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Abstract: Owing to their excellent theoretical capacity, Li-Si alloys have been extensively investigated as potential Lithium-ion 
batteries. Knowledge of the mechanical, acoustical, and optical properties of Li-Si alloys is important in order to improve battery 
performance. In the present study, we calculated the mechanical, acoustical, and optical properties of several Li-Si alloys theo-
retically. Our investigation confirms the mechanical stability of these Li-Si alloys. With increasing lithium content, Li-Si alloys 
become increasingly vulnerable to shape deformation as the number of Si-Si bonds decreases. The analysis of elastic moduli 
shows that the bulk modulus increases with the increase of lithium contents. Li22Si5 has the strongest anisotropic Young’s modulus. 
The sequence of degree of anisotropic Young’s modulus is Li22Si5>Li15Si4>LiSi>Li17Si4>Li12Si7>Li13Si4. From an analysis of the 
anisotropy of acoustic velocity, the transverse velocities are shown to be less than the corresponding longitudinal acoustic veloc-
ities. The longitudinal wave of the cubic system is the fastest along the [111] direction, while it is the fastest along the [001] 
direction for the orthorhombic system and the [010] direction for the tetragonal system. In addition, all the studied Li-Si alloys 
have relatively low thermal conductivities and show a higher anisotropy when photon energies are lower than 20 eV. We conclude 
that the studied Li-Si alloys are promising dielectric materials. 
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1  Introduction 

 
Electrical energy can be transformed into 

chemical energy by lithium-ion batteries (LIBs), and 
can be transformed back when needed. LIBs have, 
therefore, been widely used for electric devices and 
electric vehicles in recent years, and have stimulated 
an intensive search for new high-capacity electrodes 

(Wang et al., 2015; Zhao et al., 2016). As a potential 
anode material, silicon has attracted much attention 
because of its low working potential and high theo-
retical specific capacity. The theoretical capacity of 
silicon is 4200 mAh/g, about 10 times higher than that 
of graphite (372 mAh/g) (Zhang et al., 2010). But 
silicon has a large volume expansion (400%) and 
internal stress (up to 2 GPa) during cycling. This leads 
to a low cycle ability and limits practical applications 
(McDowell et al., 2013; Zeilinger et al., 2013). 
However, silicon can host lithium, and this property is 
attracting much attention as it makes Li-Si alloys 
potential candidates for the next-generation of high 
energy-density anode materials for rechargeable LIBs 
(Zhao et al., 2011; Tipton et al., 2013; Zheng et al., 
2017). 
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The Li-Si system (LixSiy) is therefore a new po-
tential anode for LIBs (Wu et al., 2012; Su et al., 2014; 
Min et al., 2016; Sun et al., 2016), and offers higher 
theoretical capacities, for example 4212 mAh/g for 
Li22Si5 (Chevrier et al., 2009) and 3579 mAh/g for 
Li15Si4 (Obrovac and Christensen, 2004; Key et al., 
2009). Many experimental and theoretical studies 
have been performed to investigate the Li-Si system. 
Chevrier et al. (2010) reported on the charge transfer, 
electronic structure, and lattice vibrations of the 
crystalline Li-Si phases, and confirmed their struc-
tures. Braga et al. (2014) investigated the optimized 
Li-Si alloy thermodynamically. Schwalbe et al. (2017) 
investigated the thermodynamic properties and elastic 
constants of lithium silicon. Research has shown that 
the Li-Si alloy suffers capacity fade and does not form 
a stable solid electrolyte interphase layer (Xu and von 
Cresce, 2011; Zhang, 2011). In order to solve this 
problem, it is of importance to explore the mechanical 
properties of these alloys (Cheng and Verbrugge, 
2010; Shenoy et al., 2010). 

Mechanical and acoustical properties are im-
portant for Li-Si phases to be used in LIBs to improve 
battery performance. Ratchford et al. (2011, 2012) 
measured Young’s modulus (E) of Li12Si7 and Li22Si5. 
The measured E is 52.0 GPa for Li12Si7 and 35.4 GPa 
for Li22Si5. Shenoy et al. (2010) reported the E value 
of Li22Si5 to be about 78 GPa, twice that measured by 
Ratchford et al. (2011). Ratchford et al. (2011) thought 
that the disagreement did not arise from the testing 
procedure or from microstructural variables in these 
alloys. It is necessary therefore to theoretically inves-
tigate the mechanical and acoustical properties of Li-Si 
alloys. We cannot find reference to research on the 
mechanical and acoustical properties of Li-Si alloys 
(LiSi, Li12Si7, Li13Si4, Li15Si4, Li17Si4, and Li22Si5). 
Fig. S1 in the electronic supplementary materials 
presents the crystal structures of these Li-Si alloys. 

