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Abstract 
Stoichiometry, crystal compound, electronic attributes and 
superconductivity of compressed lithium-tin composites have been 
thoroughly studied using quantum mechanical genetic algorithm 
approach and the first principles computations based on density 
functional theory. Our simulations at moderate pressure (5-20 GPa) 
predict a complex convex hull diagram, with the following stable Li-rich 

phases: I4/mmm-Li6Sn2, P3m1-Li7Sn2, R3m-Li5Sn2, Ama2-Li4Sn2, 

R3m-Li5Sn2, P1-Li6Sn2, C2/m-Li4Sn1, P21/m-Li6Sn2, P3m1-Li7Sn2 and 

Cmcm-Li4Sn2. Careful examination at their independent elastic 
parameters reveals sufficient mechanical stability in them. These 
phases are metallic system, with reasonably high electron 
concentration near to Fermi level or N(EF) that ranges from  
0.6 to 2.4 states/eV cell. It is also interesting for us to observe soft 
modes and steep-flat energy bands at Fermi levels of Li6Sn2 
structures which are stable throughout the pressure range. These 
features are prerequisites for superconducting behavior. Linear 
response function with Gaussian and tetrahedron methods reveals 
satisfactory superconducting transition temperature Tc (3.1 ~ 6.6 K) 
and Tc (2.1 ~ 2.4 K), respectively. Structural transition results for 
based elements Li and Sn agree well with literature thus signifying 
reliable prediction of intermediate phases. 
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1 Introduction  

The search for materials with higher 
transition temperature has always been an 
important intent in the field of solid state. This 
aim is further driven by the introduction of 
various new procedures that are able to push 
the boundaries of static pressure to few 
hundreds GPa. Elevated pressure implicitly 
alters the intermolecular distances between 
atoms, hence influencing the stability and 

promoting sequence of structural transitions 
through formation of different phases with 
higher density and symmetry. Principal 
parameters governing the superconducting 
behavior, such as electronic density of 
states at Fermi level and operative 
interaction between electrons facilitated by 
electron-phonon coupling, can vary when 
under application of external pressure. 
Nevertheless, not all materials are profiting 
from high pressure alteration. Most 

mailto:limthongleng@gmail.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Journal of Smart Science and Technology, 2021, 1(1) 

2 

 

superconducting metallics exhibit a decline in 
critical temperature (Tc) with pressure.  

In contrast, elements that are 
regarded as dubious superconductor may 
gain newfound superconducting ability 
when being compressed. One noteworthily 
interesting example is lithium, a monovalent 
alkali metal. One of the main advantages of 
lithium is its aptitude to form relatively stable 
intermetallic binary compounds with other 
elements. While early studies1,2 shows that 
critical temperature has a direct correlation 
with the quantity of valence electrons per 
atom, diverse studies conducted thereafter 
indicate the existence of high Tc in 
pressure-induced lithium. The classic 
Bardeen-Cooper-Schrieffer3 model proposes 
superconductor behavior at high temperature 
in components with low atomic numbers. 
Pseudopotential calculations carried out by 
Allen and Cohen4 suggest evidence of 
superconductivity but details with regard to 
its transition temperature is not reported. 
However, several high-pressure theoretical 
and experiment investigations reveal that 
lithium only attains superconductivity at 
pressures exceeding 20 GPa5,6,7.  

Even though the first principles 
calculations performed by Christensen and 
Novikov8 forecast that Tc of a compressed 
face centered cubic lithium should increase 
dramatically with pressure, continuing 
raising the pressure for greater drop in 
resistivity is still not feasible as a study9 
suggests that lithium has a complex phase 
transition, in which it undergoes metal to 
semi-metal transformation when vigorously 
compressed. On a brighter side, recent 
experimental work by Matsuoka et al 
suggests the prevalence of superconductivity 
in highly pressurized Li-based alloys10. If 
lithium can achieve zero resistance 
characteristic at much lower pressure, the 
prospect of it remains a superconductor 
and survives decompression are promising 
since occurrence of phase reversibility 
during pressure drop becomes more 
improbable. One way to realize this is 
through chemical alloying by means of 
applying extra pressure on lithium atoms. 
For instance, a study11 shows that addition 
of Si elements to hydrogen atoms causes 
the hydrogen-rich phase SiH4 to metalize at 
much lower pressure. Nevertheless, for the 
development of new and useful Li-based 

materials, countless scientific experiments 
that emphasise on universal 
composition-structure–property maps in 
diverse materials’ families have been 
conducted. This method is time consuming 
and often yield unsatisfactory results due to 
the wide range of conceivable chemistries. 
Other recent work on high-temperature 
conductivity, experimental or Ab initio work 
can be found in Ref.12-16.   

