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We studied the ternary acetylides AsMCs (A = Na, K) and (M = Pb, Pt) with trigonal structures
by using the density functional theory (DFT) as implemented in the CASTEP code. The calculated
lattice parameters and atomic fractional coordinates were in agreement with previous calculations
and experimental data. A set of isotropic elastic parameters and related properties, namely the
module and shear moduli, Young’s modulus, Poisson’s ratio, average sound velocity and Debye tem-
perature were numerically estimated in the frame work of the Voigt-Reuss-Hill approximation. The
absorption, energy-loss and dielectric function were calculated. We studied the main contribution
to the optical spectra from the transition from the top four valence bands towards the lower three
first one of conduction based on the electronic structures.
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I. INTRODUCTION

The ternary acetylides with the composition AoMC,
where A = Na or K and C = Pd (4d) or Pt (5d) are
interesting semiconducting materials. These materials
can be synthesized by using solid state reaction of A5Csy
with palladium or platinum in an inert atmosphere at a
temperature of about 350°C [1-5]. A2Cy was synthesized
by reacting elemental sodium (potassium) with acetylene
gas in 1q-NHgs, by heating the resulting NaCoH(KCoH)
at 155°C under vacuum as described in Ref. 6. Measure-
ments of the electrical conductivity and band structure
indicate that these compounds are semiconductors [7].
These types of materials are used in electron guns for
synchrotrons, electron lasers and night vision devices.
The studied ternary acetylides have a trigonal structure
with space group (P3ml, 164). The structural character-
ization indicates that these compounds have the lattice
parameters a and ¢ and the atomic fractional coordi-
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nates z4 and z¢. The atomic positions in the unit cell
are M: 1a (0,0,0), A: 1d(1/3,1/3,2z4), and C: 2¢ (0, 0, z¢).
Recently, Suetin and Ivanovskii performed a theoretical
study of the structural parameters at equilibrium and
the electronic properties of these compounds by using
the full-potential method within the mixed basis APW+
plo (FLAPW) implemented in the Wien2k [8]. The goal
of the present work was to perform a detailed theoretical
investigation of the structural, elastic, electronic and op-
tical properties of the AsMC, (A = Na, K) and (M = Pb,
Pt) family by using the density functional theory (DFT)
as implemented in the CASTEP code. The models and
methodology will be given in Sec. II. The calculated re-
sults and discussion will be presented in Sec. III. The
conclusion of the present investigation will be given in
Sec. IV.
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II. MODELS AND METHODOLOGY

All calculations performed using a first-principles
plane-wave pseudo-potential method based on DFT im-
plemented in the CASTEP code [9]. The interac-
tions of valence electrons with ion cores represented by
Vanderbilt-type ultrasoft pseudopotentials [10] for Na,
K, Pd, Pt and C atoms. The generalized gradient ap-
proximation of Perdew, Burke and Ernzerhof [11] was
adopted for the exchange-correction functional. The spe-
cial points sampling integration over the Brillouin zone
was employed by using the Monkhorst-Pack method [12]
with 8 x 8 x 8 k-point meshes. The cut-off energy
was set as 360 eV. We optimized the lattice parame-
ters a and the atomic fractional coordinates z4 and z¢
at a fixed volume of the unit cell which corresponds to
the minimum energy. We observe the same number of
valence bands in these compounds. The valence elec-
trons are transfered from the Pt-d or Pd-d or C-p or-
bital to the Na-p or K-P site. The strong hybridization
between Pt-d or Pd-d orbitals and C-p states in the up-
per valence banding region indicates the existence of a
covalent bonding character. The overall shapes of the
DOS and partial DOS (PDOS) are quit similar in the
investigated compounds, indicating their similar chemi-
cal bonding. The structural parameters were determined
using the Broyden-Fletcher-Goldfarb-Shanno minimiza-
tion technique [13].