The lithium contents of LiSi, Li12Si7, Li13Si4, 
Li15Si4, Li17Si4, and Li22Si5 are 19.8%, 29.8%, 44.5%, 
48.1%, 51.2%, and 52.1%, respectively. In this paper, 
we describe the investigation of the mechanical, 
acoustical, and optical properties of these Li-Si alloys 
and explain the effect of lithium concentration on 
their properties. The fundamental mechanism is 
elaborated by comparing our results with the availa-
ble experimental ones. 

2  Calculation details 
 
The first-principle calculations were based on 

CASTEP code (Chen and Yu, 2012) within the den-
sity functional theory (DFT). We used the generalized 
gradient approximation (GGA) of Perdew-Burke- 
Ernzerhof (PBE) (Perdew et al., 1996) to describe the 
exchange-correlation interaction, and used ultrasoft 
pseudo-potential (Furthmüller et al., 2000) to describe 
the ion-electron interactions. The Broydon-Fletcher- 
Goldfarb-Shanno (BFGS) method (Pfrommer et al., 
1997) was used to optimize these Li-Si alloys. Atomic 
positions and unit cell shape were fully relaxed. The 
energy cutoff was 450 eV. The k point mesh in the 
Monkhorst-Pack scheme was used with 3×3×4 for 
LiSi, 3×1×2 for Li12Si7, 3×2×6 for Li13Si4, 3×3×3 for 
Li15Si4, 2×2×2 for Li17Si4, and 2×2×2 for Li22Si5. The 
self-consistent field (SCF) tolerance of energy and 
other properties was less than 5×10−8 eV and the 
maximum force tolerance was less than 5×10−5 nm.  
 
 
3  Results and discussion 

3.1  Mechanical properties 

The elastic constants can be obtained by the 
stress-strain method (Sin’ko and Smirnov, 2002). LiSi 
is tetragonal, which should satisfy the mechanical 
stability criteria mentioned in (Born, 1940). Li12Si7 
and Li13Si4 have an orthorhombic structure, with the 
mechanical stability criteria described by Mouhat and 
Coudert (2014). Li15Si4, Li17Si4, and Li22Si5 are cubic, 
and the mechanical stability criteria of the cubic 
structure are taken from the work of Nye (1985). 

Table 1 lists the calculated elastic constants (Cij) 
of these Li-Si alloys. The elastic constants of these 
Li-Si alloys satisfy mechanical stability criteria, con-
firming their mechanical stability. The results calcu-
lated by Cui et al. (2012) are also included in Table 1. 
Overall, our calculated results are generally in 
agreement with Cui et al. (2012), with some differ-
ences, for instance C33 for LiSi, C11 and C22 for Li13Si4. 
We think that these differences arise from our dif-
ferent calculation method.  

It is known that C11, C22, and C33 indicate unidi-
rectional compression in the x, y, and z directions, 
respectively. C44, C55, and C66 indicate the resistance  
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to shear. C12, C23, and C13 indicate the shear compo-
nents of the elastic constants. For the tetragonal 
structure of LiSi, C11 is higher than C33, which indi-
cates that it is more easily compressible along the z 
direction than along the x direction (Guechi et al., 
2014). C66 is smaller than C44 for LiSi, indicating that 
the [100](010) shear is easier than the [100](001) 
shear (Zeng et al., 2012).  

For the orthorhombic structures of Li12Si7 and 
Li13Si4, C11, C22, and C33 are comparable, indicating 
that there is nearly equal resistance to compression in 
each of the x, y, and z directions. For Li12Si7, C23 is 
larger than C12, which indicates that this alloy has 
stronger resistance shear along the z direction than 
that along the x direction when a force along the x 
direction is applied. For Li13Si4, C12 is larger than C23, 
so there is a weaker resistance shear along the z di-
rection. The comparable C44, C55, and C66 indicate 
almost the same resistance of shear deformation in the 
<110>, <100>, and <101> directions. 

For the cubic structures of Li15Si4, Li17Si4, and 
Li22Si5, the larger C11 values indicate that these 
compounds are not easily compressed along the 
principal axes. However, the mechanical stability of 
the studied compounds can be influenced because of a 
smaller C12 and C44. For a cubic crystal, ductility 
relates to the atomic bonding character, which can be 
represented by the Cauchy pressures (C12-C44) (Mott 
and Jones, 1958). A positive Cauchy pressure indi-
cates the ductile nature of the materials, while a neg-
ative one indicates the brittleness of the material. For 
Li15Si4, Li17Si4, and Li22Si5, their negative Cauchy 
pressure indicates the brittleness of these Li-Si alloys. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2  Elastic moduli 

Elastic moduli such as bulk modulus (B), shear 
modulus (G), Young’s modulus (E), and Poisson’s 
ratio () can be obtained from the Voigt-Reuss-Hill 
(VRH) approximations (Voigt, 1928; Reuss, 1929; 
Hill, 1952) and can be determined through individual 
elastic constants (Cij) (Ravindran et al., 1998). For a 
tetragonal structure, the equations for calculating the 
Voigt and Reuss elastic moduli are in (Ravindran et 
al., 1998). The Voigt and Reuss elastic moduli can be 
obtained by using the equations in (Reuss, 1929; 
Anderson, 1963) and (Ravindran et al., 1998) for 
cubic and orthorhombic structures, respectively. 
These equations are all listed in Data S1 of the elec-
tronic supplementary materials. 