Therefore, in this paper, we 
systematically investigate the possible 
stable and low enthalpy metastable phases 
of binary LixSny via evolutionary algorithm 
in variable-composition mode under 
moderate pressures, mediated by USPEX 
code17,18,19. Sn is preferred because of its 
better electrical conductivity and large 
interstitial space which makes Li diffusion 
more favorable in it as compared to Si20,21. 
Our calculations unlock ten stable LixSny 
phases. Electronic properties and elastic 
stability of each phase are studied. 
However, to perform and report the 
computationally expensive super-conducting 
related calculations namely their 
electron-phonon coupling properties for all 
detected structures are practically not 
possible. We centralize our focus on the 
Li6Sn2 phase which appears to be the most 
stable along all pressure range. Apart from 
widening the LixSny system chemistry, the 
discovery of metallic nature in compressed 
Li-Sn phases also helps to enlighten us on 
the possible existence of pressure-induced 
superconductivity within these composites 
and will serve as a catalyst to open up the 
prospect of finding greater Tc at higher 
pressure, should actual high-pressure 
device that can stifle Li contamination is 
realized one day.  

2 Computational Method  

To identify all probable stable 
structures in the binary Li-Sn composites, 
extensive evolutionary calculations that 
consist of 4-8 atoms, 6-12 atoms and 8-16 
atoms sample sizes were performed at 
pressures 5 GPa, 10 GPa and 20 GPa. 
When stored in high-pressure diamond 
anvil cells during actual experiment, efforts 
to maintain the purity of Li-based alloys 
become difficult. This could be due to the 
high chemical activity of Li in nature and its 
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reaction with diamond coatings. To make 
the theoretical calculations more realistic, 
we opted against greater pressure settings. 
Next, default atom dependent hard 
constraints such as minimum distance 
between atoms and minimum volume per 
block were accessed. In the first 
generation, 60 random structures with 
combined number of atoms per unit cell 
that satisfy the lower-upper limits of sample 
range and constraints were created. Each 
structure underwent five relaxation 
intervals, starting from unrefined to strict 
conditions, within the framework of density 
functional theory (DFT)22,23 as provided by 
the Vienna ab initio Simulation Package 
(VASP)24,25. Reciprocal space resolution of 
Monkhorst-Pack k-meshes was reduced 

gradually from 20.15 Å−1 to 20.07 Å−1. 
Methfessel and Paxton smearing 
with 0.2eV width was preferred for all 
relaxation stages. 

We used ultrasoft pseudopotentials 
with one and fourteen valence electrons for 
Li (2s1) and Sn (4d105s25p2), respectively. 
Structures were selected based on fitness 
and those having high fitness participated 
in new structures formation via crossover 
and mutations techniques, namely the 
heredity (40%), random (20%), 
transmutation (20%), softmutation (10%) and 
lattice mutation (10%) operators. Addition of 
randomly generated compositions is 
imperative as it provides a diversity of 
structures for every generation. Softmutation 
refers to the induction of structural change by 
dislodging atoms along the softest mode 
eigenvectors. In lattice mutation, lattice 
vectors of the parent structure are changed 
by applying a symmetric strain matrix. This 
operator helps to minimize events of 
untimely convergence towards a particular 
lattice. Transmutation turns randomly 
chosen atoms within a parent structure into 
other chemical species present in it. Each 
newly formed offspring was again 
compared to preset hard restrictions, 
relaxed and moved into the next generation 
if survived. The above cycle was repeated 
until generation number 50. At this stage, 
selected low enthalpy individuals have 
been fully relaxed. 

