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Structural, elastic, and electronic properties of sodium atoms
encapsulated type-I silicon—clathrate compound under high pressure*
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We calculated the structural, elastic, and electronic properties of alkali metal Na atoms doped type-I silicon—clathrate
compound (NagSiyg) under pressure using first-principles methods. The obtained dependencies of bond lengths and bond
angles on pressure show heterogeneous behaviors which may bring out a structural transition. By using the elastic stability
criteria from the calculated elastic constants, we confirm that the NagSiyg is elastically unstable under high pressure. Some
of the mechanical and thermal quantities include bulk modulus, shear modulus ,Young’s modulus, Debye temperature,
sound velocity, melting point, and hardness, which are also derived from the elastic constants. The calculated total and
partial electron densities of states of NagSise indicate a weak interaction between the encapsulated Na atoms and the
silicon framework. Moreover, the effect of pressure on its electronic structure is also investigated, which suggests that
pressure is not a good choice to enhance the thermoelectricity performance of NagSiyg.
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1. Introduction

The lattices of type-I silicon—clathrate are cubic and are
formed from eight face-shared polyhedral silicon cages, as il-
lustrated in Fig. 1. These cages are bridged by direct covalent
bonding between the Si atoms. In this cubic unit cell, there are
two small pentagonal dodecahedron Siy cages and six large
tetrakaidecahedron Sip4 cages, each cage contains one sodium
atom at its center, the Wyckoff symmetry sites of these two
types of sodium atoms are 2a and 6d sites, respectively. The
unique Si atoms locate at three distinct Wyckoff positions, i.e.,
6¢, 16i, and 24k, as labelled in Fig. 1. In the crystallographic
description using the Wyckoff position, the number indicates
the multiplicity of Wyckoff sites, which tells us how many
atoms of one type there are in the unit cell while the letter
is simply a label and has no physical meaning. In this way,
we can distinguish and count all of the different types of inter-
atomic distances and bond angles. However, for convenience,
in the following description we use numbers 1, 2, and 3 to rep-
resent the sites of 6¢, 164, and 24k, while numbers 4 and 5 rep-
resent the 2a and 6d sites, respectively. Silicon—calthrate com-
pounds were first synthesized by Cros et al. early in 1965;!-2]
however, they came back to attention only recently following
the discovery of superconductivity in both Ba and Na atoms in-
tercalated clathrate BaxNaySi46.[3] They are currently attract-
ing increasing attention because of their potential applications
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in areas of superconductivity,[*! large gap semiconductors,!
[7.8]

etc.

optoelectronics, ®! and thermoelectrics,

Fig. 1. (color online) The sketch map of the crystal structure of NagSiye.

To study the properties of alkali metal Na atoms, inter-
calated silicon—clathrate under high pressure is motivated by
both fundamental and applied reasons. The main applications
of such clathrate compounds are due to the particular interac-
tion between guest atoms and the host lattice, the utilization
of pressure can be an effective method to explore the mecha-
nism of this interaction, which is very important to understand
most of the clathrate properties. In addition, to synthesize
such high quality compounds is difficult in experiments. The
most well known method to synthesize such kinds of silicon—
clathrates uses zintl compounds as precursors and through dif-
ferent types of chemical reactions under deep vacuum or at
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ambient pressure. ') Since the first high pressure synthesis of
type-I BagSiyg clathrate was realized in 2000 by Yamanaka et
al.""% in a multi-anvil press, increasing numbers of analogues
have been synthesized using high pressure techniques.!'!!?!
Only recently, Na—Si clathrates have been simultaneously ob-
tained for the first time by two groups using high pressure

13.14] However, as declared in Ref. [13], a well-

techniques. !
controlled NagSisg crystal growth needs more detailed knowl-
edge about its properties under high pressure, which is still
wanting. Although some experiments have been performed to
study the high pressure stability of NagSise,!!>!%! the highest
pressure was only applied to 13 GPa and even the acquired
data were insufficient for a fit with Birch-Murnaghan equa-
tion of states (EoS) and were unable to give the bulk modu-
lus. In Stefanoski’s experiments, the transport properties of
NagSiye such as temperature-dependent resistivity and heat
capacity were studied.!'”! The theoretical studies of NagSisg
have mainly focused on the thermodynamic!'®! and electronic

19.201 ynder ambient pressure. However, systemic

properties!
theoretical studies of the properties of NagSisg under high
pressure are little-reported. Consequently, in this work we
will investigate the structural, elastic, and electronic proper-
ties of NagSige under high pressure, which are believed to of-
fer a benefit reference for the application and synthesis of this

compound.