The elastic moduli of crystals can be estimated 
by the arithmetic mean for B and G (Ravindran et al., 
1998), E and  can be obtained through B and G: 

 
9 3 2

, .
3 2(3 )

BG B G
E

B G B G
 

 
 

               (1) 

 
The calculated B, G, E, and  are listed in Ta-

ble 2. For a comparison, the experimental values 
(Chevrier et al., 2009; Kim et al., 2011; Ratchford et 
al., 2012) and the calculated Young’s modulus of 
Li22Si5 by Shenoy et al. (2010) are also included. The 
predicted result (~78 GPa) (Shenoy et al., 2010) is 
larger than our calculational one (~60 GPa), and much 
larger than the experimental one. We conclude that 
the DFT method overestimates the Young’s modulus 
of Li22Si5. It is the same for Li12Si7 and Li15Si4.  

Table 1  Calculated elastic constant Cij (unit: GPa) 

Alloy C11 C22 C33 C44 C55 C66 C12 C13 C23 Reference 

LiSi 106 – 83 45 – 38 22 36 – This study 

101 – 77 45 – 37 19 37 – Cui et al., 2012 

Li12Si7 95 102 103 32 33 27 5 10 10 This study 

92 97 90 28 26 24 5 11 8 Cui et al., 2012 

Li13Si4 87 87 87 28 26 33 11 6 4 This study 

74 61 77 23 24 28 17 11 10 Cui et al., 2012 

Li15Si4 51 – – 33 – – 22 – – This study 

52 – – 30 – – 28 – – Cui et al., 2012 

Li17Si4 67 – – 42 – – 17 – – This study 

Li22Si5 50 – – 38 – – 22 – – This study 

46 – – 35 – – 23 – – Cui et al., 2012 
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It is noted that LiSi, Li12Si7, Li13Si4 show larger 

B and G than Li15Si4, Li17Si4, Li22Si5, which indicates 
that B decreases with the increasing lithium content 
and the Li-Si alloys are easier to compress with this 
increasing content. Thus, LiSi, Li12Si7, and Li13Si4 are 
less compressible than Li15Si4, Li17Si4, and Li22Si5. In 
addition, the B values of these Li-Si alloys are larger 
than their G values except for Li17Si4 because of the 
smaller number of Si-Si covalent bonds within the 
increasing lithium content. This implies that these 
Li-Si alloys are susceptible to shape deformation.  

The 3D plot of an isotropic crystal can exhibit a 
spherical shape, and the degree of anisotropy can be 
evaluated by the degree of deviation from sphericity 
(Guechi et al., 2014). Figs. 1 and 2 show the 3D sur-
faces of B and E, respectively. The directional B and E 
of the studied materials on other planes are plotted in 
Fig. S2. The 3D representation of B is spherical for 
the cubic system, so Fig. 1 only plots the 3D bulk 
representation of LiSi, Li12Si7, and Li13Si4. Little 
deviation from sphericity indicates a relatively small 
elastic anisotropy for LiSi, Li12Si7, and Li13Si4 from 
the 3D bulk representation. For the 3D Young repre-
sentation of the studied Li-Si alloys, all the studied 
Li-Si alloys have significant anisotropy and exhibit 
butterfly-shaped curves on some planes (Fig. S2).  

For Li12Si7, the maximum E is 101.08 GPa along 
the z direction, and the minimum is 70.44 GPa along 
the [110] plane. The ratio of the maximum and 
minimum Young’s modulus is 1.43. For Li13Si4, the 
maximum Young’s modulus is 87.04 GPa along the z 
direction, and the minimum is 66.66 GPa along the 
[111] plane. The ratio of the maximum and minimum 
Young’s modulus is 1.31. For Li15Si4, Li17Si4, and 
Li22Si5, the maximum E are 64.54, 89.60, and 
81.21 GPa, respectively. The minimum E are 37.95,  

 
 
 
 
 
 
 

 
 
 
 