IIT. RESULTS AND DISCUSSIONS

1. Crystal structure

The ternary acetylides A;MCsy (A = Na, K) and (M
= Pb, Pt) compounds crystallized in a trigonal structure
with space group (P3ml, #164), This series is charac-
terized by lattice parameters a and C' and by atomic
fractional coordinates z4 and z¢c. We report in Table 1
the results of optimized lattice parameters a and C and
the internal coordinates z4 and z¢. Also, shown for com-
parison are their available experiment data for the lat-
tice parameters (a,c) of NagPdC (4.464 and 5.218 A),
KyPdCy (5.105 and 5.282 A) and KyPtC, (5.123 and
5.218 A) quoted in Ref. 7, which agree well with our re-
sults. Our atomic fractional coordinate z4 for KoPdCy
and KyPtCy are closer to the experiment values 0.278
and 0.275 [7]. Our results for the lattice parameters a
and ¢ and the atomic fractional coordinates z4 and z¢
concerning the compound NayPtCsy are predictions.

Under hydrostatic pressure in the range 0-20 GPa,
the normalized volume shown in Fig. 1 decreases
monotonously by following hyperbolic form. The bulk
modulus and its pressure derivative for the ternary
acetylides compounds determined from the P-V data for
the Birch Equation Of State (EOS) [14].are reported in
Table 1. No experimental or theoretical results for the
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Fig. 1. (Color online) Normalized volume as a function
of pressure for the (a) NaxPdCa, (b) KoPdCs, (¢) NazPtCs,
and (d) KoPdCs compounds.

70 Na,PdC, 70 K,PdC,
= 600 . F60g " CreCutCy
o —v—C c, <« C
9 500 . : 9 509 S °
"
< 400« ~a-C, e C, s C, | E40 . ®
2 300 —v=C, « CyeCy | B 3000
B
S 200 S 200
g (@) | 8 40d () .
grog " | § 100 e
i Ji—— < % TR b 2 1 )
0 o 10 15 20 [ K] 10 5 20
Pressure (GPa) Pressure (GPa)
o Na,Ptc, 70 K,PtC,
—_ - .
§ 7 . 7 609 .
© 600 S 500 .
# 500(e 2 °
5400 =Gy Cy Cu §400 —u=Cye-Cy 4 C,
£ 300 —v=Cyp © Gy Cy | B 300 —~v—C, ¢ C,——C,,
o o
o
£2 () ST
@ 100 I - — ‘%’ 100 S
gy = = B PR e § 3 4
0 5 10 15 20 1] 5 10 15 20

Pressure (GPa) Pressure (GPa)

Fig. 2. (Color online) Effect of pressure on the elastic
constants of the (a) NaPdCs, (b) KoPdCa, (¢) NazPtCso,
and (d) KoPdCs compounds.

bulk modulus and its pressure derivative for these com-
pounds, So our computed values are predictions. We
noticed that the DFTunderestimates the studied lattice
parameters, atomic fractional coordinates and bulk mod-
ulus.

2. Elastic constants

The elastic constants were determined by using a per-
turbation method. The elastic moduli at equilibrium
pressure predicted by GGA functional for AsMCsy (A =
Na, K) and (M = Pb, Pt) are listed in Table 1. The
bulk modulus calculated from the elastic constants has
nearly the same value as that obtained from the equa-
tion of state (EOS). This may be an estimate of the re-
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Table 1. Optimized lattice parameters (a and ¢, in A), internal coordinates (zs, zs:), bulk modulus (B, in GPa), and bulk
modulus pressure derivative (B’).

NasPdCs K>PdC» NasPtCso KoPtCo
This work Exp. This work Exp. This work Exp. This work Exp.
Lattice constant a (A) 4.4383 4.464 5.0188 5.105" 4.4919 5.055 5.123!
Lattice constant ¢ (A) 5.2555 5.266" 5.2714 5.2821 5.2276 5.244 5.218!
Z4 atom position 0.2789 0.2762 0.278" 0.2686 0.269 0.275
Zc atom position 0.3791 0.3792 0.3780 0.3784
B (GPa) 33.62 27.671 32.971 27.67
B’ 4.47 4.35 4.5 4.35
C11 (GPa) 47.57 38.12 48.27 38.78
Cs3 (GPa) 394.7 297.68 492.44 347.07
Cua (GPa) 9.35 5.51 9.84 5.26
C12 (GPa) 20.54 16.22 20.21 16.25
C13 (GPa) 16.61 10.47 16.17 9.33
Cha (GPa) —6.09 —3.07 —6.3 —3.31
Bx (GPa) 33.29 26.25 33.58 26.65
B’ 4.26 4.29 4.14 4.3
G 27.44 19.9 28.93 21.48
E 68.1 49.77 71.15 53.69
o 0.24 0.25 0.23 0.25
p 1.59 1.67 1.51 1.66
B/G 1.22 1.31 1.16 1.24
v (mes™h) 6418 5750 5366 5023
v (m-s™h) 4566 4064 3843 3553
Vm (m-s™h) 4946 4407 4158 3852
0p 495 429 474 421
[100]
Vi, (ms™1) 3816 3557 2615 3019
Vri (mes™h) 2507 2320 2048 1954
Vo (mes™) 1692 1352 1429 1112
[001]
Ve (m-s™1) 10993 9940 10109 9033
Vr (mes™) 1692 1352 1429 1112
Vra (m-s™h) 1692 1352 1429 1112