2. Model and method

We employed the ultrasoft pseudopotentials introduced
by Vanderbilt!?!! for all of the ion—electron interactions in the
electronic structure calculations. Both the local density ap-
proximation (LDA)[??) as well as the generalized gradient ap-
proximation (GGA)!?* were used to calculate the exchange—
correlation energy. During the pseudo-atomic calculations, the
valence electron densities were defined by Na (2s, 2p, 3s)
and Si (3s, 3p). A plane-wave basis set with energy cut-off
600 eV was applied, which could ensure the self-consistent
converge of the total energies achieve 107® eV/atom. The
crystal reciprocal-lattice and integrations over the first Bril-
louin zone have been performed using 6x6x6 Monkhorst—
Pack. Combined with the variable cell approach, hydrostatic
pressure was realized by employing the Parrinello-Rahman
method.[?*>] At each target external pressure, a full optimiza-
tion of the cell structure has been performed by applying the
Broyden, Fletcher, Goldfarb and Shanno (BFGS) scheme. 0]
All of these total energy electronic structure calculations were
carried out with the Cambridge Serial Total Energy Package
(CASTEP) code. 2728

To investigate the mechanical properties of NagSisg
clathrate compound, the elastic stiffness tensors were calcu-
lated, which relate to the stress and the strain tensors by
Hooke’s law. Because of symmetrical characteristics of the

stress and strain tensors, most general elastic stiffness tensors
only have 21 non-zero independent components. In the present
work, NagSiyg is a cubic crystal, thus these independent com-
ponents are reduced to three components Ciq, C12, and Cyg.
After computing the stress generated by forcing a small strain
to an optimized unit cell, these second-order elastic stiffness
coefficients can be determined by means of linear fitting of the

stress—strain curves. [29.30]

3. Results and discussion
3.1. Equilibrium crystal structure and equation of state

Through both the GGA and LDA schemes in electronic
calculations, we obtained the equilibrium structure of NagSizg.
The resulting static lattice constants, interatomic distances,
and angles formed by silicon atoms of different sites are listed
in Table 1 to Table 3, respectively, together with other avail-
able theoretical®'l and experimental results/>!317-18] which
are provided for comparison. Not surprisingly, it can be found
that both the lattice constants and the interatomic distances
calculated by GGA are larger than those by LDA due to dif-
ferent approximations. Through a comparison with the exper-
imental results, the calculated results by GGA approximation
in the present calculation are somewhat better than those by
LDA approximation and the other theoretical results obtained
at the HF-LCCO level with 6-21G and 6-21G* basis sets for
Si.[31 A comparison with Siss shows that its lattice constant is
10.08 A.1321 1t is also found that the lattice constant of NagSisg
has a slight increase, which indicates the intercalation of Na
atoms caused a very small expansion of the silicon—clathrate
framework. Of course, as the ionic radius of the intercalated
metal atom increases, the lattice constants will increase obvi-
ously, such as the case of KI**! and Rul** atoms intercalation.

Table 1. The calculated lattice constants (A) of NagSiyg at the theoreti-
cal equilibrium volume.

GGA LDA Theory Experiment
10.239 10.067 10.387131 10.19121

10.26083M 10.197071

10.18110181

10.2081131

Table 2. The interatomic distances of NagSiyg.

Interatomic distance/A GGA LDA Experiment!?!
Si(3-3) 2.337 2.305 2.369
Si(2-3) 2.372 2.332 2.365
Si(2-1) 2.391 2.350 2.370
Si(2-2) 2.402 2.359 2.364

Na(4)-Si(3) 3.265 3.206 3.223
Na(4)-Si(2) 3.372 3.317 3.372
Na(5)-Si(2) 3.445 3.385 3.411
Na(5)-Si(1) 3.620 3.559 3.603
Na(5)-Si(3) 3.804 3.741 3.972
Na(5)-Si(2) 3.963 3.898 3.960
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In order to investigate the structural properties of such
cage-like structures in detail, the bond angles formed by sili-
con atoms at different sites are calculated and counted, which
are given in Table 3. This information can reflect the local
structure characteristics of the lattice. It can be found that the
theoretical results are consistent with the experimental results
except for some angles which have about a one-degree differ-

ence.

