave numbers 
are in good agreement with those obtained from experi-
mental measurements [35]. Cano et al. measured the opti-
cal absorption properties of albite by γ-rays, thermal reso-
nance (EPR), and thermoluminescence (TL) and finally 
suggested the use of electron paramagnetism to understand 
the physical properties of albite [36]. The conductivity 
model of albite is proposed, which can clarify the conduc-
tion mechanism in a wide range of compositions and geo-
logical environments [37]. The elastic properties of albite 
are measured and compared with the simulation results 
[38, 39]. Liu et al. performed kinetic analysis of kaolinite 
decomposition at high temperature as well as the dehy-
droxylation reaction at 600 °C by TG-DSC [40]. Batch 
experiments were conducted to investigate the adsorp-
tion kinetics and equilibrium isotherm characteristics of 
vanadium (V) adsorption on natural kaolinite, and it was 
concluded that the adsorption kinetics on kaolinite was 
consistent with secondary kinetics, and the adsorption iso-
therm of vanadium (V) on kaolinite was more consistent 
with the Freundlich model [41]. However, a comprehen-
sive study of the electronic, structural, elastic, and optical 

properties of albite and kaolinite has not been reported. In 
this paper, the electronic, structural, elastic, and optical 
properties of albite and kaolinite are analyzed computa-
tionally based on the first-principles calculations.

Computational details

The calculations for albite  (NaAlSi3O8) and kaolinite 
 (Al4[Si4O10](OH)8) were based on first-principles den-
sity functional theory (DFT) and were carried out by the 
CASTEP computer program [42]. The space group of 
 NaAlSi3O8 is P1 , and  Al4[Si4O10](OH)8 is P1. And the 
crystal structure is triclinic, as shown in Fig. 1.

The calculated equilibrium lattice constants of  NaAlSi3O8 
are a = 8.12 Å, b = 12.76 Å, c = 7.16 Å; and of  Al4[Si4O10]
(OH)8 are a = 5.21 Å, b = 9.05 Å, c = 7.50 Å. We used the 
GGA-PW91 functional to describe the exchange and cor-
relation potential; the ultrasoft pseudopotential was used to 
describe electron-core interactions [43]. We set 5.0   10−6 eV 
 atom−1 as the energy convergence tolerance, 0.01 eV Å−1 
as the maximum force, 0.02 GPa as the maximum stress, 
and 5.0   10−4  Å as the maximum displacement. For 
 NaAlSi3O8, we applied the Monkhorst–Pack grid to gener-
ate the 212 k-point grids [44]. We used the Na  2s22p63s1, O 
 2s22p4, Al  3s23p1, and Si  3s23p2 as valence electrons. For 
 Al4[Si4O10](OH)8, we applied the Monkhorst–Pack grid to 
generate the 322 k-point grids. We took the H  1s1, O  2s22p4, 
Al  3s23p1, and Si  3s23p2 as valence electrons.

Fig. 1  Crystal structure of (a) 
 NaAlSi3O8 and (b)  Al4[Si4O10]
(OH)8. (The blue ball repre-
sents atom Si, the yellow ball 
represents atom Na, the red ball 
represents atom O, the gray 
ball represents atom Al, and the 
white ball represents atom H)
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Results and discussion

Structural properties of NaAlSi3O8 and Al4[Si4O10]
(OH)8

Based on the first-principles study, we carry out geometric 
optimization calculation for crystal structure in within the 
GGA-PW91 functional. The atom coordinates of  NaAlSi3O8 
and  Al4[Si4O10](OH)8 are shown in Tables 1 and 2 [45, 46]. 
The obtained lattice constants are organized in Table 3. By 
comparing the calculated results, it can be seen that the lat-
tice constants calculated by us are consistent with the previ-
ous calculations and experimental results [45, 46]. There-
fore, the calculation method of geometric optimization is 
reasonable.

