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The linear and nonlinear optical properties of o-K;Hg5Ge,Sg and o-K;Hg3Sn,Sg compounds are performed
using the first-principles calculations. Particularly, we appraised the optical dielectric function and the
second-harmonic generation (SHG) response. We have analyzed the linear optical properties, i.e. the real
and imaginary part of the dielectric tensor, the reflectivity, refractive index, extension coefficient and
energy loss function. The linear optical properties show a considerable anisotropy which is important
for SHG as it is defined by the phase-matching condition. The scrutiny of the roles of diverse transitions
. . . to the SHG coefficients demonstrates that the virtual electron process is foremost. The features in the
Linear optical properties 2) . . . . . .

Nonlinear optical susceptibilities §pectra of Xm'(w) are successfully interrelated with the charactef pf the linear dielectric function &(w)
DFT in terms of single-photon and two-photon resonances. In additional, we have calculated the first
hyperpolarizability, fjy, for the dominant component at the static limit for the for a-K,Hg3;Ge,Sg and
0-K,Hg3Sn,Sg compounds. The calculated values of f32o(w) are 2.28 x 1073C esu for o-K,HgsGe,Ss and
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3.69 x 1073 esu for a-K,HgsSn,Ss.
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1. Introduction

The second harmonic generation (SHG) is described by means of
the third rank polar tensors is usually forbidden by symmetry in
randomly disordered media [1]. In recent times, there is much
growing interest for materials with important second and third
order nonlinearities as they can found use in numerous opto-
electronic applications [2].

Nonlinear optical (NLO) materials play a major role as active
components in a large range of applications such as optical com-
munications, optical storage, optical computing, harmonic light
generation, optical power limiting, optical rectifying devices, dis-
plays, printers, dynamic holography, frequency mixing and optical
switching [3]. The majority of the early nonlinear optical (NLO)
materials were based on inorganic crystals but in the last three
decades the focus has shifted toward organic compounds due to
their promising potential applications in optical signal processing
[4,5].

The usage of the NLO to adapt the lasers to wavelength-specific
applications, has boosted the demands for the novel, effective, and
damage-resistant NLO materials. The fully developed crystals
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exists for frequency renovation of such lasers as the neodym-
ium:yttrium aluminum garnet (Nd:YAG); though, there still need
for the higher efficiencies and improved durability for the innova-
tive materials [6]. And particularly the need is severe in the mid-
(2-5 pm) and far-(>5 pm) infrared regions wherein its applications
have been verified by using optical parametric oscillation (OPO),
except only some materials combine the required nonlinearity,
good optical transmissivity, and high resistance to optical damage
in this region [7]. The non-centro-symmetric polar characteristics
and simultaneous transmission of long wavelength radiation
required of such crystals point to complex chalcogenides as a
potential source of NLO materials. Due to a mixture of acentric
arrangements the quaternary chalcogenides are much alluring
and are known as the new source for nonlinear optics. They are
formed from the mixture of two distinct metal centers having
different size coordination preference, and packing characteristics
[8]. Liao et al. accounted the series of alkali metal, quaternary
chalcogenides which are based on tetrahedral anions [SnS4]*~
and [GeS4]*~ become stable in polysulfide fluxes [9,10]. In many
cases, phases with these anions have the tendency to be non cen-
tro-symmetric, as, for example, as, for instance, NagsPb;75GeS,
[1 1 ], LioA5Pb1A75GES4 [10], Ba3Cd(SnS4)2 []2], BaGCdAgz(SnS4)4 [1]],
KLnGeS, [13], KInGeS,4 [14], KGaGeS,4 [15], Eu,GeS,4 [16] and BaAg,.
GeS,4 [17]. Probably it is conceivable that the use of these tetrahe-
dral anions in combination with substantial elements may boost
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the odds of forming acentric phases [18]. In 2003 Liao et al. [19]
reported the synthesis, crystal growth, spectroscopic characteriza-
tion, thermal steadiness, and preliminary NLO properties of the
new compounds o~ and B-K,Hgs;Ge,Sg and o~ and B-K,Hg;Sn,Ss.

In the present work we addressed ourselves to investigate the
linear and nonlinear optical properties of a-K,HgsGe,Sg and o-K;
HgsSn,Sg compounds using the full potential linear augmented
plane wave (FPLAPW) method.