 
59.72, and 36.35 GPa along the <100>, <010>, and 
<001> directions, respectively. The maximum and 
minimum E ratios for Li15Si4, Li17Si4, and Li22Si5 are 
1.70, 1.50, and 2.23, respectively. The maximum and 
minimum E ratio for LiSi is 1.61 with a maximum E 
of 102.93 GPa along the x direction and a minimum E 
of 63.86 GPa along the z direction. It should be noted 
that Li22Si5 has the strongest anisotropic Young’s 
modulus and the order of degree of the anisotropic 
property is Li22Si5>Li15Si4>LiSi>Li17Si4>Li12Si7> 
Li13Si4. E along the three principal directions can be 
obtained by (Sun et al., 2013) 
 

[100] [010] [001]
11 22 33

1 1 1
, , ,E E E

s s s
              (2) 

 

and in the [1 10]  and [111] directions,  
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(3) 
 

where sij is the elastic compliance constants listed in 
Table S1. 

Eqs. (2) and (3) can be applied to orthorhombic 
and cubic systems. For a cubic system, s11=s22=s33, 
s12=s13=s23, and s44=s55=s66.  

For a tetragonal crystal, E can be described as  
 

1 4 4 4 2 2 2 2
11 33 12 13

2 2 2 2 2 2 2 2
44 66

( ) 2 2 (

          )+ ( ) ,

E s s s s

s s

      

       

     

  
  (4) 

Table 2  Calculated bulk modulus B, Young’s modulus E, shear modulus G, Poisson’s ratio, and ratio B/G 

Alloy 
BV 

(GPa) 
BR 

(GPa) 
GV 

(GPa)
GR 

(GPa) 
B  

(GPa) 
G 

(GPa)
E  

(GPa) 
Emin

(GPa)
Emax 

(GPa)  B/G
Hv

(GPa)
LiSi 53.67 53.55 39.00 37.13 53.61 38.07 92.34 63.86 102.93 0.21 1.41 8.3

Li12Si7 38.89 36.46 36.73 35.81 37.68 36.27 82.38(52a, 60b, 52c) 70.44 101.08 0.14 1.04 12.6

Li13Si4 33.67 33.75 33.40 32.65 33.71 33.03 74.69 66.66 87.04 0.13 1.02 12.1

Li15Si4 31.67 31.67 25.60 21.85 31.67 (28.6e) 23.72 56.95(37.95) 37.95 64.54 0.20 1.33 6.1

Li17Si4 33.67 33.67 35.20 33.02 33.67 34.11 76.49 59.72 89.60 0.12 0.99 13.0

Li22Si5 31.33 31.33 28.40 22.54 31.33 25.47 60.12 (38a, 42b, 35c, 78d) 36.35 81.21 0.18 1.23 7.4
a Kim et al., 2011; b Chevrier et al., 2009; c Ratchford et al., 2012; d Shenoy et al., 2010; e Zeng et al., 2013. BV: Voigt bulk modulus; BR: Reuss 
bulk modulus; GV: Voigt shear modulus; GR: Reuss shear modulus; Emin: minimum Young’s modulus; Emax: maximum Young’s modulus; Hv: 
hardness  
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where α, β, and γ are the direction cosines of the [uvw] 
direction.  

Table 3 lists the calculated Young’s modulus in 
various directions for the studied Li-Si alloys. It is  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

noted that E for these alloys is strongly anisotropic in 
some directions. For example, the ratio of the Young’s 
modulus between the [111] and [100] directions for 
Li22Si5 is the largest, which implies that Young’s  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2  Three-dimensional dependence of the Young’s modulus of the studied Li-Si alloys (Ex, Ey, and Ez are the three 
components of Young’s modulus along the x, y, and z axes) 
(a) LiSi; (b) Li12Si7; (c) Li13Si4; (d) Li15Si4; (e) Li17Si4; (f) Li22Si5 

Fig. 1  Three-dimensional dependence of the bulk modulus of LiSi, Li12Si7, and Li13Si4 (Bx, By, and Bz are the three 
components of bulk modulus along x, y, and z axes) 
(a) LiSi; (b) Li12Si7; (c) Li13Si4 
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modulus of cubic Li22Si5 has the strongest anisotropic 
property and directional dependence. This result can 
be further confirmed by the 3D Young representation 
in Fig. 2. For orthorhombic Li13Si4, the difference in 
Young’s modulus is not so great.  

The B/G ratio can measure whether the material 
is ductile or not (Pugh, 1954). A lower B/G ratio in-
dicates higher brittleness with a critical value of 1.75. 
A B/G ratio less than 1.75 indicates the brittleness of a 
compound; a higher ratio shows ductility. B/G values 
of less than 1.75 for the studied Li-Si alloys confirm 
their brittle nature in line with the conclusion from the 
Cauchy pressure.  

