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a b s t r a c t

First principles calculations have been employed to search for energetically stable structures of the Mg-Li
binary system over all possible Mg concentrations. Volume, space group, c/a and b/a ratios, vibrational
contribution to the heat capacity, and Debye temperature are reported to investigate the effects of Li
concentration on the Mg-Li binary system. Structures of high symmetry and those lying on or close to the
convex hull are further explored to search for dynamic and elastic stability. Five ground state structures
were found at Li1 Mg13, Li1 Mg2, Li1 Mg1, Li7 Mg2, and Li15 Mg1 compositions. Elastic constants and elastic
properties of the selected low energy structures were calculated and analyzed. We also investigate the
effect of the phonon band gap found in Li1 Mg1 and Li1 Mg2 on lattice thermal conductivity.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Mg has been studied since the 1950's because of its potential
applications as a cost effective and lightweight structural metal
[1,2]. It exhibits many desirable qualities including good recycla-
bility, castability, weldability, and high specific strength [3e6].
Additionally, Mg is among the lightest metallic structural materials
with a low density of 1.74 g/cm3. This, along with its natural
abundance, makes Mg and its alloys very attractive to industries,
especially the aerospace and automobile industries where its
application could minimize the environmental impact of their
products [7,8]. Currently Mg is not widely used because of the low
ductility inherent to its hexagonal close packed (HCP) lattice
structure. This inhibition of plastic deformations in HCP Mg has
been a topic of extensive study [9e12]. Here we try to overcome
this limitation.

One way to improve Mg's ductility is to alloy it with another
metal. Recently, alloying Mg by solid solution with rare earth ele-
ments has been investigated [13e17]. While these studies focus on
).
the type of alloying element, here we focus on changing the lattice
structure from an HCP lattice to a cubic one, the ideal structure for
ductile materials. To maintain the lightweight benefits of Mg, we
systematically study the influence of body centered cubic (BCC)
Lithium (Li) as an alloy because of its low density (0.58 g/cm3) and
cubic structure [4,5,18].

Many groups have approached the Mg-Li system by investi-
gating the properties of few ordered structures. The most common
method is to fix the lattice and change the atoms, where only
hexagonal and cubic lattice structures are considered. In 2001,
Uesugi at al [24]. used the local density approximation within
density functional theory to investigate three different configura-
tions for 87% Mg. Counts et al. [25] studied the mechanical prop-
erties of cubic supercells of Mg-Li of various Mg concentrations
using a generalized gradient approximation within density func-
tional theory. Taylor, Curtarolo, and Hart [26] made predictions of
Mg-Li ordered phases using the first-principles-based cluster-
expansion (CE) method and found ground states at 12%, 50%, 66%,
and 75%Mg concentrations. Liang and Gong [27] selected threeMg-
Li compositions and studied the structural stability and elastic
properties. They used a generalized gradient first principles
approximation to find the crystal structure of the ground state of
each composition. Phasha et al. [3] also used density functional

mailto:ompavlic@mix.wvu.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2016.08.217&domain=pdf
www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom
http://dx.doi.org/10.1016/j.jallcom.2016.08.217
http://dx.doi.org/10.1016/j.jallcom.2016.08.217
http://dx.doi.org/10.1016/j.jallcom.2016.08.217


O. Pavlic et al. / Journal of Alloys and Compounds 691 (2017) 15e2516
theory within the generalized gradient approximation to investi-
gate the existence of fcc and bcc structures at 50%, 75%, 83% and 87%
Mg concentrations. That group later also studied random Mg-Li
alloys in HCP, FCC, and BCC lattices [28]. Shin and Carter [4]
applied orbital-free density functional theory (OFDFT) to ordered
and disordered bcc Mg-Li supercells to study their elastic
properties.