The calculation of the electronic 
properties was performed by using 
generalized gradient approximation (GGA) 

of Perdew-Wang26 furnished by VASP, in 
terms of exchange correlation (XC) 
potentials. The effects of core electrons on 
valence orbitals was described using 
projector-augmented wave approach, with 
plane-wave threshold kinetic energy 
chosen as 350 eV. Tetrahedron method 
with Blöchl corrections was utilized in all 
cases. For the computations of phonon 
frequencies and electron-phonon coupling 
(EPC) parameters, we employed Density 
Functional Perturbation Theory or DFPT27 
as implemented in the ABINIT28,29 code in 
which norm-conserving pseudopotentials 
and PBE-GGA30 exchange-correlation 
functional were preferred. To avoid having 
symmetric atomic positions and lattice 
tolerance inconsistencies that might arise 
due to different codes, we reoptimized 
every well-relaxed structure generated by 
VASP using ABINIT, before executing 
DFPT calculations. Convergence studies 
indicate that a cutoff of 35 Hartree and 
10 × 10 × 10 k-point meshes were enough 
to produce convergence in energy. The 
EPC parameter was calculated by using 
5 × 5 × 5 q-point meshes.  

3 Results and Discussion 

3.1 Structural Properties  

Towards the end of structural 
prediction, formation enthalpy (∆H_LiSn) of 
the fittest structures was plotted against y, 
Sn composition. The formation enthalpy of 
LixSny was evaluated by using: 

 
∆HLiSn = ELiSn− [xELi + yESn]                     (1) 

 

A specific structure is classified as 
energetically stable if it fulfils the following 
two principles: (1) being a ground state 
structure with negative formation enthalpy 
and (2) is close to the lowest lying 
composition. Figure 1 illustrates the convex 
hulls of the Li-Sn composites at 
surrounding pressures of 5 GPa, 10 GPa 
and 20 GPa. It is comprised of points that 
commensurate to phases with the lowest 
formation enthalpy at exact compositions, 
in reference to the lowest enthalpy 
structures of base elements. The 
perforated line joining all phases with the 
lowest negative formation enthalpies is 
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termed as convex hull. As can be seen, 
global minimum structures or phases with 
lower Gibbs free energy than any phase 
accumulation are tetragonal I4/mmm-
Li6Sn2 at 5 GPa, trigonal R3m-Li5Sn2 at 

10 GPa and monoclinic P21/m-Li6Sn2 at 
20 GPa. The rest of the predicted 
energetically competitive stoichiometries 
are: 1) P3m1-Li7Sn2, R3m-Li5Sn2 and 

Ama2-Li4Sn2 at 5 GPa, 2) P1-Li6Sn2 and 

C2/m-Li4Sn1 at 10 GPa and finally 3) 
P3m1-Li7Sn2 and Cmcm-Li4Sn2 at 20 GPa. 

Their unit cell shapes, lattice parameters 
and Wyckoff sites are presented in Table 
1-3. Li6Sn2 at 5 GPa contains Sn atoms that 
occupy the octahedral O interstices 
whereas other geometries have Sn atoms 
inhabiting the tetrahedral T interstices, 
forming distorted structure with Li atoms. 
Our calculations indicate that base 
constituent Li undergoes transition from 
experimentally verified body centered cubic 
(bcc) to face centered cubic (fcc) at 5.0 
GPa (Figure 2). The structure remains fcc 
up to 10.0 GPa and is consistent with 
findings from Olinger et al., Hanfland et al. 
and Struzhkin et al.31,32,33. The fcc Li 
transforms into tetragonal-I422 at 20 GPa, 
confirming the strong preference of 
compressed Li for low symmetry phases. 
The same figure also shows Sn changes 
from double bct (β) structure to 
orthorhombic-Imma at 5 GPa and finally 
bct-I422 at 20 GPa. This transition routine 
is also observed in other experimental 
works34,35,36. A consistent prediction for Li 
and Sn ensures the reliability of our 
calculations. 