Poisson’s ratio  is a measure of the compressi-
bility of the material (Savin et al., 1992). =0.1 for 
covalent materials, 0.25 for ionic materials, and 0.33 
for metallic materials. From Table 2,  of Li12Si7, 
Li13Si4, and Li17Si4 are all close to 0.1, indicating the 
covalent characteristics of these Li-Si alloys. For LiSi, 
Li15Si4, and Li22Si5,  is close to 0.2, indicating ionic 
contributions are dominant in interatomic bonding. In 
addition,  can measure the stability against shear. 
Smaller Poisson’s ratios for Li12Si7, Li13Si4, and 
Li17Si4 indicate they are relatively stable against shear. 

An empirical hardness equation is often used to 
predict the hardness (Hv) of materials (Chen et al., 
2011). Table 2 also lists the calculated hardness of the 
studied Li-Si alloys. There are no available experi-
mental hardness figures. From Table 2, all the studied 
Li-Si alloys have a hardness below 20 GPa. Li15Si4 
has the lowest. 

 
 
 
 
 
 
 
 
 

 
 

3.3  Elastic anisotropy 

Elastic anisotropy is related to the possibility of 
crack behavior of materials (Guechi et al., 2014) and 
has been widely used to describe anisotropic behavior 
in engineering science. Shear anisotropic factors can 

estimate the degree of anisotropy in the interatomic 
bonding in different planes. 

For an orthorhombic structure, the shear aniso-
tropic factor A1 denotes the {100} shear planes be-
tween the <011> and <010> directions, and is calcu-
lated by A1=4C44/(C11+C33−2C13) (Ravindran et al., 
1998). A2 and A3 are the {010} shear planes between 
the <101> and <001> directions and the {001} shear 
planes between the <110> and <010> directions, 
respectively, and are defined as: A2=4C55/(C22+C33− 
2C23), and A3=4C66/(C11+C22−2C12). For a cubic sys-
tem, the elastic anisotropy can be estimated by the 
Zener ratio Az: Az=2C44/(C11−C12). For a tetragonal 
structure, A1, A2, and A3 can be obtained by A1= 

2
44 11 13 33 11 33 13( 2 ) / ( )C C C C C C C    for the (010) or 

(100) plane, 2
2 44 L 13 33 L 33 13( 2 ) / ( )A C C C C C C C     

for the (0 10)  plane, 3 66 11 122 / ( )A C C C   for the 

(001) plane, where L 66 11 12( ) / 2.C C C C    

For orthorhombic and tetragonal crystals, the 
factors A1, A2, and A3 equal to one indicate an iso-
tropic crystal, and the deviation from one represents 
the degree of shear anisotropy of the crystal (Miao et 
al., 2011). For cubic crystals, the value of zero for Az 
indicates the isotropy of materials, other values indi-
cate anisotropy. The anisotropic crystal is the stiffest 
along the <100> direction if Az is smaller than one, 
and the stiffest along the <111> direction if Az is 
larger than one (Newnham, 2005). Table 4 lists A1, A2, 
and A3 of the studied Li-Si alloys. It can be seen that 
LiSi exhibits a small anisotropy for the (001) plane 
but has obvious anisotropy for the (010), (100), and 

(0 10)  planes. Li12Si7 and Li13Si4 exhibit small ani-

sotropy for all the planes, especially for the (001) 

plane of Li12Si7 and the (0 10)  plane of Li13Si4. The 

Az values of Li15Si4, Li17Si4, and Li22Si5 are much 
larger than zero, which indicates that the three com-
pounds are the stiffest along the <111> direction. The 
percent shear anisotropy AB and compressibility ani-
sotropy AG are given as 

 

V R V R
B G

V R V R

100 ,% 100%.
B B G G

A A
B B G G

 
   

 
    (5) 

 

AB and AG equal to zero represent the elastic 
isotropy, and a value of 100% indicates the largest 
anisotropy. Table 4 also tabulates AB and AG. All the 

Table 3  Calculated uniaxial Young’s moduli in various 
directions of the studied Li-Si alloys (unit: GPa) 

Alloy E[100] E[010] E[001] E [110]  E[111] 

LiSi 102.93 – 63.86 88.17 – 

Li12Si7 94.30 100.73 101.08 70.44 72.29 

Li13Si4 85.75 85.97 87.04 76.60 67.69 

Li15Si4 37.95 37.95 37.95 53.20 58.28 

Li17Si4 59.72 59.72 59.72 74.56 78.85 

Li22Si5 36.35 36.35 36.35 54.89 62.26 
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studied compounds, except for Li12Si7, exhibit small 
shear anisotropy, but relatively high compressibility 
anisotropy, especially for Li22Si5 (11%). The univer-
sal anisotropic index (AU) can represent the mechan-
ical anisotropic property (Ranganathan and Ostoja- 
Starzewski, 2008). A value of zero for AU indicates an 
isotropic material. The deviation from zero for AU 
indicates the extent of elastic anisotropy. Table 4 also 
includes AU calculated by  

 

U V V

R R

5 6.
G B

A
G B

                            (6) 

 
It can be seen that Li13Si4 has the smallest AU 

value (0.11); the largest AU value (1.30) is for Li22Si5. 
Thus, Li22Si5 has the strongest elastic anisotropy, 
which is consistent with the above analysis.  