Our study approaches the problem from a new perspective, by
beginning with an ab-initio energy search over all possible com-
positions and structures. This allows us to find naturally occurring
structures over the complete composition range of the two metals.
From the results we then select the most promising structures. Our
selection criteria is based on the space group and formation energy
of the structure. Foremost, we look for high symmetry structures as
it is likely that these will be the structures with the highest
ductility. We also choose structures with the lowest formation
energy as these are the most stable and therefore the most likely to
be able to be synthesized. We then further analyze these favorable
structures to investigate and characterize the elastic properties and
stability. We have calculated the elastic constants for each structure
and have plotted the macroscopic elastic properties: bulk modulus,
shear modulus, Young's modulus, poisson ratio and bulk/shear ra-
tio. From these results we can determine the effect Li concentration
has on the properties of the system.

In the following, we present a description of the computational
details of the methods used to obtain our results. Then a discussion
of the predicted structures with emphasis on the ground state
structures is given. This is followed by the elastic properties, the
heat capacity, thermal conductivity of the lattice of Li1 Mg1 and Li1
Mg2, and a conclusion which summarizes the findings.

2. Methods

Several numerical techniques have been developed for structure
prediction.We use theMinima HoppingMethod (MHM) [29e31] to
effectively sample the entire potential energy surface and find the
global energy minimum. MHM uses a dynamical algorithm with
temperature as the variable. A series of consecutive short molecular
dynamics simulations are used to overcome energy barriers and
‘hop’ from local energy minima. Local geometry relaxations follow
each hop to identify the configuration corresponding to energy
minima. The escape is made efficient by choosing the initial ve-
locities ofmolecular dynamics trajectories approximately along soft
mode directions. We use this method in conjunction with ab-initio
density functional theory (DFT) to predict stable and metastable
structures. The only information required is the chemical compo-
sition of the system. For all our structural search calculations, we
have used unit cells containing up to 16 atoms with concentrations
ranging from 0 to 100% Li. The evaluation of energy and forces were
performed using DFT as implemented in the Vienna Ab initio
Simulation Package (VASP) [32,33]. The Perdew-Burke-Ernzerhof
(PBE) [34] generalized gradient approximation was used for the
exchange correlation functional. The k-mesh used to sample the
Brillouin zone was converged to guarantee a numerical accuracy of
the total energy to less than 2meV/atom and the plane wave cutoff
was converged to 550eV. All forces were converged to better than
1 meV/Å. The PHONOPY [35,36] software interfaced with VASP was
used to obtain the force constants from VASP using the finite dif-
ference approach with a 2 � 2 � 2 supercell. Elastic constants
converged to more than 1 GPa were calculated from strain stress
relations as implemented in VASP.

For the calculation of the lattice contribution to the thermal
conductivity, we perform ab-initio calculations in the framework of
Density Functional Theory and Density Functional Perturbation
Theory as implemented in the Quantum Espresso package [37] to
obtain 2nd-order interatomic force constants (IFCs) from fully
relaxed structures. We use the thirdorder.py script [38] provided by
ShengBTE code [39], to create perturbed supercells which allows us
to accurately estimate 3rd-order IFCs in an ulterior calculation. We
take into account interactions up to the fourth neighbor. We
determine the lattice contributions to the total thermal conduc-
tivity by use of the iterative solution of the Boltzmann transport
equation (BTE) for phonons as implemented in the ShengBTE code
[39]. This package reads the second and third order interatomic
force constants and uses them to solve the BTE for phonons.We can
then estimate the phonon velocities and phonon life-times due to
phonon-phonon interactions which finally leads to thermal con-
ductivity. To obtain accurate values of the IFCs, we increase the q-
point mesh up to 8 � 8 � 8 and 6 � 6 � 6 for Li1 Mg1 and Li1 Mg2,
respectively.