Structural stability of NaAlSi3O8 and Al4[Si4O10](OH)8

It is necessary to predict the stability of structures before 
computing physical properties [47–51]. In order to predict 
the dynamic stability of materials, we calculated the phonon 
density of state and phonon dispersion of  NaAlSi3O8 and 
 Al4[Si4O10](OH)8.

The thermodynamic stability of the  NaAlSi3O8 and 
 Al4[Si4O10](OH)8 can be predicted by calculating the for-
mation enthalpy (ΔH). It can be obtained by the following 
formula:
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the calculated total energy of  NaAlSi3O8,  Al4[Si4O10](OH)8, 
Na, Al, Si, O, and H respectively.

The formation enthalpy, lattice parameters, and volume 
of the two materials are calculated as shown in Table 3. The 
results of the enthalpy of formation calculations show that 
both  NaAlSi3O8 and  Al4[Si4O10](OH)8 are thermodynami-
cally stable, because the calculated formation enthalpy is 
less than zero.

The dynamical stability of materials is considered by 
the phonon dispersion and phonon density of state. No 
imaginary phonon frequency indicates that the material is 
dynamically stable. We calculated the phonon dispersion 

Table 1  NaAlSi3O8 atom coordinates

Element (This work) Coordinates(x, y, z)
(Expt. [45])

Na (0.2633, 0.9905, 0.1434) (0.2759, 0.9882, 0.1466)
Al (0.0084, 0.1671, 0.2074) (0.0094, 0.1727,0.2102)
Si1 (0.0028, 0.8218, 0.2371) (0.0051, 0.8198, 0.2372)
Si2 (0.6889, 0.1098, 0.3120) (0.6974, 0.1124, 0.3221)
Si3 (0.6770, 0.8817, 0.3594) (0.6886, 0.8826, 0.3605)
O1 (0.0063, 0.1279, 0.9661) (0.0049, 0.1359, 0.9703)
O2 (0.5859, 0.9975, 0.2783) (0.6038, 0.9993, 0.2841)
O3 (0.8111, 0.1069, 0.1882) (0.8140, 0.1186, 0.1967)
O4 (0.8182, 0.8518, 0.2592) (0.8233, 0.8520, 0.2555)
O5 (0.0077, 0.3016, 0.2674) (0.0203, 0.3062, 0.2696)
O6 (0.0214, 0.6945, 0.2244) (0.0275, 0.6940, 0.2413)
O7 (0.2115, 0.1088, 0.3890) (0.2029, 0.1119, 0.3921)
O8 (0.1851, 0.8682, 0.4379) (0.1808, 0.8694, 0.4301)

Table 2  Al4[Si4O10](OH)8 atom coordinates

Element Coordinates(x, y, z)
(This work)

Coordinates(x, y, z)
(Expt. [46])

