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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� The structural and elastic properties of 
lithium halides are investigated. 
� The lithium halides are dynamical sta-

bility under ambient condition. 
� The electronic band structures, density 

of states and electron localized function 
of lithium halides are analyzed. 
� The absorption spectra, reflectivity 

spectra and dielectric function of 
lithium halides compounds are 
calculated.  
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A B S T R A C T   

Lithium halides are the important members of alkali halides with important industrial application. Here, we 
study the structural, elastic, electronic and optical properties of lithium halides, including LiF, LiCl, LiBr, and LiI, 
by using the first-principles calculations. The results of elastic constants and phonon spectra show that the 
calculated lithium halides are all mechanical and dynamical stability under ambient condition. Using the Voigt- 
Reuss-Hill method, we calculate shear moduli, bulk moduli and Young’s modulus of LiF, LiCl, LiBr, and LiI 
compounds and they are all in the order of LiF > LiCl > LiBr > LiI. The calculated structural and mechanical 
parameters of LiF, LiCl, LiBr, and LiI compounds correspond well with the previous reported theoretical and 
experimental results. The electronic properties suggest that all the calculated lithium halides have wide direct 
gap with strong covalent bonding. The calculated optical properties indicate that LiI is the most suitable for the 
reflection of ultraviolet light.   

1. Introduction 

Alkali metal halides are a class of alkali halides with extensive 

applications, including laser host materials, X-ray and neutron mono- 
chromators and radiation detector [1–6]. Lithium halides are also 
important members of the metal halides and have been extensively 
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studied in a few years’ time, due to their high melting points, highly 
crystalline nature and strong miscibility in polar media [7–11]. 

Experimentally, Finch et al. have determined the lattice parameters 
of the potassium, sodium and lithium halides by using the electron- 
diffraction method, and found that crystal-size could make a notice-
able effect on the lattice-dimensions [7]. Brisco and Squire have estab-
lished the elastic constants of LiF by the ultrasonic methods, and then 
using the Houston method they estimated the Debye temperature from 
the values of elastic constants [8]. Lewis et al. have studied the adiabatic 
elastic constants of NaF, KF, LiCl, NaCl, RbCl, NaBr, RbBr, and RbI at 300 
and 4.2 K by using the ultrasonic pulse-echo technique, and observed 
that the elastic anisotropy factor of these alkali halides increase with 
temperature [9]. Marshall et al. have established the elastic constants of 
LiBr crystal in the different temperature. Using the approximation of 
Betts, Bhatia and Wyman, they have also calculated the Debye temper-
ature at 0 K and obtained a value of 276.6 K [10]. Besides the experi-
mental studies, several theoretical calculations have also been reported. 
Cortona have calculated the lattice parameters, dissociation energy and 
bulk modulus of lithium halides by using the method for directly 
determining the self-consistent total energies and charge densities of 
solids. They have also analyzed the cause of the larger lattice constants 
and smaller bulk moduli, and draw a conclusion that, relative to their 
attractive counterpart, the approximations they chose make too high an 
estimate of the repulsive interactions [11]. Prencipe et al. have calcu-
lated the lattice constants, lattice energy, elastic properties and central 
zone phonon frequencies of LiF, NaF, KF, LiCl, NaCl, and KCl by using a 
periodic ab initio Hartree-Pock linear. Compared with the experimental 
values, the errors of these parameters increase systematically along with 
the size of the cation or anion increase [12]. Fl�orez et al. performed the 
study of the phase transitions and mechanical properties for alkali ha-
lides under high pressures, and draw a conclusion that the cation atomic 
number was the important parameter to the B1B2 transition properties 
[13]. 

Despite the many studies devoted to LiF, LiCl, LiBr, and LiI com-
pounds, we notice that there have been no systematic studies on the 
stability and electronic properties of lithium halides. Thus, it now is 
intriguing to further study the structural stability, electronic and optical 
properties of LiF, LiCl, LiBr, and LiI compounds, which is essential for 
their practical utilization. The paper is organized as follows. In Section 
2, a brief description of the theory and technical details for the calcu-
lations performed in this work is reported. The main results of the 
structural, elastic and electronic properties of lithium halides are pre-
sented in Section 3. Conclusions are summarized in Section 4. 