3. Results

To ensure stability of our predicted structures, we do three an-
alyses. First, we review the energetic stability of the structures we
have found. To do so, we re-optimize the results of our MHM cal-
culations with tighter energy convergence criteria and find the
formation energy. In Fig. 1, we plot these formation energies with
respect to Li concentration. Every blue x represents the formation
energy of each structure found at the bottom of an energy valley for
a particular composition. The solid line at the bottom connects the
lowest energy structures and depicts the convex-hull for the Mg-Li
system. Any structures which fall on this line, marked by a magenta
circle, are energetically stable and can be chemically synthesized.
There are three online databases which have reported theoretical
results for the Mg-Li system: The Materials Project [19e21] is an
online database dedicated to predicting properties of materials,
AFLOW [23] is an online library of structural ab initio calculations,
and Open Quantum Materials Database (OQMD) [22] is a database
of DFT calculated thermodynamic and structural properties. We
have included structures from these databases to our results for
comparison. Each of these structures from other studies has been
reoptomized with our psudopotentials and convergence criteria.
We see that our search method has found structures at all the
compositions reported by these sources. While we findmany of our
structures to be of lower energy than the reported ground states,
there are three places where our results are of higher formation
energy: at the compositions Li1 Mg2, Li2 Mg1, and Li3 Mg1. However,
these results are within the numerical accuracy of our calculations.
We find five structures on the convex hull, three of which are
previously unreported. Each will be discussed in more detail below.

In order to check the thermodynamic stability we calculate the
phonon dispersion. It is well known that a positive phonon
dispersion indicates thermal stability. Interestingly, we find a
phonon gap in a large portion of our structures. The phonon spectra
as well as phonon density of states can be found in the supple-
mentary information. We have further investigated the phonon
contribution to the specific heat and have used PHONOPY [35,36] to
calculate the Debye temperatures for each of the structures on the
convex hull. These results will be discussed further below.

Third, we have calculated the elastic stability as outlined in ref
35 [40]. Due to the range of crystal structures we found, we refer
the reader to the original work for a detailed description of the
calculations. All of the structures presented in Table 1 meet this
elastic stability criteria.

To see how Li concentration affects the crystal lattice, in Fig. 2
we plot the space group of the lowest energy structure and the
highest symmetry stucture, a histogram of the number of stuctures
found in each spacegroup overall, and the convex hull with symbols
indicative of the space group of each structure. From the histogram



Fig. 1. Convex hull of the Li-Mg Binary system. Blue x's indicate structures from this work, where magenta circles indicate structures belonging to the convex hull. Green diamons
are stuctures from The Materials Project [19e21], black diamonds are structures from the Open Quantum Materials Database [22], and red diamonds are structures obtained from
the AFLOW online database [23]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Space group, number of atoms in the primitive cell and formation energy for structures close to the convex hull.

% Li Phase Space group Atoms in primitive cell Formation Energy (meV)

7 Li1 Mg13 P1 (1) 14 �9.7 (ground)
25 Li1 Mg3 Fm-3m (225) 4 �27.6 (metastable)
33 Li1 Mg2 P-6m2 (187) 3 �35.5 (metastable)
33 Li1 Mg2 I4/mmm (139) 3 �59.6 (ground)
40 Li2 Mg3 R-3m (166) 5 �62.7 (ground)
43 Li3 Mg4 P6/mmm (191) 7 �15.6 (metastable)
50 Li1 Mg1 Pm-3m (221) 2 �70.1 (ground)
50 Li Mg1 P4/mmm (123) 2 �65.2 (metastable)
78 Li7 Mg2 Immm (71) 9 �40.7 (ground)
84 Li5 Mg1 P-62m (189) 6 �28.0 (metastable)
85 Li6 Mg1 P1 (1) 7 �28.3 (ground)
88 Li7 Mg1 P-6m2 (187) 8 �24.2 (metastable)
90 Li9 Mg1 C12/m1 (12) 10 �22.3 (ground)
93 Li15 Mg1 Cmmm (65) 16 �16.4 (ground)
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we see an overwhelming majority of stuctures are of low symme-
try. In Fig. 3 we plot the c/a and b/a ratios with respect to at.%
Lithium. We include values for the ground state structure and the
highest symmetry structure for each composition. We also plot the
volume with respect to at.% Lithium.