Si1 (0.0589, 0.3395, 0.0741) (0.0678, 0.3494, 0.0564)
Si2 (0.0734, 0.6679, 0.0756) (0.0837, 0.6504, 0.0865)
Si3 (0.5595, 0.8394, 0.0742) (0.5437, 0.8414, 0.0765)
Si4 (0.5731, 0.1679, 0.0756) (0.5618, 0.1813, 0.0675)
Al1 (0.3594, 0.4912, 0.4577) (0.3541, 0.5055, 0.4706)
Al2 (0.3525, 0.8272, 0.4554) (0.3738, 0.8295, 0.4516)
Al3 (0.8600, 0.9913, 0.4578) (0.8761, 0.9975, 0.4706)
Al4 (0.8520, 0.3272, 0.4553) (0.8489, 0.3315, 0.4606)
H1 (0.2035, 0.0602, 0.3049) (0.2448, 0.0724, 0.3445)
H2 (0.1210, 0.1670, 0.7106) (0.1738, 0.1874, 0.7136)
H3 (0.1022, 0.5008, 0.7087) (0.0738, 0.5264, 0.7055)
H4 (0.1099, 0.8147, 0.7116) (0.0838, 0.8384, 0.7155)
H5 (0.7030, 0.5603, 0.3053) (0.6918, 0.5524, 0.2525)
H6 (0.6219, 0.6669, 0.7102) (0.6238, 0.6474, 0.7206)
H7 (0.6033, 1.0001, 0.7092) (0.5938, 0.9824, 0.7226)
H8 (0.6086, 0.3141, 0.7111) (0.6067, 0.2954, 0.7045)
O1 (0.1107, 0.3528, 0.2952) (0.1100, 0.3420, 0.3070)
O2 (0.1830, 0.6618, 0.2963) (0.1487, 0.6614, 0.2905)
O3 (0.0567, 0.5017, 0.9821) (0.0827, 0.4884, 0.9734)
O4 (0.2753, 0.2364, 1.0064) (0.2596, 0.2203, 0.9804)
O5 (0.2693, 0.7634, 0.9827) (0.2347, 0.7683, 0.9654)
O6 (0.6113, 0.8527, 0.2953) (0.6269, 0.8435, 0.2945)
O7 (0.6830, 0.1618, 0.2963) (0.6857, 0.1574, 0.3075)
O8 (0.5569, 0.0017, 0.9822) (0.5487, 0.0033, 0.9764)
O9 (0.7759, 0.7366, 0.0063) (0.7716, 0.7253, 0.0304)
O10 (0.7687, 0.2635, 0.9825) (0.7667, 0.2624, 0.9824)
O11 (0.1108, 0.9668, 0.3077) (0.1177, 0.9674, 0.3125)
O12 (0.0135, 0.1626, 0.5834) (0.0247, 0.1724, 0.5845)
O13 (0.0979, 0.4666, 0.5836) (0.1287, 0.4654, 0.5854)
O14 (0.0995, 0.8548, 0.5903) (0.1066, 0.8434, 0.5994)
O15 (0.6103, 0.4668, 0.3077) (0.6077, 0.4683, 0.3044)
O16 (0.5138, 0.6624, 0.5833) (0.5247, 0.6604, 0.5915)
O17 (0.5986, 0.9664, 0.5838) (0.5936, 0.9744, 0.5774)
O18 (0.5987, 0.3546, 0.5900) (0.5827, 0.3693, 0.5855)
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and phonon density of state of  NaAlSi3O8 and  Al4[Si4O10]
(OH)8 separately, and the results are shown in Fig. 2 The 
results of Fig. 2 show that both materials have no phonon 
imaginary frequency. This indicates that they are both 
dynamically stable.

Elastic and mechanical properties of NaAlSi3O8 
and Al4[Si4O10](OH)8

Mechanical stability is an important property when studying 
materials [52]. We use the elastic constant to describe the 
mechanical stability of a material and calculate it based on 
the linear stress–strain relationship equation �ij = Cijkl�kl . 
The number of elastic constants is inversely proportional to 
the symmetry of the compound. For triclinic  NaAlSi3O8 and 

Table 3  The calculated lattice 
parameters (a, b, c in Å, α, ß, 
γ in °), formation enthalpy ΔH 
(in eV/atom), and volume (in 
Å3) of triclinic  NaAlSi3O8 and 
 Al4[Si4O10](OH)8 alloys

a b c α ß γ V ΔH References

NaAlSi3O8 8.12 12.76 7.16 94.22 116.8 87.71 659.8  − 2.24 This work
8.15 12.78 7.16 94.28 116.7 87.74 665.4 — Expt. [45]

Al4[Si4O10](OH)8 5.21 9.05 7.50 91.30 104.8 89.77 341.5  − 1.65 This work
5.15 8.93 7.38 91.93 105.0 89.79 — — Expt. [46]

Fig. 2  Calculated phonon 
dispersion and phonon density 
of state. (a)  NaAlSi3O8. (b) 
 Al4[Si4O10](OH)8
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 Al4[Si4O10](OH)8 crystal structure, there are 21 twenty-one 
independent elastic coefficients, as shown in Table 4.