2. Method 

The structural optimization and electronic calculations for the 
lithium halides are carried out based on the density functional theory as 
implemented in the Vienna Ab Initio Simulation Package (VASP) 
[14–16]. We used the Perdew–Burke–Ernzerhof (PBE) functional for the 
generalized gradient approximation (GGA), and also used the local 
density approximation (LDA) for comparison [17–19]. The frozen-core 
all-electron projector augmented wave (PAW) method [20] was adop-
ted with 1s22s1, 2s22p5, 3s23p5, 4s24p5 and 5s25p5 treated as valence 
electrons for Li, F, Cl, Br and I, respectively. Accurate convergence tests 
are performed in order to obtain the reliable results. We choose a cutoff 
energy of 600 eV and fit Monkhorst-Pack k-point [21] to ensure that 
total energy calculations are well converged to less than 1 meV/atom. 
Formation enthalpies per atom ΔH of lithium halides are quantified by 
the reaction route as ΔH ¼ [H (LiX) - H(Li) – H(X)]/2. The phonon 
frequencies calculations are performed by using the finite displacement 
approach implemented in the PHONOPY program [22]. 

3. Results and discussion 

3.1. Structural properties and thermodynamically stability 

Firstly, we optimize the conventional unit cells of lithium halides, 
which adopt the NaCl-type structure (cubic, Fm-3m) as shown in Fig. 1. 
The Fm-3m phase of LiF, LiCl, LiBr, and LiI contains four LiX formula 
units per cell and Each X atom is coordinated by six neighboring Li 
atoms. Li occupy the 4a Wyckoff sites (0, 0, 0) and X atom locate at the 
4b Wyckoff site (0.5, 0.5, 0.5). The calculated lattice parameter a, 
equilibrium lattice volume V and density ρ (both GGA and LDA values) 
are summarized in Table 1, along with previously reported experimental 
and theoretical data for comparison [7,11]. From Table 1, we find that 
the lattice parameter and equilibrium lattice volume correspond well 
with the reported data [7,11]. Moreover, the lattice parameters of 
lithium halides can be sorted in the order of LiF < LiCl < LiBr < LiI, 
which is consistent with the order of atomic radius of halogen. 

3.2. Stability and elastic properties 

In order to ascertain the thermodynamic stability of lithium halides, 
the formation enthalpies ΔH are computed and shown in Tables 1 and 2. 
The negative values of ΔH indicate that they are all thermodynamically 
stable and can be synthesized experimentally, which are confirmed by 
the synthesis of lithium halides [7–10]. To further establish the me-
chanical stability and elastic properties of lithium halides, we calculate 
the elastic constants (both GGA and LDA values) by a direct strain-stress 
method. The calculated elastic constants of lithium halides are sum-
marized in Table 3, Table 4 and Fig. 2, which agree well with the 
experimental [8–10,23–25]. Interestingly, the calculations (both GGA 
and LDA values) show a same tendency for the three elastic constants of 
lithium halides with the order of C11 > C44 > C12. For the cubic crystal, 
the mechanical stability criteria are given by Refs. [26–28]: 

The positive values of the elastic constants, as summarized in 
Table 3, Table 4, Fig. 2 and Fig. S1 (see the Supporting Information), 
clearly suggest that the four compounds are all satisfied the mechanical 
stability criteria indicating mechanical stability. Furthermore, we have 
also checked their dynamical stabilities by calculating the phonon 
dispersion curves. The phonon dispersion relations are illustrated in 
Fig. 3. From Fig. 3, we can see that no negative phonon frequencies 
detected over the whole Brillouin zones, implying the dynamical sta-
bility of lithium halides. A further analysis of the projected phonon 
density of states (PHDOS) for lithium halides show that the Li atoms in 
LiF and LiI have the highest and lowest vibrational frequency of 14.75 
THz and 7.36 THz respectively. For LiBr and LiI compounds, Low- 
frequency vibrations are mostly related to Li atoms, while higher- 

Fig. 1. Crystal structures of lithium halides.  
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frequency modes mainly come from the vibration of Br or I atoms. 
The calculated shear modulus G, bulk modulus B, Young’s modulus E 

and Poisson’s ratio v using the Voigt-Reuss-Hill method [29,30] are 
listed in Table 3, Table 4, Fig. 4 and Fig. S2 (see the Supporting Infor-
mation). We note that the values of shear modulus G, bulk modulus B, 
Young’s modulus E and Poisson’s ratio v (both GGA and LDA values) all 

can be sorted in the order of LiF > LiCl > LiBr > LiI. 

3.3. Debye temperature 

The Debye temperature of lithium halides (LiF, LiCl, LiBr, and LiI) 
can be calculated by using the formulae [31]: 

Table 1 
Calculated lattice parameter, volume, mass density and relatice enthalpy of formation for LiF and LiCl compared with experimental and other theoretical data.   

LiF LiCl 

Present Theo [11]. Exp [7]. Present Theo [11]. Exp [7]. 

GGA LDA GGA LDA 

a(Å) 4.098 3.983 4.05 4.027 5.158 4.939 5.08 5.136 
V (Å3) 68.799 63.187 54.90 55.04 137.264 120.840   
ρ(g/cm3) 2.504 2.726   2.051 2.337   
ΔH (eV)  3.83 3.81   1.79 1.76    

Table 2 
Calculated lattice parameter, volume, mass density and relatice enthalpy of formation for LiBr and LiI compared with experimental and other theoretical data.   