3.2  Mechanical Stability  

The elastic parameters of a 
substance are measurable through its 
reaction to external stress. Contrarywise, 
the applied stress is mandatory in 
maintaining specific deformation and can 
be used to examine elastic properties that 
directly quantify the mechanical stability. 
The computed elastic constants for all 
predicted stable Li-Sn compounds are 
stored in Table 4. These compounds are 
deemed to have sufficient mechanical 
stability if the following stability criteria37 

after being modified for elevated pressure38 
are satisfied.  
 
Monoclinic 
 

C̃ii > 0, i = 1, 2, 3, 4, 5, 6 

C̃11 + C̃22 + C̃33 + 2(C̃12 + C̃13 + C̃23) > 0 

C̃33C̃55−C̃35

2
 > 0, C̃44C̃66−C̃46

2
 > 0, C̃22+C̃33−C̃23 > 0 

C̃22 (C̃33C̃55− C̃35

2
) + 2C̃23C̃25C̃35−C̃23

2
C̃55−C̃25

2
C̃33 > 0 

 

Orthorhombic 
 

C̃11 > 0, C̃11C̃22 > C̃12

2
 

C̃11C̃22C̃33+2C̃12C̃13C̃23−C̃11C̃23

2
−C̃22C̃13

2
−C̃33C̃12

2
 > 0  

C̃44 > 0, C̃55 > 0, C̃66 > 0 
 

Tetragonal 
 

C̃11 > |C̃12|, 2C̃13

2
 < C̃33(C̃11+C̃12), C̃44 > 0, C̃66 > 0 

 

Trigonal 
 

C̃11 > |C̃12|, 2C̃13

2
 < C̃33(C̃11+C̃12), C̃44 > 0 

2 (C̃14

2
+C̃15

2
) < C̃44(C̃11−C̃12) 

 

where for all classes  
 

C̃ii = Cii − P, C̃ij = Cij for i = 1, 2, 3 and j = 4, 5, 6 

C̃12 = C12 + P, C̃13 = C13 + P, C̃23 = C23 + P 

C̃45 = C45, C̃46 = C46, C̃56 = C56 

 
 
By substituting the elastic parameters in 
Table 4 into the above corresponding 
inequalities, we noticed that all predicted 
phases satisfy the stability requirements, 
hence confirming sufficient mechanical 
stability in each of them. The high 
compressibility in x, y and z directions 
suggests the presence of ionic bonding 
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(a) 

 
(b) 

 
(c) 

Figure 1. Formation enthalpy per block as a function of y for LixSny system at a) 5 GPa, b) 10 GPa 
and c) 20 GPa
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(a) bcc 

 
(b) fcc 

 
 

(c) I422 

 
 

(d) Imma 
 

(e) P1 

 
 

(f) I422 

Figure 2. Li crystal at a) 5.0 GPa, b) 10.0 GPa and c) 20.0 GPa, followed by Sn structure at 
d) 5.0 GPa, e) 10.0 GPa and f) 20.0 GPa 

 

Table 1. Crystallographic data of fit LixSny alloys at 5 GPa 

Phase Unit cell 
Lattice constants / Å 

Atomic Wyckoff positions  
a b c 

Li7Sn2 

 
 
 
 
 
 

4.323 4.323 7.928 

Li  2d (0.3333, 0.6667, −0.4248) 

Li  2d (0.3333, 0.6667, −0.1020) 

Li  2c (0.0000, 0.0000, −0.3301) 
Li  1a (0.0000, 0.0000, 0.0000) 
Sn 2d (0.3333, 0.6667, 0.2366) 

Li6Sn2 

 
 
 
 
 

 

4.291 4.291 6.253 
Li  2a (0.0000, 0.0000, 0.0000) 
Li  4d (0.0000, 0.5000, 0.2500) 
Sn 2b (0.0000, 0.0000, 0.5000) 

Li5Sn2 

 
 
 
 
 
 
 
 
 
 
 
 

4.377 4.377 18.675 

Li  3a (0.0000, 0.0000, 0.0000) 

Li  6c (0.0000, 0.0000, −0.1502) 
Li  6c (0.0000, 0.0000, 0.2878) 

Sn 6c (0.0000, 0.0000, −0.4256) 

Li4Sn2 

 

4.401 14.756 2.927 

Li  4b (0.2500, 0.2211, 0.2255) 

Li  4b (0.2500, −0.4478, 0.3004) 