According to Born’s [53] stability criterion and Eq. (12) 
in the paper written by Gao [54] et al., we know the stability 
criterion of the triclinic system. Both  NaAlSi3O8 and 
 Al4[Si4O10](OH)8 are mechanically stable structures. Based 
on the Voigt–Reuss–Hill approximation [55], we can use the 
elastic constants to obtain mechanical properties. This 
research calculates the bulk modulus (B), shear modulus (G), 
B\G, Young’s modulus (E), and Poisson’s ratio (ν) of 
 NaAlSi3O8 and  Al4[Si4O10](OH)8 respectively. The calcula-
tion formulas of Young’s modulus and Poisson’s ratio are: 

E =
9BG

3B+G
 and � =

3B−2G

6B+2G
 . The results of the calculations are 

shown in Table 5.
According to the data in Table 5, triclinic  NaAlSi3O8 has 

greater resistance to volume deformation than  Al4[Si4O10]
(OH)8, Brittleness/toughness is also the focus of material 
performance research. We can simply judge the brittleness/
toughness of materials through B/G and Poisson’s ratio. If 
B/G is greater than 1.75 [56], the material shows tough-
ness; otherwise, it shows brittleness. Both  NaAlSi3O8 and 
 Al4[Si4O10](OH)8 are brittle. The order of brittleness is: 
 Al4[Si4O10](OH)8 >  NaAlSi3O8.

Electronic properties of NaAlSi3O8 and Al4[Si4O10]
(OH)8

As shown in the calculation results of energy band structure 
in Fig. 3, the black dashed line shows the Fermi energy level 
( EF ). Both triclinic  NaAlSi3O8 and  Al4[Si4O10](OH)8 are 
insulators with an indirect bandgap of 5.22 eV and 5.03 eV, 
respectively.

Table 4  Calculated elastic 
constants of triclinic  NaAlSi3O8 
and  Al4[Si4O10](OH)8

C11 C12 C13 C14 C15 C16 C22 C23

NaAlSi3O8 73.69 32.06 40.00 0.04  − 9.94  − 4.09 178.91 24.58
C24 C25 C26 C33 C34 C35 C36 C44

 − 9.86  − 6.67  − 1.66 185.86 2.07 0.72  − 2.99 32.80
C45 C46 C55 C56 C66

 − 1.03 1.33 41.59  − 0.01 49.76
C11 C12 C13 C14 C15 C16 C22 C23

Al4[Si4O10](OH)8 193.41 74.84 8.68 3.42  − 36.62  − 2.95 198.14 2.51
C24 C25 C26 C33 C34 C35 C36 C44

0.50  − 19.57  − 1.07 72.54  − 0.24  − 3.53 0.63 36.13
C45 C46 C55 C56 C66

 − 2.21  − 8.87 28.04 1.74 61.55

Table 5  The bulk modulus B (GPa), shear modulus G (GPa), B/G, 
Young’s modulus (E) (GPa), and Poisson’s ratio (ν) of triclinic 
 NaAlSi3O8 and  Al4[Si4O10](OH)8

B G B∕G E �

NaAlSi3O8 64.26 44.02 1.46 107.50 0.22
Al4[Si4O10](OH)8 57.32 43.91 1.31 104.94 0.19

Fig. 3  Calculated band structure 
of (a)  NaAlSi3O8 and (b) 
 Al4[Si4O10](OH)8
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The total density of states (TDOS) and partial density 
of states (PDOS) of  NaAlSi3O8 and  Al4[Si4O10](OH)8 are 
calculated based on DFT, as shown in Figs. 4 and 5.