It is important at this point to note that because of the richness
of lattice symmetry in our results, comparison of our results with
previous works present in the literature proves challenging. All
studies found in the literature concern only hexagonal and cubic
structures, with the exception of the results of ref 3 [3]. The data-
bases do not show this exclusion of lower symmetry structures. The
results of Taylor et al. can be found in ref 26 [26] as well as on the
online database, AFLOW [23]. AFLOW includes structures of lower
symmetry than cubic and hexagonal, while the only results that are
analyzed in ref 26 are those which are cubic and hexagonal.
Experimentally, these are the lattice types which are found
[18,41e43] and so are those which theoretical calculations are
based upon. However, our structural search is able to locate a large
diversity of crystal symmetries, which indicates the richness of the
Mg-Li compounds. In Fig. 2 we see that there are only a small
number of cubic and hexagonal structures, but many of tetragonal
symmetry. We can find in ref 3 [3] the inclusion of tetragonal
structures. Since our calculations are performed at zero tempera-
ture and pressure, we assume structures with tetragonal symme-
tries and c/a ratios close to one are not stationary and may change
to cubic symmetry. Of the structures included in Fig. 2 all of the
tetragonal structures either have a c/a ratio of one or are within 20%
of that value.

3.1. Predicted structures

From our structural search at zero temperature and zero pres-
sure we have found five ground state structures forming the cor-
responding convex hull at compositions Li1 Mg13, Li1 Mg2, Li1 Mg1,
Li7 Mg2, Li15 Mg1 and nine metastable structures at compositions
Li1 Mg3, Li1 Mg2, Li2 Mg3, Li3 Mg4, Li1 Mg1, Li5 Mg1, Li6 Mg1, Li7 Mg1,
and Li9 Mg1. In Table 1 we report the atomic percent Li, the space
group by Pearson symbol, the number of atoms in the primitive cell,
and the formation energy for each structure.

When compared to the online databases, our methods have
recovered all previously reported structures. Li1 Mg3, Li1 Mg2, Li1
Mg1, Li1 Mg5, Li2 Mg1, Li3 Mg1, and Li5 Mg1 have been found in the
Materials Project database [19e21], the Open Quantum Materials
Database [22], and AFLOW [23]. Remarkably, we have also discov-
ered many previously unreported structures. The most interesting
of these are those which lie on the convex hull (Li1 Mg13, Li7 Mg2,
Li15 Mg1). Their composition, space group, lattice parameters, and
DOS at Fermi Energy are given in Table 2.

For the Li1 Mg13 composition, we find a ground state structure of
space group P1(1). Fig. 4 shows the crystal stucture and the density



Fig. 2. Space groups found during structure search. Top left: the space group of the highest symmetry structure and the ground state structure vs. at.% Li. Top right: Histogram of the
number of stuctures found in each space group with respect to every structure found. Bottom: Convex hull of the Mg-Li binary system with crystal structure indicated by symbols.
The left of the plot is pure Li and the right is pure Mg.

Fig. 3. Top left: b/a ratio with respect to at. % Lithium. Top right: c/a ratio with respect to at. % Lithium. Bottom: volume with respect to at. %Lithium. In all three plots red diamonds
indicate the lowest energy state for each composition, blue diamonds represent the highest symmetry state for each composition. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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of states for this structure. The nearest neighbor distance between
Mg-Mg atoms, and Mg-Li atoms in this structure is 3.11 Å and
3.10 Å, respectively.

At composition Li1 Mg2 we find the ground state structure to be
tetragonal and of space group I4/mmm. Fig. 5 shows the crystal
structure and the density of states. The nearest neighbor distance
between Mg-Mg atoms, Li-Li atoms, and Mg-Li atoms in this
structure is 3.43 Å, 3.43 Å, and 2.94 Å, respectively. For this
composition, we also found a low energy hexagonal structure of
space group P-6m2, 24.1 meV per atom above the ground state.
Fig. 6 shows the crystal structure and density of states. In the crystal
structure the hexagonal pattern can clearly be seen with Mg atoms



Table 2
Space group, lattice parameters in Å, angles in degrees, and DOS at the Fermi Energy for ground state structures.