liability and accuracy of our computed elastic constants.
Our results related to equilibrium and under pressure
are predictions. One condition for the mechanical stabil-
ity of a structure is that its strain energy must be posi-
tive against any homogeneous elastic deformation. For a
trigonal crystal, the mechanical stability under isotropic
pressure is judged based on the following condition [15]:

Ci1 > Cra,  Cs3(Ch1 + Cr2) > 2CTs,
044(011 + 012) > 20124 (1)

Our calculated elastic constants for this series of ternary
acetylides compounds satisfy all these above criteria over
the pressure range 0-20 GPa, indicating their mechanical
stability. The effect of the pressure on the elastic moduli
is visualized in Fig. 2. We noticed that these compounds

show low elastic constants. Their variation is little sen-
sitive to the pressure. The lower values of the elastic
constants indicate that the studied compounds have a
weak hardness. The elastic constant C74 in all three com-
pounds is smaller than C33, indicating the presence of a
big resistance due to the compression along the (001)
direction and the caxis is less compressible than the a
axis.

The crystals are usually synthesized in the polycrys-
talline form. The bulk and the shear moduli B and G
are two important mechanical quantities for technologi-
cal and engineering applications. The bulk modulus rep-
resents the resistance to fracture, while the shear mod-
ulus, which represents the resistance to plastic deforma-
tion, is related to bond bending and depends on the na-
ture of the bond. We estimated the elastic characteristics
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of polycrystalline materials by using the Voigt-Reuss-Hill
(VRH) procedure [16-18]. Hill proved that the Voigt and
Reuss equations represent upper and lower limits on the
true polycrystalline constants. He showed that the poly-
crystalline moduli B and G are the arithmetic mean val-
ues in the Voigt and Reuss approximations. The VRHap-
proximation is the average of the lower bound of Voigt
and the upper bound of Reuss, which for a method to
estimating the mechanical properties of crystalline ma-
terials with elastic constants for single crystals [19]. We
reported in Table 1 the bulk modulus B, shear modulus
G, Young’s modulus Y and Poisson’s ratio o obtained
by using the following relations with the VRH approxi-
mation [19]:

1

B = 2(BR+BV)» (2)
1
G = §(GR+GV)7 (3)
9BG
Y= 3B+ G’ )
3B-Y
7= 6B (5)
where
_ O33(Cu + C) — 2C7 (6)
R Ch1 + C12 +2C33 — 4C137
1
By = 9 [2(C11 + C12) + Cs3 + 4C13], (7)
1
Gy = o [C11 + Cha + 2C33 — 4C13 + 12044 + 12C5¢]

(8)
Gr
5 [C33(Ch1 + Cha) — 2075]2C33(Chy + Crz) — 207

o 5 3By Cy4Cee + (044 + 066)[033<011 + 012) - 20123]2
. 1
Wlth 066 = 5(011 - 012). (9)

We note that the lower values of the bulk modulus and
the shear modulus correspond to a weaker resistance to
volume change caused by pressure and directional bond-
ing between atoms.