2. Computational methodology

We make use of the crystallographic data of a-K,Hg;Ge,Sg and
o-KoHgsSn,Sg [19]. The X-ray crystallographic data of a-K;HgsGe,
Sg (a-Ky,HgsSn,Sg) show that these compounds are crystallize in
noncentrosymmetric orthorhombic space group Aba2 (#41), with
lattice parameters, a =19.082(2) A, b=9.551(1) A, c=8.2871(8) A,
o =90.00, =90.3250, and y =90.00 (a=19.563(2) A, b=9.853(1)
A, c=8.467(1)A, «=90.00, f=90.3250, and y =90.00). The unit
cell of crystal structures are shown in Fig. 1. We have applied the
full potential linear augmented plane wave (FPLAPW) method as
embodied in WIEN2k code [20]. This is an accomplishment of the
density functional theory (DFT) [21,22] with different possible
approximations for the exchange-correlation (XC) potential.
Exchange and correlation potential was described by the local den-
sity approximation (LDA) and generalized gradient approximation
(GGA) [23,24]. In additional we have used the Engel-Vosko
generalized gradient approximation (EV-GGA) [25] to avoid the
well-known LDA and GGA underestimation of the band gaps. On
the basis of the linear APW’s the Kohn-Sham equations were
resolved. Within the muffin-tin (MT) spheres the potential and
charge density distributions are extended in spherical harmonics

(a)
%

a-K>Hg3Ge:Ss

Fig. 1. Unit cell structure (a) o-K,HgsSn,Sg compound and (b) o-KyHg;Sn,Sg
compound. These compounds crystallize in noncentrosymmetric orthorhombic
space group Aba2 (#41), lattice parameters of o-K;Hg3;Sn,Sg compound are;
a=19.082(2)A, b=9551(1)A, c=8.2871(8)A, «=90.00, p=90.3250, and
7 =90.00. While for a-K,HgsSn,Sg compound are; a = 19.563(2) A, b =9.853(1) A,
c=8.467(1) A, . =90.00, §=90.3250, and 7 = 90.00).

with orbital number [« = 10. The MT sphere radii of a-K,Hg3Ge,
Sg and a-K,HgsSn,Sg were chosen to be 2.0 a.u. for K, Hg, Ge/Sn,
and S, respectively. Self-consistency is obtained using 200k points
in the irreducible Brillouin zone (IBZ). We have calculated the lin-
ear optical susceptibilities using 500k points and the nonlinear
optical properties using 1000k points in the IBZ.

3. Results and discussion
3.1. Linear optical properties

The imaginary part of the dielectric function &(w) can be calcu-
lated from the momentum matrix elements between the occupied
and unoccupied wave-functions, giving rise to the selection rules.
The real part &(w) of the dielectric function can be assessed from
the imaginary part by using the Kramers-Kronig relationship [26].
In view of the fact that EVGGA brings the calculated energy gaps
(1.83 eV for a-K,HgzGe,Sg and 1.60 eV for a-K;HgsSn,Sg) close to
the experimental one (2.64 eV for a-K;HgsGe,Sg and 2.40 eV for
o-K,Hg3Sn,Sg) [19]. Thus, with this perspective we will focus on
the EVGGA results for demonstrating the linear optical properties.

Since the investigated compounds have orthorhombic symme-
try, as a result there are only three tensor components to describe
whole optical properties. These are &¥(w), & (w) and &Z(w) as
illustrated in Fig. 2a and b. The main peaks position of &*(w),
&Y (w) and e¥(w) spectra are given in Table 1.

Our scrutiny of the &(w) curve demonstrates that the first opti-
cal critical point of the dielectric function arises at 2.0 (1.4) eV for
o-KoHgsGe,Sg (a-KyHgsSn,Sg) compounds. These points are the
threshold (absorption edge) for the optical transitions between
the valence band maximum and the conduction band minimum.
After the first critical points, the curve rises speedily. This is due
to the fact that the number of points contributing toward &;(w)
is increased abruptly. The estimated values of the static optical
dielectric constant &¥(0), &”(0) and &%#(0), which is also called
higher frequency dielectric constant because it does not include
the phonon effect, are listed in Table 1.