Sn 4b (0.2500, 0.3846, −0.1942) 
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Table 2. Crystallographic data of fit LixSny alloys at 10 GPa 

Li4Sn1 

 

7.249 4.317 4.702 
 Li  4i (−0.3954, 0.0000, 0.1965) 
 Li  4i (0.2099, 0.0000, 0.3708) 
 Sn 2a (0.0000, 0.0000, 0.0000) 

Li6Sn2 

 

7.270 4.207 4.187 

 

Li  2i (−0.1227, 0.1215, −0.1266) 
Li  1d (0.5000, 0.0000, 0.0000) 

Li  2i (−0.3773, 0.3816, −0.3731) 
Li  1g (0.0000, 0.5000, 0.5000) 

Sn 2i (−0.2500, −0.2483,0.2502) 
 

Li5Sn2 

 

4.232 4.232 18.356 

Li  6c (0.0000, 0.0000, 0.2124) 

Li  6c (0.0000, 0.0000, −0.3496) 
Li  3b (0.0000, 0.0000, 0.5000) 
Sn 6c (0.0000, 0.0000, 0.0756) 

 

 

Table 3. Crystallographic data of fit LixSny alloys at 20 GPa 

Li7Sn2 

 

4.076 4.076 7.302 

Li  1b (0.0000, 0.0000, 0.5000) 
Li  2c (0.0000, 0.0000, 0.1603) 

Li  2d (0.3333, 0.6667, −0.0807) 

Li  2d (0.3333, 0.6667, −0.3969) 
Sn 2d (0.3333, 0.6667, 0.2627) 

Li6Sn2 
 

4.045 5.776 4.029 

Li  4f (0.2486, −0.0006, 0.2537) 

Li  2e (−0.2513, 0.2500, 0.2469) 

Sn 2e (0.2514, 0.2500, −0.2465) 

Li4Sn2 

 
 
 
 
 
 

8.088 4.393 4.382 
 Li  8g (−0.1748, 0.2051, 0.2500) 

 Sn 4c (0.0000, −0.2844,0.2500) 

Table 4. Elastic constants (GPa) for stable phases within Li-Sn alloys at specific pressure

Cij 
5 GPa 10 GPa 20 GPa 

Li7Sn2 Li6Sn2 Li5Sn2 Li4Sn2 Li4Sn1 Li6Sn2 Li5Sn2 Li7Sn2 Li6Sn2 Li4Sn2 

C11 112.95   113.17    164.58    142.78    137.99    145.52    147.65    190.25    187.66    189.77    
C12 30.35    26.76    2.07   16.86    22.24    20.16    30.94    55.46    9.86   41.56    
C13 14.70   15.34    30.65   27.75  16.47   28.53   16.71    20.37   72.61   60.30   
C22 118.78   118.94    118.35    106.67    138.75   148.11    150.13    178.26    186.78   194.64   
C23 8.23    12.85   34.81   28.64    31.99   28.14    12.78   31.41    75.60    44.52    
C33 126.29    130.73   94.41   110.96    142.95   141.77    213.53    205.50  119.70  180.64   
C44 30.31    29.13   60.15    42.66   60.79   45.02   42.11    53.61    93.49   71.82    
C55 35.31   32.38    56.99   42.57   24.89  45.17  47.94    42.85   91.31   71.20   
C66 44.57 43.12 28.25 35.01 31.43 37.47 58.08 70.45 27.71 68.02 
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3.3   Electronic Properties  