For  NaAlSi3O8, the partial density of states of different 
Al, Si, O atoms are shown in Fig. 4, but they have differ-
ent peaks. The formation of covalent bonds between these 
different Al, Si, O atoms is revealed. The main features of 
electronic structure mainly come from O-2p (including: 
O1-2p, O2-2p, O3-2p, O4-2p, O5-2p, O6-2p, O7-2p, O8-2p) 
and Si-3p (including: Si1-3p, Si2-3p, Si3-3p) states, O-2p 
and Al-3p states hybridization. The lowest energy states 
are from Na-2  s states. States from − 22.5 to − 15.0  eV 
are mainly due to O1-2 s, O2-2 s, O3-2 s, O4-2 s, O5-2 s, 
O6-2 s, O7-2 s, O8-2 s, and Na-2p states along with a small 
amount of Al-3 s, Al-3p, Si1-3 s, Si1-3p, Si2-3 s, Si2-3p, 
Si3-3 s, and Si3-3p states. And then, the upper valence 
bands (VBs) are mainly derived from O-2p and Si-3p states, 
O-2p and Al-3p states hybridization. For  Al4[Si4O10](OH)8, 
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the partial density of states for different Al, Si, O atoms 
are shown in Fig. 5, indicating the formation of covalent 
bonds between different Al, Si, O atoms. The main features 
of electronic structure are mainly due to O-2p (including: 
O1-2p, O2-2p, O3-2p, O4-2p, O5-2p, O6-2p, O7-2p, O8-2p, 
O9-2p, O10-2p, O11-2p, O12-2p, O13-2p, O14-2p, O15-2p, 
O16-2p, O17-2p, O18-2p) and Si-3p (including: Si1-3p, Si2-
3p, Si3-3p, Si4-3p) states, O-2p and Al-3p (including: Al1-
3p, Al2-3p, Al3-3p, Al4-3p) states hybridization. Then, the 
upper valence bands (VBs) come from nonbonding O1-2p, 
O2-2p, O6-2p, O7-2p, O11-2p, and O15-2p states.

Tables 6 and 7 show the calculated Mulliken charges, 
bond lengths, and bond populations of triclinic  NaAlSi3O8 
and  Al4[Si4O10](OH)8.

Positive or negative Mulliken charge means gaining or 
losing electrons. For  NaAlSi3O8, Na, Al, and Si are all trans-
ferring charge while O is gaining charge. Si–O and Al–O 
bonds are mainly form covalent bonds and a small amount of 
ionic bonds, and Si is more capable of losing electrons than 
Al. Therefore, the covalence of Si–O bonds is greater than 
Al–O bonds. The ionic and covalent properties of atomic 
bonding can be directly characterized by the bond popula-
tion. When the bond population value is positive/negative, 
it represents bonding/nonbonding. With the increase of the 
bond population, the covalent properties of bonding between 
atoms become stronger. As shown in Table 6, the Si–O 
bonds have the strongest covalency and are not easily bro-
ken. The order of covalency of Si–O bands is Si2-O3 > Si1-
O4 > Si2-O2 > Si1-O8 > Si1-O6 > Si3-O2 > Si3-O4. Na–O 
bonds have the smallest bond population, which is mainly 
reflected in ionic property.

For  Al4[Si4O10](OH)8, the individual atomic Mulliken 
charges are shown in Table 7. Si, Al, and H are all trans-
fer charge, while O gains charge. The Si–O bonds and 
Al–O bonds are mainly covalent bonds. And O–H bonds 
form hydrogen bonds, which are much less powerful than 
chemical bonds. According to the calculation of bond 
populations and bond lengths, the bond populations of 
Si–O bonds are obviously larger than Al–O bonds, and 
bond lengths of Si–O bonds are smaller than Al–O bonds. 
Therefore, the covalence of Si–O bonds is greater than 
Al–O bonds. By comparing the different Si–O bonds, the 
Si1–O1 bond populations is the largest among different 
bonds. Compared with the Al–O bands, Al1-O18 bonds 
have the largest bond populations. In addition, both Al–O 
and Si–O bonds are covalent bonds. And the order of 
strength of the covalent bonding action is Si1-O1 > Si1-
O4 > Si1-O3 > Si1-O10 > Al1-O18 > Al1-O13 > Al1-
O16 > Al1-O1 > Al1-O15 > Al1-O2.