Table 3. The interatomic angles of NagSi4e.
Angles/(°) GGA LDA Experiment!?!
Si(2-1-2) 108.83 108.87 109.6
Si(2-1-2) 110.75 110.67 109.4
Si(3-2-3) 105.25 105.15 103.8
Si(3-2-1) 106.05 106.02 106.3
Si(3-2-2) 106.71 106.75 106.7
Si(1-2-2) 124.62 124.66 125.2
Si(3-3-2) 108.43 108.43 109.4
Si(2-3-2) 110.49 110.49 109.6

3.2. Structural evolution under high pressure

In Fig. 2, we illustrate the dependence of normalized
cell volume of NagSiss with pressure together with available
experiments from San-Miguel.['®) However, the pressure in
these experiments was applied to 13 GPa. It can be found that
the GGA results show little better results than those of LDA,
just like the calculation of lattice constant. Thus, in the follow-
ing discussion, the pressure dependences of various mechani-
cal properties of GGA results are given. From the equation of
state (EoS) we found that when the pressure reaches to 30 GPa,
its volume is reduced to about 20%, this compression behavior
is very similar to another type-I silicon—clathrate intercalated
by alkali metal potassium atoms (KgSie).[>>! However, there
was a distinct discontinuity at 20 GPa in the experimental EoS
which suggested a structural change of KgSiyg. In the case of
NagSi4e, this anomalous change in unit cell volume has not

been found.
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Fig. 2. (color online) Variation of the relative volume of type-I clathrate
NagSise with pressure.

The evolutions of the Si-Si and Na-Si interatomic dis-
tances with pressure are displayed in Figs. 3 and 4. In Fig. 3
it can be found that the dependences of Si—Si interatomic dis-
tances on pressure show different tendencies. At the frame-
work of the silicon cage, the variety of interatomic distances
of Si(3)-Si(3) with pressure has a turning point at 10 GPa,
corresponding to two different compress characteristics un-
der pressure. The compression behavior of Si(3)-Si(1) and
Si(2)-Si(3) are very similar, and the bond Si(2)-Si(2) is the
most difficult one to be compressed. The experimentally mea-
sured average distance of Si—Si atoms is also given in Fig. 3
for comparison.['®! As shown in Fig. 4, it can be seen that
the pressure dependence of Na—Si interatomic distances are in
general the same and parallel to each other, except for Na(4)—
Si(3) which presents a more slow variety under high pressure.

—=—Si(3)—Si(3)

—0—Si(2)—Si(3)
Si(2)—Si(1)

——Si(2)—Si(2) T

2,40+

2.36 \
= @ experimental datall®
2.32F \ _

<
~
Q
£
3
z
e}
o 2.8t \;{\Qm _
5 \Nm
2 224} N |
-
£ 220 A S
S 2.20F N T
2.16 1 1 1 1 1 1 1
0 5 10 15 20 25 30
Pressure/GPa

Fig. 3. (color online) Calculated pressure dependencies of interatomic
distance of silicon atoms at the NagSiyq clathrate framework.
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Fig. 4. (color online) Calculated pressure dependencies of interatomic
distance between silicon atoms and the host Na atoms.

Figure 5 illustrates the variations of angles formed by sil-
icon atoms at the framework of clathrate with pressure. It is
found that during all of the compression processes, the an-
gles Si(3—2-2) and Si(3-2-1) are almost constant; however,
other angles display different trends with the increase of pres-
sure. The angles Si(1-2-2) and Si(2-3-2) increase with the
enhanced pressure while angles Si(3—3-2) and Si(3-2-3) de-
crease with the increasing pressure. It is noted that there are
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two types of angle Si(2—1-2) that present an opposite variety
with pressure and they have a cross point at about 17 GPa.
The different dependences of local structure of the clathrate
on pressure may lead a structural transition, which will be con-
firmed in the following discussion of the elastic properties.
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Fig. 5. (color online) Calculated variations of angles formed by silicon
atoms at different sites of NagSiye clathrate with pressure.