Having examined the primitive cells 
and energetics of numerous LixSny 
stoichiometries, we now shift to their 
electronic properties. Figure 3 shows the 
total and projected density of states 
(PDOS) for all ground-state composites. It 
is clearly depicted that their respective 
PDOS are made up of three pronounced 
energy regions: (1) a deep lying valence 
band, (2) an overlapped Sn-p/Li-p band 
and (3) a moderately filled higher lying 
Li-p band. The first band is subjugated by 
the Sn-s orbitals with diminutive 
contribution from s and p orbitals of Li 
atoms. Hence, the influence of this band to 
the bonding is fairly scarce. Subsequent 
upper valence band is a result of 
hybridization from the p states of Sn and Li 
atoms. The Li-sites in this region possess 
sturdily mixed s and p characters, 
demonstrating that the local density of 
states or DOS originates from extended 
states centered at the Sn atoms and 
trespass into the Li spheres. Covalency is 
enhanced under these circumstances. This 
bonding is also responsible for the non-
zero DOS mark at Fermi level, indicating 
metallic behavior. There are however few 
Li-s and Sn-s in the Fermi level vicinity, 
inferring pressure induced charge transfer 
from s to p and d electrons. The pressure-
stimulated s → p, d charge transfer promotes 
thermodynamic stability, as revealed in 
Figure 2 whereby the higher-pressure 
phases possess lower formation enthalpy. 
The large electronic DOS at Fermi level, 
noted in all phases, represents a high 
tendency of electron-phonon interaction. 
As suggested by the following 
electron-phonon coupling (λ) relationship39, 
 

λ = 
N(EF)⟨I2⟩

M⟨ω2⟩
                                           (2) 

 
where the numerator (element of 
electron-ion over Fermi sea) is the 
electronic contributions while denominator 
(product of ion mass and average phonon 
frequency squared) denotes lattice 
vibration terms, a large electronic density at 
Fermi level is essential to superconducting 
trait. Meticulous examination illustrates that 
these phases have electronic DOS at 

Fermi energy ranging between 
0.6-2.4 states/eV per formula unit. 
Monotonic relationship between N(EF) 
marks and Li or Sn compositions is not 
evident. Comparatively, Li6Sn2 phases 
display higher N(EF). 
 Let us now move to the upper most 
band. It can be depicted that this region is 
largely occupied by the bonding p orbitals 
of Li atoms. Vacant antibonding Sn-d/Li-p 
and antibonding Sn-d/Li-s states occupy 
the bottom section of the conduction band. 
These outcomes point to the existence of 
mixed mild covalent Sn–Li and metallic 
Li-Li bonding nature in our predicted Li-Sn 
alloys. When comparing identical 
stoichiometry at different pressures, band 
widths of higher pressure phases appear 
greater. This signifies improvement in 
structural stability due to enhanced 
electrons delocalization in which additional 
electrons take part in bonding formations. 
However, the better bonding interactions at 
elevated pressure come at the expense of 
N(EF), a consequence of overall bands 
broadening. The presence of staircase 
feature is not seen in all DOS plots, thus 
indicating incompatibility of compressed 
LiSn phases as two-dimensional materials. 
Another notable common and striking 
feature favoring superconductivity is the 
appearance of pseudogap or valley near 
Fermi level. The states depression is 
formed as a result of energy usage in 
breaking Cooper pairs, a combining form of 
electron duos that arose from ion-lattice 
reciprocation. For Li6Sn2, the occurrence of 
multiple steep and flat bands crossing the 
Fermi level (see Figure 4) is a promising 
condition for the enhancement of electron-
phonon coupling. Though a necessity, this 
appearance does not guarantee sufficient 
superconducting activity and can only be 
confirmed through electron-phonon 
calculations. Another interesting attribute is 
the intersection of two nearly parallel 
bands. This phenomenon is a sign of 
plausible Fermi surface nesting and may 
lead to manifestation of superconductivity 
order. 
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(a) Li7Sn2 

 

(b) Li6Sn2 

 

(c) Li5Sn2 

 

(d) Li4Sn2 

 

(e) Li4Sn1 

 

(f) Li6Sn2 
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(g) Li5Sn2 

 

(h) Li7Sn2 

 

(i) Li6Sn2 

 

(j) Li4Sn2 

 

Figure 3. The total and partial density of states (PDOS): (a) – (d) at 5 GPA, (e) – (g) at 10 GPa and 
(h) – (j) at 20 GPa. Vertical perforated line denotes Fermi level. 