 
 
 
 
 
 
 
 
 
 

 
 

3.4  Anisotropy of acoustic velocity 

It is important to investigate the acoustic velocity, 
and we used the procedure of Brugger (Anderson, 
1963), in longitudinal and transverse modes along the 
principal directions.  

For a cubic system, there are three phonon in-
dependent propagation directions: [100], [110], and 
[111], and their corresponding sound velocities of 
both longitudinal and transverse waves along three 
different crystal directions are as follows: 

 

11 44
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For an orthorhombic system, the independent phonon 
propagation directions are [100], [010], and [001], 
and the corresponding sound velocities are 

 

66 5511
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For a tetragonal system, the independent phonon 
propagation directions are [010], [001], and [110], 
and the corresponding sound velocities are 

 

6611 44
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


(9) 
 

where  is the density, vl is the longitudinal sound 
velocity, and vt1 and vt2 represent the first and the 
second transverse modes, respectively. 

Table 5 lists the sound velocities in different di-
rections for the studied Li-Si alloys. The longitudinal 
acoustic velocities ([100]vl, [001]vl, [110]vl, [111]vl, 
and [010]vl) are greater than the corresponding 
transverse modes. The longitudinal wave for a cubic 
system is the fastest along the [111] direction, while it 
is the fastest along the [001] direction for an ortho-
rhombic system and along the [010] direction for a 
tetragonal system. 

The Debye temperature (D) can determine the 
thermal properties of compounds. It can be calculated 
by the equation in (Pitzer, 1939). vm is the mean sound 
velocity and is given by 

Table 4  Calculated shear anisotropic factors of the 
studied compounds 

Alloy A1 A2 A3 Az AB AG AU 

LiSi 1.57 1.61 0.90 – 0%   2% 0.25

Li12Si7 0.72 0.71 0.58 – 3%   1% 0.20

Li13Si4 0.69 0.63 0.87 – 0%   1% 0.11

Li15Si4 – – – 2.28 0%   8% 0.86

Li17Si4 – – – 1.68 0%   3% 0.33

Li22Si5 – – – 2.71 0% 11% 1.30
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                     (10) 

 

where vt and vl, the transverse and longitudinal sound 
velocities, are calculated by the following equations 
(Cahill et al., 1992): 
 

1/2

t ,
G

v
ρ

 
  
 

    
1/2

l

(4 )
.

/ 3B G
v

ρ

 
  
 

         (11) 

 

The calculated D, vt, and vl are included in  
Table 5. D increases in the sequence Li15Si4LiSi 
Li22Si5Li12Si7Li13Si4Li17Si4. The higher D 
(691.02 K) for Li17Si4 implies its higher hardness, 
which is in line with the obtained hardness in Table 2. 
No experimental data are available but our investiga-
tion can estimate the mechanical properties of the 
studied Li-Si alloys. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.5  Thermal conductivity 

Thermal conductivity is closely related to the 
physical properties of materials under high tempera-
ture (Clarke, 2003). It comprises the lattice and elec-
tronic thermal conductivity. The total thermal con-
ductivities of materials are mainly due to the lattice 
thermal conductivities because of the limitation of 
electronic thermal conductivity under low tempera-
tures. The Cahill model (Cahill et al., 1992) and Clark 
model (Clarke, 2003) were used to calculate the 
minimum thermal conductivity. 

 

Cahill model:  2 / 3B
min l t1 t2( ),

2.48

k
K n v v v        (12) 

Clark model:  2/3 1/2 1/6
min B a0.87 ,K k M E           (13) 

 
where kB is Boltzmann constant, Ma is the mean 
atomic mass in a lattice and Ma=M/(mNA), M is the 
molar mass, m and n are the number of atoms in a  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 5  Anisotropic sound velocity, mean sound velocity, density, and the Debye temperature for the Li-Si alloys 