LiBr LiI 

Present Theo [11]. Exp [7]. Present Theo [11]. Exp [7]. 

GGA LDA GGA LDA 

a(Å) 5.518 5.490 5.44 5.495 6.024 5.988 5.93 6.019 
V (Å3) 168.052 165.496   218.580 214.707   
ρ(g/cm3) 3.432 3.485   4.067 4.140   
ΔH (eV)  � 1.54 � 1.52   � 1.25 � 1.22    

Table 3 
Calculated elastic constants (GPa), bulk modulus B (GPa), shear modulus G (GPa), Young’s modulus E (GPa), Poisson’s ration v and Debye temperature ΘD (K) of LiF 
and LiCl.   

LiF LiCl 

Present Theo [27]. Exp [8]. Present Theo [28]. Exp [9]. 

GGA LDA   GGA LDA   

C11 108.83 124.20 120 124.6 51.84 56.91 69.0065 60.74 
C44 57.29 56.91 50 64.9 24.34 29.04 27.5930 26.92 
C12 44.58 42.67 58.3 42.4 21.24 23.36 22.4785 22.70 
B 66.00 69.85 55.917 69.9 31.44 34.54 35.2 35.4 
G 45.42 52.35   20.2 23.30 23.264  
B/G 1.45 1.33   1.56 1.48   
E 110.84 125.67   49.92 57.08   
v 0.22 0.20   0.24 0.22 0.2242  
ΘD  684.8 723.3 736 580 401.5 421.5 445.24 429  

Table 4 
Calculated elastic constants (GPa), bulk modulus B (GPa), shear modulus G (GPa), Young’s modulus E (GPa), Poisson’s ration v and Debye temperature ΘD (K) of LiBr 
and LiI. 
C11 > 0;C44 > 0;C11 > jC12j; ðC11 þ 2C12Þ> 0: (1)    

LiBr LiI 

Present Theo [29]. Exp [10]. Present Theo [29]. Exp. 

GGA LDA   GGA LDA   

C11 42.38 52.56 48.6 47.21 30.54 39.57 35.2  
C44 18.89 22.79 15.4 20.52 13.66 17.42 10.5 
C12 17.32 19.17 15.4 15.90 12.44 14.31 10.5 
B 25.68 30.30 28.5 26.3 18.47 22.73 22.0 
G 16.02 20.12   11.58 15.32  
B/G 1.60 1.50   1.60 1.48  
E 39.79 49.42   28.74 37.52  
v 0.24 0.23   0.24 0.22  
ΘD  258.6 288.6   185.0 211.7   

J. Wang et al.                                                                                                                                                                                                                                    



Materials Chemistry and Physics 244 (2020) 122733

4

ΘD¼
h
kB

�
3nNA

4π

�1=3

V � 1=3vm (2)  

where h, kB and NA are the Planck’s constant, Boltzmann’s constant and 
Avogadro’s number, respectively. We can obtain the average sound 
velocity vm using the Voigt-Reuss-Hill averaging method by the equation 
[30]: 

vm ¼

�
1
3

�
2

v3
t þ v3

l

��� 1=3

(3)  

where the vt and vl are the transverse and the longitudinal velocities, 
respectively, which can be calculated by using the Navier’s equation 
[30]: 

vt ¼

ffiffiffiffi
G
ρ

s

; vl ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3Bþ 4G

3ρ

s

(4) 

The calculated Debye temperature (both GGA and LDA values) of 
lithium halides are listed in Tables 3 and 4, together with the available 
theoretical and experimental data. We find that our calculated results 
correspond well with the previous reported theoretical and experi-
mental results. The values of Debye temperature ΘD can be sorted in the 
order LiF > LiCl > LiBr > LiI. Unfortunately, there are no experimental 
and theoretical data available related to the Debye temperature, shear 
modulus and Young’s modulus of LiBr and LiI in the literature. There-
fore, it is a first attempt in this direction and is good reference for future 
experiments. 