 
 

3.4    Superconductive Properties 

 Phonon spectra of Li6Sn2 - I4/mmm, 
and P21/m at three different pressures are 
plotted (see Figure 5). Nonappearance of 
imaginary frequency in the entire Brillouin 
zone is observed for Li6Sn2 at 5 GPa and 
10 GPa thus ensuring dynamical stability in 
these phases. As for Li6Sn2 at 20 GPa, one 
of its acoustic modes is negative. The 
imaginary frequency along E-A and A-X 
infers that the monoclinic P21/m structure is 
unstable with respect to long wavelength 
modulations. Our calculated Voigt and 

Reuss bulk modulus for P21/m at this 
pressure is nonetheless positive, whereby 
BV and BR are 90.03 GPa and 90.01 GPa 
respectively. As such, P21/m is stable 
under uniform compression. The much 
heftier and mildly bonded Sn atoms 
dominate the low-frequency region while 
vibration of Li atoms makes up the middle-
high frequency areas. As expected, 
elevation of pressure raises the peak of 
top-lying optical modes and narrows the 
gap between successive regions. Soft 
modes associated with triply and doubly 
degenerate phonons are noted in all Li6Sn2 
phases.
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(a) 

 
(b) 

 
 

 

 
                                                                  (c) 

Figure 4. Band structure plots for Li6Sn2 at 5, 10 and 20 GPa. Horizontal dashed line indicates Fermi 
level 

 
 

The formation of soft modes along peculiar 
high-symmetry line direction serves as 
evidence of considerable electron-phonon 
coupling interactions. BCS model theory is 
capable of describing in detail the 
phenomenology of superconductivity. 
However, it lacks predictive power. When it 
is applied to actual materials study, 
couplings and Tc are fitted to the 
experimental value. The essential kind of 
correlation in superconductivity is the one 
between electrons and holes. This creates 
the phase space in which the pairing 
interaction can scatter the cooper pairs. 

Description of such interaction can be 
achieved using a combination of complex 
Hamiltonian and both normal plus 
anomalous states Green’s functions, 
solved via DFPT. The critical temperature 
is computable via Eliashberg relationship40. 
This equation is linked to an approach used 
by Frohlich41 which proposed an isotropic 
model defined by the complex Hamiltonian 

 

Ĥ = Ĥe+ Ĥph+ ∑ g
k+q, k

j, q
j, k, q âk+q

+
âk (b̂−q, j

+
 + b̂q, j)     (3) 
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where âk
+
, âk, b̂j

+
 and b̂j are the annihilation 

and creation operators of electrons and 
phonons respectively. Term q denotes the 
phonon momentum. Addition of a 
perturbed Hamiltonian (given by the 
phonon field and Coulomb interaction 

between electrons) to Ĥ Kohn-Sham 
Hamiltonian gives rise to the interacting 
Green’s function associated to the 
perturbed Hamiltonian is expressible in 
terms of irreducible self energy ∑⃑, forming 
the following Dyson equation: 

∑⃑⃑⃑(iω, k)= [G0
⃑⃑⃑⃑⃑⃑ (iω, k)]

−1

− [G⃑⃑⃑⃑(iω, k)]
−1

       (4) 

Expanding ∑⃑ and considering only 
the first terms of the expansion will lead to 
Eliashberg equations. These equations can 
be solved via series of frequentative self-
consistent scheme. Matrix element of 

electron-phonon interaction g
k+q, k

j,q
 can be 

calculated within the harmonic 
approximation implemented in ABINIT 
through: 

 

g
k+q,k

j,q
= √

ℏ

2Mωq,j
∫ψ

k
* (r) [

dVscf

duq⃑⃑⃑⃑ 
× 

uq⃑⃑⃑⃑ 

|uq⃑⃑⃑⃑ |
] ψ

k+q
(r)d3

r         (5) 

 
in which uq represents the displacement of 

atom of mass M in the q, j phonon mode. 
The calculated Eliashberg spectral function 

α2F(ω) was plotted and positioned 
adjacent to its corresponding phonon 
dispersion curves in Figure 5. The same 
figure shows that the coupling between 
electrons, wagging resonance and 
stretching vibrations of Li is pivotal to 
superconductivity, contributing to more 
than 60% of EPC parameter. 
Low-frequency translational modes of Sn 
atoms have a lesser contribution that 
expands with further compression. 
Computed λ, ωlog and Tc for I4/mmm, P1 

and P21/m structures are listed in Table 5. 
Gaussian smearing and tetrahedron 
method for k-space integration at Fermi 
surface were considered. The 
superconducting transition temperature 
was estimated by using the following 
Allen-Dynes modified McMillan42 
relationship: 
 