Parameter 
Value 

LiSi Li12Si7 Li13Si4 Li15Si4 Li17Si4 Li22Si5 

[100] [100]vl (km/s) – 7.80 8.28 6.49 7.10 6.43 

 [010]vt1 (km/s) – 4.16 5.10 5.22 5.62 5.60 

 [001]vt2 (km/s) – 4.60 4.52 5.22 5.62 5.60 

 [010]vl (km/s) 7.53 – – – – – 

 [001]vt1 (km/s) 4.91 – – – – – 

 [010]vt2 (km/s) 4.51 – – – – – 

[110] [110]vl (km/s) 7.39 – – 7.58 7.95 7.82 

 
t1[1 10]v  (km/s) – – – 4.90 6.13 4.81 

 [001]vt2 (km/s) – – – 5.22 5.62 5.60 

 [001]vt1 (km/s) 4.91 – – – – – 

 
t2[110]v  (km/s) 4.74 – – – – – 

[111] [111]vl (km/s) – – – 7.91 8.21 8.23 

 
t1 t2[112] ,v v  (km/s) – – – 4.13 4.80 4.26 

[010] [010]vl (km/s) – 8.09 8.28 – – – 

 [100]vt1 (km/s) – 4.16 5.10 – – – 

 [001]vt2 (km/s) – 4.53 4.70 – – – 

[001] [001]vl (km/s) 6.66 8.13 8.28 – – – 

 [100]vt1 (km/s) 4.51 4.60 4.52 – – – 

 [010]vt2 (km/s) 4.51 4.53 4.70 – – – 

vl (km/s) 7.47 7.43 7.82 7.23 7.71 7.35 

vt (km/s) 4.51 4.82 5.10 4.43 5.06 4.59 

vm (km/s) 4.99 5.29 5.59 4.89 5.55 5.05 

Density,  (g/cm3) 1.87 1.56 1.27 1.21 1.33 1.21 

Debye temperature, D (K) 595.57 629.75 667.12 582.69 691.02 612.23 
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molecule and a unit volume, respectively, and NA is 
Avogadro’s number. 

The minimum thermal conductivity for a Cahill 
model can determine its anisotropy. Table 6 lists the 
minimum thermal conductivities Kmin of the studied 
Li-Si alloys. Kmin obtained by the Clark model are less 
than those obtained by the Cahill model except for 
Li22Si5. All studied Li-Si alloys have low thermal 
conductivities and are thus not promising as thermal 
conductors. For tetragonal LiSi, [001]Kmin is smaller 
than [100]Kmin and [110]Kmin. For orthorhombic 
Li12Si7 and Li13Si4, thermal conductivities along the 
three different directions are comparable, which in-
dicates their isotropic properties. For cubic Li15Si4, 
Li17Si4, and Li22Si5, [110]Kmin is greater than 
[100]Kmin and [111]Kmin, indicating their anisotropic 
properties. 

3.6  Optical properties 

The optical properties of crystals are important 
in industrial applications. We investigated the optical 
properties of Li-Si alloys, such as dielectric function. 
For the dielectric function ε(ω)=ε1(ω)+iε2(ω), the real 
part ε1(ω) is related to the electronic polarizability of 
the material (Debye, 1912). The peak of the imagi-
nary part ε2(ω) relates to the electron excitation.  

Fig. 3 presents the dielectric functions of the 
studied Li-Si alloys as a function of photon energy 
from 0 to 20 eV. There are two spectral regions for the 
studied Li-Si alloys. The low energy ranges from 0 to 
20 eV and the high energy ranges from 45 to 55 eV. 
From Fig. 3, the studied Li-Si alloys exhibit aniso-
tropic behavior in the lower energy range. ε1(ω) de-
creases sharply with the increase of photon energy 
and goes through zero in the low energy range, which 
indicates the metallic character of the studied Li-Si 
alloys. The static dielectric constants ε1(0) are 37.3, 
49.4, 33.7, 47.5, 164.7, and 219.7 eV for LiSi, Li12Si7, 
Li13Si4, Li15Si4, Li17Si4, and Li22Si5, respectively. The  
 

 
 
 
 
 
 
 
 

larger static dielectric constants show that the studied 
Li-Si alloys are potential dielectric material (Rahman 
et al., 2016). Among the studied Li-Si alloys, Li22Si5 
has the largest static dielectric constant, so it is an 
excellent dielectric material. The imaginary part ε2(ω) 
firstly increases and then decreases with the increase 
of photon energy. The photon energies for the first 
dielectric peak of ε2(ω) are 1.94, 0.77, 2.07, 0.97, 0.27, 
and 0.15 eV for LiSi, Li12Si7, Li13Si4, Li15Si4, Li17Si4, 
and Li22Si5, respectively, and are caused by the charge 
transfer between Li and Si atoms. A material is 
transparent when ε2(ω) equals zero. When ε2(ω) is not 
equal to zero, absorption begins. The values of ε2(ω) 
become zero at about 16.8, 15.3, 13.8, 13.4, 14.1, and 
13.5 eV for LiSi, Li12Si7, Li13Si4, Li15Si4, Li17Si4, and 
Li22Si5, respectively, which means the studied Li-Si 
alloys are transparent above 17 eV. The nonzero value 
of ε2(ω) indicates the start of the absorption. 