Composition Space group a b c a b g DOS(Ef)(states/eV)

Li1 Mg13 P1 (1) 6.07 8.09 7.46 114.4 75.9 109.6 2.60
Li1 Mg2 I4/mmm (139) 3.43 3.43 10.53 90 90 90 0.53
Li1 Mg1 Pm-3m (221) 3.42 3.42 3.42 90 90 90 1.06
Li7 Mg2 Immm (71) 9.67 9.72 3.83 90 90 90 2.23
Li15 Mg1 Cmmm (65) 7.45 6.14 7.45 90 110.5 89.9 4.29

Fig. 4. Li1 Mg13 spacegroup P1(1) A) crystal structure, B) density of states (black line indicates total DOS).

Fig. 5. Li1 Mg2 spacegroup I4/mmm(139) A) crystal structure, B) density of states (black line indicates total DOS).

Fig. 6. Li1 Mg2 spacegroup P-6m2(187) A) crystal structure, B) density of states (black line indicates total DOS).
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surrounding Li atoms. The nearest neighbor distance between Mg-
Mg atoms, Li-Li atoms, and Mg-Li atoms in this structure is 3.22 Å,
4.94 Å, and 2.85 Å, respectively. This is the only structure in which
we studiedwhere the phonon dispersion contains negative phonon
modes. They appear near the gamma point.

Li1 Mg1 is the lowest lying energy structure for the entire LiMg
binary system and has been studied extensively [19,20,22,23]. The
ground state structure was found to be cubic with space group Pm-
3m. This agrees well with what has been previously reported
[3,26,27]. Fig. 7 shows the crystal structure and density of states.
The cubic structure is easily recognized. The nearest neighbor dis-
tance between Mg-Mg atoms, Li-Li atoms, and Mg-Li atoms in this
structure is 3.41 Å, 3.41 Å, and 2.95 Å, respectively. The lowest
energy tetragonal structure found for Li1 Mg1 is of space group P4/



Fig. 7. Li1 Mg1 spacegroup Pm-3m(221) A) crystal structure, B) density of states (black line indicates total DOS).

Fig. 8. Li1 Mg1 spacegroup P4/mmm(123) A) crystal structure, B) density of states (black line indicates total DOS).

Fig. 9. Li7 Mg2 spacegroup Immm(71) A) crystal structure and B) density of states (black line indicates total DOS).
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mmm and is 4.9 meV per atom above the ground state. Fig. 8 shows
the crystal structure and density of states. The nearest neighbor
distance between Mg-Mg atoms, Li-Li atoms, and Mg-Li atoms in
this structure is 3.36 Å, 3.36 Å, and 2.96 Å, respectively.

There are no previously reported structures for Li7 Mg2. We find
a ground state structure of space group Immm. Fig. 9 shows the
crystal structure and density of states. The nearest neighbor dis-
tance between Mg-Mg atoms, Li-Li atoms, and Mg-Li atoms in this
structure is 3.20 Å, 2.95 Å, and 2.99 Å, respectively.

Structures at composition Li15 Mg1 are previously unreported.
As the ground state we find an orthorhombic structure of space
group Cmmm. Fig. 10 shows the crystal structure and density of
states. The nearest neighbor distance between Li-Li atoms and Mg-
Li atoms in this structure is 3.02 Å and 3.04 Å.

3.2. Elastic properties

3.2.1. Elastic constants
In order to investigate the elastic properties of these structures,

we calculate the elastic stiffness constants Cij. This is done by



Fig. 10. Li15 Mg1 space group Cmmm(65) A) crystal structure and B) density of states (black line indicates total DOS).

Table 4
Calculated Bulk modulus, Shear modulus, Youngs modulus, Poisson's ratio, and Bulk
modulus/Shear modulus (B/G) ratio. [1]. & [2] Ref. [27], [3] Ref. [3].