We found that Y is weaker for all series, indicating
their lower stiffness. The estimated Poisson’s ratio are
lower than the limit value (0.25) [20], suggesting that
these compounds have lower lateral expansion, are af-
fected by size of no central forces and reveal the pres-
ence of a covalent bonding character The ratio of the
shear modulus to the bulk modulus B/G of crystalline
material are proposed by Pugh [21] can be considered as
an indication of the extent of fracture in these materials.
The calculated B/G values are smaller than the critical
value (0.75), classifying these materials as brittle. Then,
all these compounds can support large thermal shocks.

The Debye temperature may be estimated from the
average sound velocity vys [22].
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Fig. 3. (Color online) Band structures of the (a) NagPdCs,
(b) KoPdCs, (¢) NaaPtCs, and (d) KoPdC, compounds.

where h, k, Na, n, M, p and v, are respectively Planck’s
constant, Boltzmann’s constant, Avogadro’s number, the
number of atoms per formula unit, the molecular mass
per formula unit, the density and the average sound ve-
locity obtained from the relation [22]:

=[G )] o

Y

where v, and v; are, respectively, the shear and the longi-
tudinal sound velocities obtained from Navier’s equation
[23]:

|B+ 3G
vy = ¢ and v, = A (12)
\/ » P

The calculated elastic wave velocities along the [100],
[110] and [111] directions, the density p, the sound ve-
locities v;, v; and v,, and the Debye temperature 6 are
reported in Table 1. The longitudinal waves are fastest
along the [001] direction and the shear waves are slow-
est along the [001] direction for these compounds. The
results for the density p, the sound velocities v;, v¢, and
vy, and the Debye temperature p reported in Table 1.
because no data for their parameters are available in the
literature, then our results are considered to be predic-
tions.

3. Electronic properties

The energy band structures of A;MCy (A = Na, K)
and (M = Pb, Pt) along the higher symmetry directions
in the Brillouin zone at the equilibrium geometry cal-
culated by the GGA calculation are plotted in Fig. 3.
KoPtCy and KoPdCs show A — A direct gaps of 1.09
and 1.57 eV respectively. While NaoPdCs and NayPtCo
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pounds.
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Fig. 5. (Color online) Pressure dependence of the transi-
tion gaps of the KoPdCs, NaaPtCy compounds.

present A-L indirect gaps of 0.84 eV and 0.31 eV. No
experimental data for the band gap are available in the
literature, so our results are predictions. We display in
Fig. 4 the dependence on pressure of the direct and indi-
rect band gaps for these compounds. The fundamental
gaps of NayPdCy and NayPtCy decrease monotonically
with increasing pressure, while for KoPtCs and KoPdCsy,
increase. In Fig. 5, under a pressure, we notice transi-
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Fig. 6. (Color online) Partial and total densities of states
of the K2PdCs and the NasPdCs.

tions from A — A to L — L gap in KoPdCs and KyPtCo,
there occurs at 1.8 and 13 GPa respectively. While, for
NaoPdCy a transition from A-L to K-L gap which oc-
curs at 1.78 GPa. No transition gap is observed in the
NayPtCy compound. The fundamental gap as a function
of pressure can be expressed by :

ENPAC2 — 084 — 0.03P 4 1.7 x 104 P,
EX2PdC2 — 1 57 4+ 0.03P — 0.01P?,

ENa2PlC: B = .31 — 0.005P — 1.14 x 1077 P2,
BIaPC2 =109 4 0.03P — 848 x 1074P%. (13)

The partial density of states (PDOS) of AsMCs (A
= Na, K) and (M = Pb, Pt) as shown in Fig. 6 reveal
that the upper valence bands consisted of Pt-d and C-p
orbitals. The upper valence band is located between at
—2.79, —2.43, —2.23, and 1.88 ¢V and the Fermi level for
NayPtCsy, KoPtCsy, NagPdCy and KoPdCy respectively.
We observe the same number of valence bands in these
compounds. The valence electrons are transferred from
the Pt-d or Pd-d or C-p orbital to the Na-p or K-p site.
The strong hybridization between the Pt-d or Pd-d or-
bital and C-p states in the upper valence bonding region
translates the existence of a covalent bonding character.
The overall shapes of the DOS and the partial DOS are
quite similar in the investigated compounds, indicating
their similar chemical bonding.