3.4. Electronic properties 

The electronic band structures of lithium halides are calculated (both 
GGA and LDA values) and shown in Fig. 5 and Fig. S3 (see the Sup-
porting Information). The results of electronic band structures show that 
all the lithium halides computed are wide direct gap, due to that the 
bottom of the conduction band and the top of valence band are all at the 
gamma-symmetry point. The values of band gap of lithium halides (both 
GGA and LDA values), as shown in Fig. 6, can be sorted in the order LiF >
LiCl > LiBr > LiI. We clearly note that the calculated results are 
consistent with the previous reports calculated within GGA and LDA [2, 
3,32,33]. In order to check the reliability of our calculations, we recal-
culate the band structure of lithium halides using mBJ-PBE-GGA method 
[34–37] (see Fig. S4 and Table S1 in the Supporting Information). The 
calculated results display that, for the same alkali halide, the band gap 
values are found to vary on the basis of three different methods (GGA, 
LDA and mBJ-PBE-GGA). Additionally, the band gap values of the same 
alkali halide can be sorted in the order LDA < GGA <mBJ-PBE-GGA. To 
further explain the electronic band structure of lithium halides, we have 
also computed the density of states (TDOSs) and partial density of states 
(PDOSs) (see Fig. 5). The projected density of states of lithium halides 
indicate that the valence band mainly formed by the p orbital of halogen 
atom, whereas the conduction band mainly consists of s orbital of Li and 
p orbital of halogen atom. It is worth noting that, for all the lithium 
halides, the Li 2s orbital hybridizes significantly with the p orbital of 
halogen atom above the fermi level, indicating the strong covalent 
bonding nature. The strong covalent bonding between Li and neigh-
boring halogen atoms also can be seen from the calculated electron 
localized function (ELF) (see Fig. 7). The isosurface plots indicate the 
strong covalent bonding between Li and neighboring halogen element of 
lithium halides. As a consequence of these strong covalent bonding, the 
structural stabilities of lithium halides would be surely increased. 

3.5. Optical properties 

The wide band gaps materials have different applications such as 
optical switches, optical filters, wave guides and reflector [38–43] Due 

Fig. 2. The calculated elastic constants of lithium halides at GGA level.  

Fig. 3. The phonon dispersion curves of lithium halides at the GGA level.  

Fig. 4. The bulk moduli B, shear moduli G and Young’s moduli E for lithium 
halides at GGA level. 
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to the results for electronic band gap of lithium halides are obtained, the 
optical properties have been calculated. The macro-optical response 
functions of solids in the linear response range can be estimated by using 
the refractive index N(ω) ¼ n(ω) þ ik(ω) or the dielectric function ε(ω) ¼
ε1(ω) þ iε2(ω), where ε1 ¼ n2 - k2, ε2 ¼ 2nk and n is the refractive index, k 
is the extinction coefficient. Consider the theoretical formulae below 
[44]: 

α� 2ωk
c
¼

4πk
λ0

(5)  

RðωÞ¼
½ðn � 1Þ2 þ k2

�

½ðnþ 1Þ2 þ k2
� (6)  

εðωÞ¼ ε1ðωÞ þ iε2ðωÞ (7)  

We can obtained the absorption spectra α, reflectivity spectra R(ω) and 
dielectric function ε(ω) of soilds. The calculated absorption spectra α, 
reflectivity spectra R(ω) and the real part of dielectric function ε(ω) for 
lithium halides are illustrated in Fig. 8. From Fig. 8 (a), we can see that 
from LiF to LiI, the absorption peaks have been moved to low-energy 
edge with the decrease of frequency. The reflectivity spectra and the 
real part of dielectric function of lithium halides shown in Fig. 8 indi-
cated that the static reflectivity and static dielectric constant of LiX can 
be both sorted in the order of LiF < LiCl < LiBr < LiI. In the ultraviolet 
photon energy range as 3.3 eVe6.2 eV, the reflectivity of the four ma-
terials is sorted in the order of LiI > LiBr > LiCl > LiF. With the increase 
of the radius of the seven atoms, the reflectivity increases gradually, 
indicating that LiI is the most suitable for the reflection of ultraviolet 
light. 

4. Conclusions 

In summary, we perform systematically theoretical studies on the 
structural, elastic, electronic and optical properties of lithium halides by 
using the first-principles calculations based on the density functional 
theory. The calculated results indicate that the four halides are ther-
modynamically, mechanical and dynamically stable. The estimated 
Debye temperature can be sorted in the order of LiF > LiCl > LiBr > LiI >

Fig. 5. The energy band structure and density of states of lithium halides at 
GGA level. (a) and (e) for LiF, (b) and (f) for LiCl, (c) and (g) for LiBr, (d) and 
(h) for LiI. 

Fig. 6. The calculated band gap of lithium halides.  

Fig. 7. The electron localized function of lithium halides. (a) LiF, (b) LiCl, (c) 
LiBr, (d) LiI. 
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Li. The band structures, density of states and electron localized function 
demonstrate that all the compounds of lithium halides computed have 
wide direct gap with strong covalent bonding. The calculated optical 
properties of lithium halides indicate that LiI is the most suitable for the 
reflection of ultraviolet light. These results are expected to extend the 
comprehending the structural, electronic and optical properties of 
lithium halides. 
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