3.3. Mechanical properties under zero pressure

The calculated elastic constants of NagSiss under zero
pressure are listed in Table 4. For the NagSi4 compound, there
are three independent elastic constants; i.e., C11, Ci2, and Cyg4.
It is found that the calculated C}; which represents the uniaxial
deformation along the [0 O 1] direction in crystal is the largest.
We know that Cy; relates to the melt property of the crystal
and an empirical relation proposed by Fine et al.® can be ex-
pressed by Ty, = 553 K+ (591/10'"! Pa)C;; +300 K , the ob-
tained melting temperature of NagSiyg is 1310.7 K (GGA) and
1377.4 K (LDA) plus or minus 300 K. By Monte Carlo simu-
lations, Miranda et al. determined the melting point of type-I
Sise and type-1II Siz4 clathrate structures to be (1482+25) K
and (1522425) K, respectively.!*’! The experimental melting
point value of Siz4 was found to be 1473 K.[38 Regardless of
the estimation error, it seems that the melting point of NagSiye
is reduced by the intercalation of Na atoms. Moreover, in the
cubic crystal, if the calculated C;, equals Cy4, then the inter-
atomic force might be central.[*! It is noted that in the present
work both GGA and LDA approximations give very close val-
ues of Cy2 and Cy4, which indicates the anisotropic interactions
between two atoms in the NagSiyg crystal.

Through the calculated elastic constants, some of the
physical quantities related to the mechanical and thermal prop-
erties of the material can be obtained. For a cubic struc-
ture NagSizg, the bulk modulus B, the shear modulus G, and
anisotropy factor A are given by

B=(C11+2C12)/3, )
G = (3C4s+Ci11 —C12)/5, 2

A =2C4/(C11 —C12). (3)

The Young’s modulus E, the Poisson’s ratio ¢, and

Pugh’s ratio k are then taken as

E =9BG/(3B+G), )

= SO0-E/3) ©
G

k= 3 ©6)

Moreover, the Young’s modulus E along [100] and [111]
directions in crystal can be obtained by the following relations

(C11 +2C12)(C11 —Cp2)
Ci+Cn2

1 G —Ci2a—2Cx

E 3C44(C11+Cr2)

Eip0 =

(N

Eimn = (®)
The transverse and longitudinal sound velocities vs and v|
can be derived from Navier’s equation, as follows: 4]

B 4G
Vo= \[ = | ©)

From the average sound velocity vy, Debye temperature
Op is estimated by!*!]

1/3
@D—P” (NA”)} . (10)
4

where h is Planck’s constants, kg is Boltzmann’s constant, N
is Avogadro’s number, #n is the number of atoms per formula
unit, M is the molecular mass per formula unit, p is the density,

and V,, is calculated from!

1/72 1\
wfG)

The calculated bulk module B, shear modulus G, Young’s
modulus E, E(100), E(111), Poisson’s ratio, anisotropy fac-
tor A, and Pugh’s ratio k of NagSiss are given in Table 4.
It is noted that the bulk modulus calculated in the present
work is smaller than the silicon diamond structure, which is
97.88 GPa.[*2l However, in the case of other metal atoms

intercalation, 42!

San—-Miguel et al. suggested that the guest—
host hybridization could enhance the B values higher than
those of the empty clathrates and are even close to the val-
ues of their diamond structure. This happens because the hy-
bridization between Na atoms and the silicon framework is
very weak, which can be seen clearly in the following elec-
The pity is that the ac-

quired experimental data are too few to give the bulk modu-

tronic density of state calculations.

lus by a fit of the Birch-Murnaghan equation of states. The
difference between Young’s modulus along [100] and [111]
crystallographic directions is about 20%, this indicates that
the NagSiye crystal is elastically anisotropic, this conclusion
is confirmed by anisotropy factor A because it is larger than
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1. The Poission’s ratio ¢ and Pugh’s ratio k are closely corre-
lated to the brittle and ductile behavior of materials. Accord-

431 if the Poisson ratio is less than

ing to Frantsevich’s rule,l
1/3, then the materials will present brittle characteristics and if
this value is larger than 1/3 then they can be regarded as duc-

tile materials. The Poisson’s ratio calculated here indicates

Table 4. The calculated zero pressure elastic constant C;;, bulk module B,

Poisson’s ratio o, the anisotropy factor A, and the Pugh’s ratio k.

that the NagSigg crystal will have a brittle behavior. Analo-
gous to o, the Pugh’s ratio k = 0.57 shows the borderline of
the ductile and brittle properties of the materials, a lower k
value means that the materials are ductile, otherwise they are
brittle.[**! The obtained conclusion from Pugh’s ratio in the
present work is the same for the Poisson’s ratio.

shear modulus G, Young’s modulus E, E(100), E(111) (in unit GPa),

Ch Cn Cyy B G E E(100) E(111) o A k
GGA 128.2 51.9 48.2 74.9 46.7 116.1 101.8 126.5 0.273 1.30 0.62
LDA 139.5 51.6 54.3 82.7 47.8 120.2 109.0 128.3 0.280 1.21 0.58