4. Optical properties

We show in the Fig. 7 the real and the imaginary parts
of the dielectric functions of NasPdCy and KoPdCsy as
functions of the photons energy. The imaginary part
of the dielectric function is directly connected with the
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Fig. 7. (Color online) (a) Imaginary and (b) real parts of
the dielectric function of the AsMCsy (A = Na, K) and (M =
Pb, Pt) compounds as function of the energy.
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energy band structure. The static optical dielectric con-
stants of NaoPdCs and KyPdCsy are respectively 3.76
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Fig. 9. (Color online) Loss function as function of photon
energy of the the A;MC; (A = Na, K) and (M = Pb, Pt)
compounds.

and 6.08, and increase with energy in the transparency
region, reaching peaks in the ultraviolet at about 2.38
eV and 1.34 eV. The minima of the static dielectric con-
stant, 0.99 and 0.1 occur at an energy of 3.62 eV for
NayPdCs and KoPdCs,. The optical absorption started
at 1.27 eV, 0.66 eV, 1.06 eV and 0.9 eV in KyPdCs,
NasPdCsy, KoPtCy and NasPtCs, respectively, as shown
in Fig. 8. The maximum absorption occurs at about 11
eV. The electron energy loss function, which is an im-
portant factor describing the energy loss of a fast elec-
tron traversing a material, is also shown in Fig. 9. The
peaks in this spectrum represent the characteristics as-
sociated with the plasma resonance and the correspond-
ing frequency is the so-called plasma frequency w,. The
energy-loss peaks correspond to the trailing edges in the
reflection spectra; for instance, the prominent loss peaks
are situated at energies corresponding to abrupt reduc-
tions of reflectivity. We note that the relative spectra
of KaPdCy (NagPdCy) are identical to those of KoPtCy
(NagPtCs). A maximum loss of 109% (127%) is obtained
for an energy of 32.18 eV (20 eV) for NasPdCy (KoPtCs)
and NaQPtCQ (KQPtCQ).

In order to determine the origins of the different
peaks and features of K;PtCs, we plotted the transition
energy E(k) = Ecj(k) — Evi(k) in Fig. 10; V; is the
valence band number i and C; is the conduction band
number j. The main contribution to the optical spectra
originates from the transition from the top four valence
bands to the lower three conduction bands. The edge of
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Fig. 10. (Color online) The transition energy E(k) =
Ecj (k‘) — EVz(k) Of the AQMCQ (A = Na7 K) and (M = Pb7
Pt) compounds.

the optical absorption located at 1.06 eV in KoPtCs is
probably caused by transition bands V; — Cy or V; — Cs
at Lpoint in the Brillouin zone which corresponds to
the direct gap A — A. The first peak positioned at 1.5
eV is due probably to the transition band Vi — C} in
Lpoint, The structure centered at 3.79 eV originates
mainly from transition bands V3 — Cy and V; — Cy at
the L point. The peak located at 5.7 eV comes from
transition bands V3 — Cs and Vo — (5 at the I' point.
The transition bands V, — C4 and V4 — C3 at the K
point and V3 — Cy and V3 — C5 at the I" point correspond
to the energy 7.5 eV.

IV. CONCLUSION

Employing a pseudo-potential plane-wave approach
based on the density functional theory, within the gener-
alized gradient approximation, we investigated the struc-
tural, elastic, electronic and optical properties of the
ternary acetylides AoMCs (A = Na, K) and (M = Pb,
Pt). We predicted the average sound velocity, the De-
bye temperature and the elastic wave velocities of all
these compounds. The calculated band structures show
that KoPtCq and KoPdCy (NagPdCy and NasPtCs) are
A — A direct (A — L indirect) gap semiconductors. The
ternary acetylides AoMCs (A = Na, K) and (M = Pb,

Pt) are mechanically stable, show weak hardness, have
lower stiffness and lateral expansion, and are classified
as brittle materials. The PDOS indicates that the va-
lence electrons are transferred from the Pt-d, Pd-d or
C-p orbital to the Na-p or K-p site. The strong hy-
bridization between Pt-d, Pd-d or C-p states in the up-
per valence bonding region indicates the existence of a
covalent bonding character. We present various optical
transitions between the top of the valence band and the
bottom of the conduction band.
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