The refractive index n, is the most imperative and also signifi-
cant substantial factor associated to the microscopic atomic inter-
actions. From hypothetical perspective, there are principally two
diverse looms of screening this subject: the refractive index will
be related to the density and the local polarizability of these enti-
ties [27]. Alternatively, taking into consideration the crystalline
structure which is symbolized by a delocalised depiction, n will
be intimately connected to the energy band structure of the sub-
stances, quantum mechanical scrutiny necessities is intricate and
the attained results are very fastidious. As a result, a lot of efforts
have been made in order to narrate the refractive index and the
energy gap E, through simple relationships [28-33].

The refractive index n(w) of an insulating crystal is the square
root of the electric part of the dielectric constant at zero frequency,
i.e. n = /&, where & =¢;(hw =0). The intended nonzero tensor
components of static refractive index n*¥(0), **(0) and n*(0) of
the investigated compounds are assessed from Fig. 3(a and b)
and are listed in Table 1.

The absorption coefficient I() for the two compounds has been
illustrated in Fig. 3(c and d). The first peaks of '(w), P?(w) and I?
() are summarized in Table 1. For a-K;HgsGe,Sg and a-K;HgsSn,
Sg compounds, the earliest absorption peaks in I(w) spectra are
originated in the range of 3.0-4.0 eV. The most imperative factor
in stating the energy loss of a prompt electron peregrination in a
material is the electron energy-loss function L(w). The energy loss
function L'*(w), ’¥(w) and [*(w), of the investigated compounds
are demonstrated in Fig. 3(e and f). The energy loss function is
plotted in basal-plane and in direction of c-axis. There are other
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Fig. 2. Calculated imaginary &*(w), & (w), Z(w) and real &¥(w), &7 (), €#(w) parts of dielectric tensor for; (a) a-K,HgsSn,Ss compound; (b) o-K,HgsSn,Sg compound.

Table 1
Calculated dielectric constant ¢;(0), refractive index n(0), main peak in &,(0), first peak
in I(w), I(w) at the first peak for K;Hg3Sn,Sg and o-K;Hg3Sn,Sg compounds.

Compound a-K;HgsGe,Sg a-KyHg3Sn,Sg
£1(0) &(0) 5.12 5.85
ey (0) 5.01 5.79
£#(0) 3.97 433
n(0) m¥(0) 2.26 2.42
nY(0) 2.23 2.41
n“(0) 1.99 2.08
Position of the main () 5.0 4.8
peaks in &(w) in (eV) ggy(u)) 6.7 5.0
&5 (w) 7.0 7.0
First peak in I(w) in (eV) M(w) 13.56 13.56
P(w) 13.56 13.56
F(w) 13.56 13.56
The amplitudes of the first () 180 177
peak in I(w) (10*cm™") PY() 180 170
F(w) 180 168

features in this spectrum, in addition to the plasmon peak, associ-
ated with inter-band transitions. The plasmon peak is usually the
most intense feature in the spectrum and this is at energy where
&1(w) goes to zero. The energy of the maximum peak of (—¢&;(w))™!

is observed at ~12.5eV for ['(w), [’(w) and [#(w) which are
assigned to the energy of volume plasmon hw,,.

The reflectivity spectra R(w) for both compounds, beside the
three crystal components has been calculated as exposed in
Fig. 3(g and h). The values of R*(0), R*¥(0) and R%(0) are 0.12
(0.13), 0.14 (0.16) and 0.15 (0.17) for K;Hg3Sn,Sg (a-KyHg3Sn,Ss).
The maximum peak lies in the high energy range and arises from
the interband transition. These materials possess reflectivity in a
wide energy (frequency) range, the disparity of reflectivity with
high energy is appropriate for Bragg's reflector. We should empha-
size that there exists a considerable anisotropy between three
components of all optical properties along the spectral region.