Fig. 4 presents the reflectivity R(ω), absorption 
coefficient α(ω), and electron energy loss function 
L(ω) of the Li-Si alloys as a function of photon energy. 
From Fig. 4a, the studied Li-Si alloys have higher 
reflectivity from 0 to 20 eV. This shows that these 
materials are good coating materials in the ultraviolet 
region. In addition, we also notice a reflectivity peak  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 6  Mean atomic mass, number of atoms of unit volume, and minimum thermal conductivity for Li-Si alloys 

Alloy 
Ma 

(×10−23 g) 
Kmin (Clark) 
(W/(m·K)) 

n  
(×1028) 

Kmin (Cahill)
(W/(m·K))

[100]Kmin

(W/(m·K))
[110]Kmin

(W/(m·K))
[111]Kmin 

(W/(m·K)) 
[010]Kmin 

(W/(m·K)) 
[001]Kmin

(W/(m·K))
LiSi 2.91 0.91 3.2 0.93 2.36 2.38 – – 2.19 
Li12Si7 2.45 0.92 3.4 0.99 0.51 – – 0.52 0.53 
Li13Si4 1.98 0.96 3.8 1.13 0.60 – – 0.60 0.59 
Li15Si4 1.90 0.82 3.4 0.93 0.52 0.55 0.50 – – 
Li17Si4 1.83 1.04 3.5 1.05 0.58 0.62 0.56 – – 
Li22Si5 1.80 0.87 2.5 0.78 0.45 0.46 0.42 – – 
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Fig. 3  Dielectric functions of the studied Li-Si alloys 



Li et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2019 20(8):614-626 623

around 56 eV. From Fig. 4b, the absorption coeffi-
cients form two peaks, one is wider at the lower en-
ergies, and the other is narrower at 56 eV. Fig. 4c 
shows that the energy loss spectra of all the studied 
Li-Si alloys have two peaks; one is sharp when the 
energy is low, and the other is gentler at the higher  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

energy. The first sharp peak is associated with plasma 
oscillation and corresponds to the bulk plasma fre-
quency ωp. The maximum peaks for LiSi, Li12Si7, 
Li13Si4, Li15Si4, Li17Si4, and Li22Si5 are at the photon 
energies of 14.8, 13.7, 12.7, 12.4, 13.7, and 12.7 eV, 
respectively. 
 
 
4  Conclusions 
 

We have investigated the elastic, acoustic, and 
optical properties of several Li-Si alloys by density 
functional calculations. Results show these Li-Si 
alloys are mechanically stable and brittle, and have a 
covalent character. Their bulk moduli increase with 
increasing lithium content, so they are more difficult 
to compress as the lithium content increases. All the 
studied Li-Si alloys have a significant anisotropic 
Young’s modulus and exhibit the butterfly-shaped 
curves on some planes. The sequence of degree of 
anisotropic Young’s modulus is Li22Si5>Li15Si4> 
LiSi>Li17Si4>Li12Si7>Li13Si4. The anisotropy of 
acoustic velocity was also investigated. The longitu-
dinal wave along the [111] direction is the fastest for 
the cubic system, while it is the fastest along the [001] 
direction for the orthorhombic system and along the 
[010] direction for the tetragonal system. The higher 
Debye temperature (691.02 K) for Li17Si4 implies it is 
harder than the other studied Li-Si alloys. All the 
studied Li-Si alloys have relatively low thermal 
conductivities and are promising dielectric materials. 
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中文概要  
 

题 目：锂硅合金的力学、声学及光学性质的第一性原理

研究 

概 要：锂硅合金作为潜在的锂离子电池已被广泛研究。

了解锂硅合金的力学、声学和光学性质对于改进

电池的性能非常重要。本文从理论上研究了几种

锂硅合金的一系列特性。研究表明，这些锂硅合

金具有力学稳定性。随着锂浓度的增加，锂硅合

金中 Si-Si 键减少，从而使其越来越容易变形。

弹性模量的分析表明，随着锂浓度的增加，体模

量增加，且 Li22Si5的杨氏模量各向异性最强。杨

氏模量各向异性强度的次序为：Li22Si5>Li15Si4> 

LiSi>Li17Si4>Li12Si7>Li13Si4。从声速的各向异性

分析得知，横向声速小于相应的纵向声速。立方

体系的纵波在[111]方向最快，正交体系的纵波在

[001]方向最快，而四方晶系的纵波在[010]方向最

快。所研究的锂硅合金的导热性较低，且当光子

能量小于 20 eV 时，显示出较高的各向异性。 

关键词：力学特性；导热性；锂离子电池；弹性各向异性；

第一性原理计算 

 
 