In general, the hardness of the clathrate compounds is
governed by the the framework forming atoms. By a liner
fit of the dependence of Vickers hardness on the shear mod-
ule and Young’s module of dozens of type-I silicon-based in-
termetallic clathrates, the two empirical relations were given
as: H, = 0.058E and H, = 0.141G.!*3! The obtained hardness
values are almost identical, equal to 6.73 GPa and 6.60 GPa,
respectively. It can be found that this hardness value is simi-
lar to melanophlogite [SiqsO92], which is a silicate analog of
the type-I silicon—clathrate with the values of Vickers hard-
ness between 6.5 GPa and 7 GPa.[*! It is noted that their
hardness is just comparable to quartz, for which the Vickers
hardness is 7 GPa.[*®) However, the hardness of another type-
I silicon—clathrate with iodine atoms intercalated (IgSisg) is
close to its silicon diamond structure.*”] The difference may
originate from the stronger hybridizations between the iodine
and Si network compared to Na-doped clathrate.

Besides hardness, the sound velocity can also be obtained
from the shear modulus and bulk modulus, and Debye temper-
ature can thus be deduced from the value of sound velocity. In
Table 5, the only available experimental result of the Debye

temperature estimated by employing the experimental atomic
displacement parameters and Debye model is given.[*8] The
good agreement between it and our calculation suggests the
validity of elastic constants obtained in the present calcula-
tion. In this work, the sound velocities of both longitudinal
and transverse waves along three different crystallographic di-
rections including [100], [110], and [111] are calculated, the
formulas used in sound velocities calculations are given by

100y, = \/C11/p:  [010]v,; = [001]v,2 = \/Cas/p, (12)

(100]

[110]v; = /C11 +C1p +2Ca4/2p;

[110v;; = /Ci1 —C12/p;  [001]via = /Caa/p,  (13)
[111]v; = /(C11 +2C12 +4Cus) /3p:

[112]v; = vi2 = \/(C11 — C12+Cus) /3p. (14)

From Table 5, it can be seen that the cubic NagSisg com-
pound has large sound velocities due to its small density and
large elastic constants C;;. The difference of calculated sound
velocities along different directions also shows the anisotropy
of NagSiyg crystal, just like Young’s modulus.

Table 5. The calculated zero pressure sound velocity (km/s) and Debye temperature (K).

n n Vm [100]v;  [001]vi2  [110lv  [110lv,  [0011v, [111]w [112]van,  ©Op
GGA 7751 4524 5017 7491 4.768 1.108 5.916 4.768 1.376 7.598 5514 570481
LDA 8007 4574 5.083 7.619 4.636 1.112 5.952 4636 1376 7.545 558.5

3.4. Mechanical properties under high pressure

In order to investigate the high pressure stability of
NagSiyg, the elastic constants under high pressure are also cal-
culated, which are displayed in Fig. 6. It can be found that both
the C1 and Cj; increase with the enhanced pressure while Caq
is barely changed. It is known that the mechanical stability
under isotropic pressure for a cubic crystal can be judged from

the following criterion!*’]
Css >0, Ciy>|[Ca|, Ci1+2Ci2>0, (15)

where Cgq = Cyq — P (00 = 1,4), C1o = Ci + P. As the pres-
sure increases, we find that Cj; > |C12| and Cyy > 0 will not

be fulfilled. The dependence of C;;-2P—Cia, i.e., Ci1 — Cia,
on pressure is shown in Fig. 6. Based on this criterion,
the NagSise is unstable when the applied pressure is above
34 GPa, as found from the elastic constants calculated within
GGA scheme. In the experiment, the compressed data sug-
gests that NagSiy¢ may have a first phase transition at (13 +
2) GPa.!*?l However, the reported highest pressure loaded in
experiment is just about 13 GPa, so this phase transition still
needs clarification. Because the mechanical stability criterion
used here is not an exact method to predict the phase tran-
sition, higher pressure experiments will be required to reveal
the details of this structural phase transition.
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Moreover, some other pressure dependencies of elastic
modulus are also calculated, as shown in Fig. 7. It is found
that bulk modulus increases with the enhanced pressure while
shear modulus is not sensitive to the change of pressure. As
the pressure increases, the Young’s modulus first increases
and then decreases. The difference of Young’s modulus along
crystallographic directions [100] and [111] becomes increas-
ingly larger, indicating an intensification of crystal anisotropy.
This coincides with the enlargement of the anisotropy factor
A, which is 1.7 when the pressure is applied to 35 GPa. Fur-
thermore, when the pressure is enhanced to 35 GPa, the Pois-
son’s ratio will increase to 0.42 and Pugh’s ratio decreases to
0.23, which indicates an obvious ductile behavior of NagSizg
under high pressure. The dependence of the transverse and
longitudinal waves along three directions are also calculated.
It is found that the spread speed of longitudinal waves increase
with the enhancement of pressure while transverse wave speed
decreases as pressure increases. The average sound speed
presents a behavior that is just like the transverse waves.
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Fig. 6. (color online) The pressure dependence of elastic constants of
NagSi4(,.
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Fig. 7. (color online) The pressure dependence of bulk module, shear
modulus, and Young’s modulus of NagSiye.