Charge density difference is also an important method 
to study the electronic structure, which can visualize the 
electron flow and bonding properties. We calculated the 
electron density difference for the  NaAlSi3O8 along the 
(001) plane and  Al4[Si4O10](OH)8 along the (010) plane 
as shown in Fig. 6.

It can be seen from Fig. 6(a) that Si and Al atoms in 
 NaAlSi3O8 form covalent bonds with O atoms respec-
tively, where both Si and Al atoms lose electrons and O 
atoms get electrons. It can be clearly seen that the ability 
of Si atom to lose electrons is greater than that of Al atom, 
and the covalence of Si–O bonds is greater than that of 
Al–O bonds. Similarly, it can be seen from Fig. 6(b) that 
both Si and Al atoms in  Al4[Si4O10](OH)8 lose electrons, 
and O atoms gain electrons, and the covalence of Si–O 
bonds is greater than that of Al–O bonds.

Table 6  Calculated Mulliken 
charges (e), bond lengths (Å), 
and bond populations (e) of 
 NaAlSi3O8

Species s p d Total Charge [e] Bonds Bond popula-
tions (e)

Bond 
lengths 
(Å)

Na 2.04 5.78 0 7.82 1.18 Si1-O4 0.58 1.60
Al 0.44 0.76 0 1.2 1.8 Si1-O6 0.54 1.62
Si1 0.61 1.21 0 1.82 2.18 Si1-O8 0.56 1.62
Si2 0.63 1.23 0 1.86 2.14 Si2-O2 0.57 1.63
Si3 0.64 1.27 0 1.91 2.09 Si2-O3 0.64 1.60
O1 1.85 5.36 0 7.21  − 1.21 Si3-O2 0.53 1.65
O2 1.84 5.32 0 7.16  − 1.16 Si3-O4 0.52 1.62
O3 1.85 5.33 0 7.18  − 1.18 Al-O1 0.45 1.76
O4 1.81 5.36 0 7.17  − 1.17 Al-O3 0.46 1.75
O5 1.86 5.31 0 7.17  − 1.17 Al-O5 0.46 1.74
O6 1.83 5.32 0 7.15  − 1.15 Al-O7 0.45 1.75
O7 1.85 5.32 0 7.17  − 1.17 Na-O2 0.01 2.35
O8 1.82 5.34 0 7.16  − 1.16 Na-O7 0.07 2.40
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Optical properties of NaAlSi3O8 and Al4[Si4O10](OH)8

The optical properties resulting from the electronic transi-
tion can be calculated by the first-principles. First, dispersion 
of optical functions can be expressed as [57]:ε(ω) = ε1(ω)

+iε2(ω) . The imaginary part ε2(ω) is related to electronic 
transition, and the expression formula is shown below:

(Eq.M − dipolematrix ;  i − initialstates;j − finalstates; 
fi − theFermi distributionfunctionfortheithstate; 
Ei − energyofelectronintheithstate)

(3)

�2(�) =
4�2

m2�2

�

i,j ∫ ⟨i�M�j⟩
2
fi
�

1 − fi
�

× �
�

Ef − Ei − �
�

d3k

According to the Kramers–Kronig dispersion relation 
system [58], the real part �1(�) can be expressed as [59, 60]:

From the above formula, it can be deduced that the mate-
rial’s refractive index n(�) , extinction coefficient k(�) , 
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(
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Table 7  Calculated Mulliken 
charges (e), bond lengths (Å), 
and bond populations (e) of 
 Al4[Si4O10](OH)8

Species s p d Total Charge [e] Bonds Bond popu-
lations (e)

Bond lengths (Å)