Structure Bulk Shear Young Poisson B/G

Li 13.96 4.77 12.46 0.351 2.92
Li [2] 12.95
Li [3] 13.3
Li1 Mg13(1) 33.16 18.31 46.39 0.267 1.8110
Li1 Mg3(FCC)(225) 30.18 18.49 45.04 0.251 1.6322
Li1 Mg3(BCC) [2] 30.5 20.4 50.1 0.23
Li1 Mg3(BCC) [1] 29.7
Li1 Mg2(187) 28.75 23.51 55.42 0.17 1.2227
Li1 Mg2(139) 28.86 22.71 53.68 0.19 1.2707
Li3 Mg4(191) 26.31 15.57 38.98 0.25 1.690
Li1 Mg1(CCP)(221) 24.98 11.79 38.50 0.243 2.118
Li1 Mg1(123) 24.31 12.94 32.52 0.278 1.878
Li1 Mg1(BCC) [2] 24.7 15.7 38.8 0.24
Li1 Mg1(BCC) [1] 23.2
Li1 Mg1(CCP) [3] 25.6 16.9 41.6 1.51
Li7 Mg2(71) 17.85 8.14 21.01 0.304 2.1925
Li5 Mg1(189) 16.77 6.62 17.52 0.326 2.532
Li7 Mg1(187) 16.05 6.71 17.66 0.317 2.3906
Li7 Mg1(FCC) [3] 16.6 2.7 8.2 6.15
Li9 Mg1(12) 15.40 7.42 19.11 0.293 2.076
Li15 Mg1(65) 14.78 5.26 14.02 0.342 2.80
Mg 36.25 17.51 45.24 0.292 2.070
Mg [2] 34.3

Table 3
Computed elastic constants for lowest-energy structures. All values are given in GPa
[1] & [2] Ref. [27], [3] Ref. [3].

Structure C11 C12 C44 C33 C13 C66

Li 15.1 13.3 11.9
Li [2] 15.1 12.7 11.4
Li1 Mg13(1) 57.2 22.2 17.0 58.1 19.6 20.0
Li1 Mg3(FCC)(225) 37.3 26.5 0.34
Li1 Mg3(BCC) [2] 41.0 24.0 37
Li1 Mg3(BCC) [1] 41.7 24.8 36.4
Li1 Mg2(187) 62.5 13.3 17.9 83.5 0.60 24.5
Li1 Mg2(139) 42.7 21.7 39.7 43.2 21.9 34.0
Li2 Mg3(166) 61.6 17.2 22.2 74.7 2.3
Li3 Mg4(191) 42.9 22.4 16.6 74.9 0.82 10.2
Li1 Mg1(CCP)(221) 33.0 20.9 18.3
Li1 Mg1(123) 35.7 17.9 26.4 25.7 21.9 22.0
Li1 Mg1(BCC) [2] 30.5 19.5 23.4
Li1 Mg1(BCC) [1] 34.1 20.0 26.5
Li1 Mg1(CCP) [3] 37.5 19.7 25.9
Li7 Mg2(71) 20.7 16.7 0.49 31.1 15.8 16.7
Li5 Mg1(189) 28.2 16.7 0.42 40.3 0.51 0.57
Li6 Mg1(1)
Li7 Mg1(187) 27.1 15.3 0.47 36.4 0.52 0.58
Li7 Mg1(FCC) [3] 15.8 16.9 11.7
Li9 Mg1(12) 28.2 10.4 12.7 26.3 0.68 11.9
Li15 Mg1(65) 27.1 8.9 3.8 22.5 8.4 6.6
Mg 56.5 25.1 15.7 56.2 26.6
Mg [2] 59.5 26.12 16.35 61.55 21.80
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relating the stresses and strains through the generalized Hooke's
law [44].

sij ¼ Cijklεkl (1)

where sij is the tensile stress and εkl is the longitudinal strain.
Crystal symmetry reduces the number of constants from 81 to 3, 5,
6 and 13 for cubic, hexagonal, tetragonal, and monoclinic respec-
tively. In Table 3 we report these values for each of our structures.