3.5. Electronic properties

Figure 8 shows the band structures of NagSisg clathrate
along the symmetry line of the simple cubic Brillouin zone
in the region near the Fermi level. It can be seen that the

Fermi level lying in the conduction band indicates the metal-
lic behavior of the NagSisg clathrate compound. By using the
linearized augmented plane wave (LAPW) method, the band
structure of Sige given by Kurganski ef al. was almost identi-
cal to the present calculated band structure of NagSiyg. 1191 This
phenomenon is not surprising and it can be interpreted using
the rigid-band model.’%) According to this model, isostruc-
tural compounds have similar energy band structures, such as
Sige and NagSiye clathrates. However, after the intercalation
of Na atoms in eight empty silicon cages, the conduction-band
edge will be formed by the contribution from eight valence
electrons of Na atoms, which results in a shift of the Fermi
level to higher energies, and thus the Fermi level is located
into the conduction band.

Energy/eV

Fig. 8. The band structure of NagSiyg under zero pressure.

The total and partial density of states (DOS) are given in
Fig. 9, from which we find that the contribution of silicon p
states is predominant near the valence band top and that of s
states is predominant at the bottom sides of valence band. The
conduction bands are mainly comprised of silicon p states and
Na s states. However, the contribution made by the states of
Na atoms to the total DOS in the conduction band is less than a
half of the contribution from Si states, so the conduction band
density of states is not modified strongly upon the inclusion
of Na atoms in comparison with the pristine Sisg, which con-
firms a weak hybridization between the Sizg conduction-band
states and Na states. Unlike the case of BagSisg and IgSiyg
clathrates, the conduction bands are strongly modified by the
Ba and I states. 2048]

Pressure usually has a strong effect on the electronic prop-
erties of materials, the band structure and DOS of NagSisg
under 25 GPa are shown in Figs. 10 and 11, respectively.
It is found that pressure can cause an energy-gap narrow-
ing between conduction band and valence band while the
width of bands at the bottom of the conduction band be-
come more wider. This indicates that the electrons have
more freedom in this energy range. The Fermi-level density
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of states N(Er) of NagSiye calculated under zero pressure is
16.3 states-eV~'-fu."!. When the pressure is increased to
25 GPa, this value decreases to 11.6 states-eV~!-f.u.~!. This
finding suggests that the pressure can reduce the electrical con-
ductivity of this clathrate compound, so pressure may not be a
suitable choice to enhance the thermoelectric performance of
NagSi46.
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Fig. 9. (color online) The electronic density of states of NagSiss under
Z€ero pressure.

Fig. 10. The band structure of NagSisg under 25 GPa.
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Fig. 11. (color online) The electronic density of states of NagSise under
25 GPa.

4. Conclusion

In summary, we have given a detailed study of the struc-
tural, elastic, and electronic properties of NagSiss under high
pressures. The local structure evolutions with pressure show
different behaviors, which may be responsible for the struc-
tural phase transition under high pressures. The mechanical
stability criterion confirms that this compound is not stable
under high pressure. Moreover, through the calculated elas-
tic constants, some of the mechanical and thermal quantities
are derived. The Young’s modulus and sound velocities along
different crystallographic directions having different values
reveal the anisotropy of NagSiss crystal and the pressure is
found to make an intensification of the anisotropy. The calcu-
lated electronic band structure presents a metallic character of
NagSiyg. By analyzing the partial density of states of NagSiyg,
we find a weak interaction between the doped Na atoms in the
cage and the silicon atoms located at the framework. As the
pressure increases, the Fermi-level density of states decreases,
which will have a negative effect in the application of thermo-
electricity.
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