Al1 0.46 0.7 0 1.16 1.84 Si1-O1 0.63 1.611
Al2 0.46 0.7 0 1.16 1.84 Si1-O3 0.52 1.634
Al3 0.46 0.7 0 1.16 1.84 Si1-O4 0.52 1.631
Al4 0.46 0.7 0 1.16 1.84 Si1-O10 0.52 1.639
Si1 0.61 1.15 0 1.75 2.25 Al1-O1 0.28 1.967
Si2 0.61 1.15 0 1.76 2.24 Al1-O2 0.24 2.048
Si3 0.61 1.15 0 1.75 2.25 Al1-O13 0.31 1.861
Si4 0.61 1.15 0 1.76 2.24 Al1-O15 0.27 1.938
O1 1.85 5.28 0 7.13  − 1.13 Al1-O16 0.31 1.868
O2 1.85 5.28 0 7.13  − 1.13 Al1-O18 0.33 1.865
O3 1.84 5.31 0 7.15  − 1.15 H1-O1 0.00 2.689
O4 1.83 5.33 0 7.16  − 1.16 H1-O7  − 0.00 2.682
O5 1.84 5.31 0 7.15  − 1.15 H1-O11 0.61 0.979
O6 1.85 5.28 0 7.13  − 1.13 H1-O12  − 0.01 2.675
O7 1.85 5.28 0 7.13  − 1.13 H1-O17  − 0.01 2.683
O8 1.84 5.31 0 7.15  − 1.15
O9 1.83 5.33 0 7.16  − 1.16
O10 1.84 5.31 0 7.15  − 1.15
O11 1.85 5.18 0 7.04  − 1.04
O12 1.83 5.23 0 7.07  − 1.07
O13 1.83 5.24 0 7.07  − 1.07
O14 1.83 5.24 0 7.07  − 1.07
O15 1.85 5.18 0 7.04  − 1.04
O16 1.83 5.23 0 7.07  − 1.07
O17 1.83 5.24 0 7.07  − 1.07
O18 1.83 5.24 0 7.07  − 1.07
H1 0.57 0 0 0.57 0.43
H2 0.55 0 0 0.55 0.45
H3 0.55 0 0 0.55 0.45
H4 0.55 0 0 0.55 0.45
H5 0.57 0 0 0.57 0.43
H6 0.55 0 0 0.55 0.45
H7 0.55 0 0 0.55 0.45
H8 0.55 0 0 0.55 0.45
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reflectivity R(�) , absorption coefficient I(�) , loss function 
L(�), and optical conductivity �(�).The specific relationship 
is as follows:

The calculated dielectric functions are shown in Fig. 7.
It can be seen that  NaAlSi3O8 and  Al4[Si4O10](OH)8 

have different optical anisotropy. For  NaAlSi3O8, imagi-
nary part �2(�) depends on the transition of valence band 
electrons and conduction band electrons. We can see that 
the imaginary part �2(�) shows two peaks which mainly 
come from the electron transition of Si1-3p, Si2-3p, Si3-
3p, and Al-3p states. The first peak position appears near 
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Fig. 6  Calculated charge den-
sity difference of (a)  NaAlSi3O8 
(along the (001) plane) and (b) 
 Al4[Si4O10](OH)8 (along the 
(010) plane)
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dielectric function �(�) of (a)  NaAlSi3O8 and (b)  Al4[Si4O10](OH)8
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10 eV, similar to real part �1(�) . With regard to  Al4[Si4O10]
(OH)8, there are three peaks present in the �2(�) , it mainly 
comes from the electron transition of O-2p states and the 
hybridization between O-2p and Si-3p states, O-2p, and 
Al-3p states. Specially, the peak of the dielectric imagi-
nary part in the z direction moves towards the low-energy 
region and increases in peak value.

The calculated values of absorption coefficient, reflec-
tivity, optical conductivity, and loss function of  NaAlSi3O8 
and  Al4[Si4O10](OH)8 are shown in Figs. 8 and 9.