From these we can calculate the macroscopically measurable
elastic quantities for materials: Bulk modulus(B), Young's mod-
ulus(E), Shear modulus(G), Poisson's ratio(n), and the B/G ratio. The
bulk modulus represents the volume compression and is given by
B ¼ E/3(1�2n) [44]. Young's modulus represents the stiffness of the
system, given by E¼ Cijkl [44]. The Shear modulus is given by G¼ E/
2(1þn) and is used as a measure of elasticity when a shear force is
applied [44]. Poisson's ratio is a measure of the expansion of a
material when it is compressed in the transverse direction, and is
sometimes used as an approximate measure of plastic ductility. It is
given by n ¼ �E C1122 [44]. The B/G ratio is a good indicator as to
whether a material is brittle or ductile. Values above 1.7, the
threshold value, indicates ductility while values below indicate
brittleness [45].

Table 4 lists the values of the elastic properties, and in Fig. 11 we
plot these properties versus Li concentration. In all these plots,
excluding the bulk modulus, we see a jump in the values for Li1 Mg2
composition. Both structures show this deviation from the trend.
We also see a smaller jump for Li9 Mg1. These jumps cannot be
accounted for from crystal symmetry, since there are structures
with similar, and higher, symmetry such as Li1 Mg1. However, as is
discussed later, the Li1 Mg2 structures exhibit peculiar phonon band
dispersions and larger Debye temperatures, and Li9 Mg1 has the
highest vibrational contribution to the heat capacity.

In general, we see a linear decrease in the bulk, shear, and
Young's moduli as Li concentration increases, indicating more
elasticity and compressibility in the structures as Li concentration
increases. This is in agreement with what has been reported for the
bulk modulus [25]. In the compositions Li1 Mg1 and Li1 Mg2, where
there are two structures for each composition, it is interesting to
note that the less symmetric tetragonal structures have better
values for the shear and Young's moduli. We see this as well in the
Poisson's ratio. For the system, the Poisson ratio is generally
increasing, indicating an increase of plasticity and metallicity in the



Fig. 11. Elastic constants. ref [27] reports theoretical and experimental results, these are plotted separately. Green diamonds represent theoretical results reported in Ref. [27], red
diamonds represent experimental results reported in Ref. [27], yellow diamonds represent results reported in Ref. [3], blue diamonds represent results from this work. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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alloy as Li concentration increases. For alloys with low Li concen-
trations, the Bulk modulus to Shear modulus ratio lies below the
critical value of 1.7, corresponding to brittle behavior. Our results
match reasonably well with what has been reported.

Based on the best linear fit line we propose an equation to
describe the relationship between the bulk modulus and percent Li
concentration. Our data gives

B ¼ �0:2342xþ 36:387; (2)

where x represents Li concentration.
It is well known that at low temperatures the specific heat of

crystals follows a T3 power law. This behavior is attributed to the
contribution from the crystal lattice. To find the contribution from
vibration of the lattice, we divide the heat capacity by T3. This is
plotted in Fig. 12. We found the heat capacity at 298 K of pure Li and
pure Mg to be 22.57 J/mol/K and 23.46 J/mol/K respectively.
Experimental results report a heat capacity at 298.15 K of pure Li
[46] and pure Mg [47] to both be 20.79 K. Our results match well
with this reported data. We report the Debye temperatures of the
structures on the convex hull in Table 5. The Debye temperature
gives insight into the density, structural stability, and bonding
strength of a solid [48]. We note that the Debyemodel is defined for
monoatomic crystals. However, it may be useful to apply it here
since we see good agreement between the experimental values for
pure Li and pure Mg and our theoretical values.



Fig. 12. Heat capacity/T3 vs Temperature.

Table 5
Debye Temperature for compounds on the convex hull in units of
K [1]. ref [52], [2] ref [46].