 Tc= 
ωlog

1.2
exp [−

1.04(1 + λ)

λ − μ*(1 + 0.62λ)
]                    (6) 

 
where  

 

 λ = 2∫
α2F(ω)

ω

∞

0
dω                                    (7) 

 

is the EPC constant, 
 

 ωlog = exp (
2

λ
∫ logω

∞

0

α2F(ω)

ω
dω)                (8) 

 
is the logarithmic average frequency and μ* 
denotes the screened Coulomb 
pseudopotential. The value of μ* reacts 
strongly with surrounding condition. The 
effect of local-field causes it to decline, 
while the effect of exchange-correlation on 
electron dielectric screening raises it 
significantly. These make the exact 
estimation of μ* highly devastating. For 
brevity and reliability, μ* = 0.1 was applied 
in our simulations. The reliability of this 
value is validated by Morel et al.43 in their 
work concerning the calculation of 
superconducting state parameters, in in 
which µ* is practically 0.1 for most metals 
ranging from Group 1 to 14, including a 
number of the first three rows of transition 
elements43. As pressure increases from 
5 GPa to 10 GPa, Tc displays a decreasing 
trend, accompanied by opposite swing 
between ωlog and λ. Although coupling 
strength increases significantly at 20 GPa, 
Tc continues to drop as the severely low 
ωlog fails to compensate λ.

 
 

Table 5 Calculated electron-phonon parameter λ, logarithmic average phonon frequency ωlog (K) and 
transition temperature Tc (K) 

Phase 
Pressure 

(GPa) 

Gaussian smearing Tetrahedron method 

λ ωlog Tc λ ωlog Tc 

Li6Sn2 

5 0.773 150.36 6.556 0.528 160.88 2.410 

10 0.703 150.65 5.301 0.507 168.58 2.164 

20 1.533 26.38 3.069 1.116 25.47 2.077 
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(a) 

 
(b) 

 
 

 
(c) 

Figure 5. Computed phonon spectra and Eliashberg function 𝛼2𝐹(𝜔) for Li6Sn2 at (a) 5 GPa, 
(b) 10 GPa and (c) 20 GPa 

 
Since Li6Sn2 at 20 GPa demonstrates 

an abrupt decrease of ωlog from 
160 (10 GPa) to around 25, further 
calculations are needed to probe the 
possibility of having erroneous λ and ωlog 
values. As such, we have computed the 
dimensionless ratio 2Δ(0)/kBTc for Li6Sn2 at 
20 GPa by using 

 
2∆(0)

kBTc
 = 3.53 [1 + 12.5 (

Tc

ωlog
)

2

ln (
ωlog

2Tc

)]         (9) 

 
whereby Δ(0) and kB are the zero-
temperature gap edge and Boltzmann 
constant respectively. In BCS theory, this 
fraction equals to a constant value of 3.53 
but within Eliashberg framework, it has a 
lower bound value of 3.53 and increases as 

λ rises. From Table 5, we obtained 
dimensionless ratio of 4.40 (Gaussian 
smearing) and 4.06 (Tetrahedron method). 
These values are consistent with the 
findings by Mitrović et al.44. 

Conclusion 

The combination of variable 
composition screening and the first 
principles techniques have unlocked ten 
energetically stable LixSny phases at low-
moderate pressure. These phases possess 
sufficient preliminary mechanical stability 
as indicated by the true inequality 
statements when substituting their 
respective elastic constant into the 
obligatory stability criteria. High electronic 
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density of states at Fermi level are also 
noted in these phases. In addition, Li6Sn2 
crystals have soft phonon modes and 
possible nesting of two Fermi surfaces. The 
electron-phonon coupling strength of 
predicted Li6Sn2 structures is largely 
derived from Li vibration modes. Both 
Gaussian and tetrahedron methods 
produce a moderate Tc that declines with 
increasing pressure. The present theoretical 
study is expected to provide a better 
understanding of the pressure-induced 
transitions and characterization of Li-Sn 
alloys under moderate compression. 
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