It can be seen from Fig. 8 that the tendency of the 
refractive index n(�) of  NaAlSi3O8 corresponds to the 
real part �1(�) of the dielectric function. The refractive 
index fluctuates widely in the energy range from 10 to 
20 eV. It rises slowly from 20 to 30 eV. The extinction 
coefficient k(�) achieves a maximum value at the energy 
of 16.3 eV. And the absorption coefficient is the propor-
tion of energy attenuation of a light wave per unit distance 
through a semiconductor medium.  NaAlSi3O8 has a light 
absorption coefficient of 0 near the visible wavelength 

Fig. 8  The calculated (a) refrac-
tive index n(�) ; (b) refractive 
index k(�) ; (c)optical conduc-
tivity �1(�) ; (d) optical con-
ductivity �2(�) ; (e) reflectivity 
R(�) ; (f)loss function L(�) ; and 
(g)absorption coefficient I(�) of 
 NaAlSi3O8
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band. The absorption peak appears in the energy range of 
15 eV, which is 2.9 ×  105 cm−1 . The main reason for the 
absorption peak is the electron transitions of the valence 
band electrons to the conduction band. The reflection coef-
ficient is the proportion of the photon energy reflected 
from the surface to the photon energy striking the sur-
face. When the energy is 20 eV, the reflectivity reaches 
the maximum value. The reflectivity in x, y, and z direc-
tions are 32.0%, 33.0%, and 35.2%, respectively. The loss 
function represents the energy loss of photoelectrons in 

homogeneous media. The diagram shows a large number 
of dissipation peaks, which are highly relevant to plasma 
oscillations. Among them, the plasma frequencies Ln
(n = xx, yy, zz ) in three directions are 22.67, 22.63, and 
22.78 eV, respectively.

As illustrated in Fig. 9, the refractive index of  Al4[Si4O10]
(OH)8 reaches a maximum value of 1.96 in the energy range 
of 10 eV. The trend of the extinction coefficient in the x, y 
direction is the same. In particular, the second peak of the 
extinction coefficient in the z direction is much larger than 

Fig. 9  The calculated (a) refrac-
tive index n(�) ; (b) refractive 
index k(�) ; (c)optical conduc-
tivity �1(�) ; (d) optical con-
ductivity �2(�) ; (e) reflectivity 
R(�) ; (f)loss function L(�) ; and 
(g)absorption coefficient I(�) of 
 Al4[Si4O10](OH)8
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other two directions, when the light utilization is improved. 
The absorption coefficient has two peaks, which achieve the 
maximum value of 3.2 ×  105 cm−1 at the energy of 17 eV. 
When the energy is 21.6 eV, the reflectivity reaches the 
maximum value, and the reflectivity in the three directions 
of x, y, and z is 40.0%, 42.0%, and 45.8%, respectively. The 
calculated value of the plasma oscillation Ln(n = xx, yy, zz ) 
are 21.13, 20.99, and 21.06 eV, respectively.

Conclusions

Overall, we calculated the structural, elastic, electronic, 
and optical properties of albite and kaolinite on the basis of 
first-principles calculations. The calculated lattice constants 
are consistent with the experimental data. The mechanical 
properties of  NaAlSi3O8 and  Al4[Si4O10](OH)8 are studied. 
It shows that they have mechanical stability and brittleness. 
The energy band structure indicates that both of them are 
insulators with an indirect bandgap. By calculating the total 
density of states and the partial density of states, it can be 
seen that the main characteristics of the electronic structure 
of  NaAlSi3O8 come from O-2p and Si-3p states, O-2p and 
Al-3p states hybridization, similar to  Al4[Si4O10](OH)8. 
For the purpose of investigating the bonding behavior of 
the materials, Mulliken charges, bond lengths, and bond 
populations were calculated for triclinic  NaAlSi3O8 and 
 Al4[Si4O10](OH)8. The covalent property sequence of Si–O 
bands in  NaAlSi3O8 is Si2-O3 > Si1-O4 > Si2-O2 > Si1-
O8 > Si1-O6 > Si3-O2 > Si3-O4. The order of strength of the 
covalent bonding action in  Al4[Si4O10](OH)8 is Si1-O1 > Si1-
O4 > Si1-O3 > Si1-O10 > Al1-O18 > Al1-O13 > Al1-
O16 > Al1-O1 > Al1-O15 > Al1-O2. Optical anisotropy of 
triclinic  NaAlSi3O8 and  Al4[Si4O10](OH)8 is observed.
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