Structure Debye temperature (K)

Mg 387.2
Mg [1] 330
Li1 Mg13 346.5
Li1 Mg2 382.01
Li1 Mg1 344.5
Li7 Mg2 296.5
Li15 Mg1 358.9
Li 349.8
Li [2] 344
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4. Lattice thermal conductivity of Li1Mg1 and Li1Mg2 in the
stable configurations

During our study, we found that Li1 Mg1 and Li1 Mg2 exhibit
peculiar phonon band structure, with a clear “phonon band-gap” of
around 75 cm�1. In Li1 Mg1 such a phonon gap is between acoustic
and optical branches while in Li1 Mg2 it is within optical branches.
A similar phonon band structure has been reported in SnSe, where
the authors found two “sets” of twelve phonon branches separated
by a phonon gap of 95 cm�1 [49]. They reported that, even though
optical phonons represent almost 90% of the total number of
modes, their contribution to the total thermal conductivity is
limited.

Optical phonons are frequently neglected from calculations of
thermal conductivity due to their small group velocity with fre-
quencies that typically reside too high with respect to the acoustic
branches. Nevertheless, optical phonons provide scattering chan-
nels that reduce thermal conductivities like in the cases of silicon
and diamond [50,51]. The abnormal phonon band structure in
these two compounds represents an opportunity to explore the
impact of phonon-gaps in materials and, moreover the differences
that can be observed depending on the nature of the branches
involved in such phonon-gaps. Our calculations show that, at room
temperature, the average thermal conductivity of Li1 Mg1 is around
four times higher than for Li1 Mg2. (Fig. 13 left).

Even though acoustic phonons are mainly responsible for heat
transfer, optical phonons provide scattering channels for acoustic
branches. From the phonon band structure, we observe that, in Li1
Mg2, three optical branches have frequencies very close to the
maximum of the acoustic ones. Therefore, we can assume that
optical-acoustic phonon-phonon interactions between these two
“sets” of phonons will be strong. This is the case of the here
mentioned cases of diamond and silicon. By artificially removing
acoustic-optic phonon-phonon scattering mechanisms, the ther-
mal conductivity in Si and diamond increases by three and six,
respectively. Here we show with practical cases the importance of
acoustic-optic phonon interaction as the main factor for reducing
acoustic phonon life-times and, therefore, reducing the maximum
lattice contribution to the thermal conductivity. We support our
conclusion by plotting the cumulative lattice thermal conductivity
at 300 K with respect to the maximum allowed mean free path
(MFP). This means the value of k if only phonons with certain MFP
are taken into account. Fig. 13 displays the results for two com-
pounds, Li1 Mg1 and Li1 Mg2. We show, together with the total, the
partial cumulative thermal conductivity when only acoustic modes
are taken into account. It is clear that in both cases, Li1 Mg1 and Li1
Mg2, the majority contribution to k comes from acoustic branches,
however, we observe that in Li1 Mg2, the total and partial cumu-
lative thermal conductivity split from the beginning, which differs
from the behavior of Li1 Mg1, where partial and total cumulative k

split near to the converged value. This is a clear indication that
optical branches aremore important for the phonon transport in Li1
Mg2 than in Li1 Mg1. We believe that our results could help the
development of further materials with improved thermal proper-
ties. A good example is in the field of thermoelectric materials,
where the thermoelectric performance directly depends of the
thermal conductivity.

5. Conclusions

We have performed a systematic study of the Li-Mg binary
system considering all compositions from 0 to 100% Mg with up to
16 atoms per unit cell using ab-initio density functional theory. We
have found five structures belonging to the convex hull, three of
these being previously unreported. We have studied their stability
in three ways: energetically, thermodynamically, and elastically.
We have also calculated the elastic constants and elastic properties,
studying how Li content effects these characteristics. We have
found that adding low concentrations of Li does not help Mg's
inherently low ductility, but does have a positive effect on the other
elastic properties. Vibrationally, we find that many of the structures
in the system exhibit a gap in the phonon band structure. We have
plotted the vibrational contribution to the heat capacity and re-
ported the calculated Debye temperatures. We also find evidence
for the role of optical phonon branches as scattering channels



Fig. 13. Left-Temperature dependance of lattice thermal conductivity, For Li1 Mg2 the value plotted is the average of the trace. Right-Cumulative k as a function of the Maximum
Mean Free Path (MFP).
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which reduce the thermal conductivity of the structure through
study of these phonon band gaps.
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