3.2. Nonlinear optical properties

We also calculated the second-order nonlinear optical (NLO)
susceptibilities dispersion, that is, the optical second harmonic
generation (SHG). Here we will demonstrate the influence of
substituting Ge by Sn atom on the nonlinear optical properties.
As it is well established that the nonlinear optical properties are
very sensitive to small changes in the energy band gap than the lin-
ear optical one. Since EV-GGA brings the energy gap close to the
experimental one, therefore we have used a quasi-particle self-
energy correction at the level of scissors operators in which the
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Fig. 3. Calculated energy-loss spectrum L*(w), [?(w), [¥(w), reflectivity R*(w), R¥(w), R*(w) and the refractive index n(w), n*”(w), n*(w) for a-K;Hg3Sn,Sg and o-

K;Hg3Sn,Sg compounds.

energy bands are rigidly shifted to merely bringing the calculated
energy gap closer to the experimental value [19].

The relations for the complex second order nonlinear optical are
presented in the previous studies [34,35]. Since the investi-
gated compounds are crystallize in noncentrosymmetric ortho-
rhombic space group, thus symmetry allows only five nonzero
complex second-order NLO susceptibility tensor components.

These are y3;(@), 255 (®), 75 (®), 15() and r53;(w). The
dispersal of these components have been demonstrated in
Fig. 4(a and b). These figures suggest that the |}, (®)| component
is the dominant one for a-K;HgsGe,Sg and a-K;HgsSn,Ss. The value
of |35,(0)] for a-KyHgsGe,Sg and o-K,HgsSn,Sg are 6.42 and
9.69 pm/V.
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Fig. 5a and b, illustrated the real and imaginary parts of the
dominant component 1(32;2(60). It is clear that the imaginary part
of the SHG is zero below half the band gap. The 2w terms begin
to contribute at energies ~ 1E; and the w terms for energy values

above E,. Fig. 5¢c shows the | ;{(322)2((1))| of a-K;HgsGe,Sg and a-KoHgs
Sn,Sg. Following Fig. 5a-c, we highlighted that substituting Ge by
Sn cause to increase the amplitude and shift all the structures of
;(153{)(—200; w; w) toward lower energies, indicated that replacing
Ge by Sn led to increase the SHG value. Reference to Fig. 5c, it is
cleared that the | XQ?Z(O)\ values increases from 6.42 to 9.69 pm/V
with substituting Ge by Sn.

We should emphasize that due to the presence of 2w and w
terms it is very difficult to analyze the complex second-order non-
linear optical susceptibility tensors using the calculated electronic
band structure. Therefore we will use our calculated &;(w) as a
function of both @w/2 and w to identify the spectral features of
the dominant component \1(322>2(w)\. Fig. 6 illustrates the dominant

component |X(322)2(w)\ (upper panel) along with &;(w) as a function
of both w/2 and w (lower panel) for a-K;HgsGe,Sg and a-K,Hgs

Sn,Ss. The spectral structure of |yi2, ()| located in the energy
range 1.32 (1.2) —3.0 eV for a-K,Hg3Ge,Sg (a-K;Hg3Sn,Sg) is orig-
inated from 2w resonance. The next spectral structure of | Xézz)z(w)\
between 3.0 and 7.0 eV is associated with interference between 2w

and w resonances. The third spectral structure of | X(;z)z(a))| from
7.0 eV and above is mainly due to w resonance. Fig. 7(a and b)
interprets the 2w inter/intra band in addition to 1w inter/intra
band support to the imaginary part of the nonlinear optical suscep-
tibilities for both compounds. Finally, we have calculated the
microscopic first hyperpolarizability, f; for the dominant compo-
nent at the static limit for the for a-K;HgzGe,Sg and o-K;Hg3Sn,Sg
compounds. The calculated values of f32.() are 2.28 x 10 3% esu
for o-K,HgsGe,Sg and 3.69 x 1073 esu for o-K,Hg;Sn,Ss.

4. Conclusions

In short description, linear and nonlinear optical susceptibilities
of o-K;Hg3Sn,Sg (o-KyHgsSn,Sg) compounds were calculated by
means of the density functional theory based on the full potential
linear augmented plane wave (FPLAPW) technique. We analyzed
the linear optical properties, i.e. the real and imaginary part of
the dielectric tensor along with the other related properties like
reflectivity, refractive index, extension coefficient and energy loss
function. From the study of the reflectivity we concluded that this
material can be used as shielding material at higher energies. In
additional to the linear properties we also calculated the second
order nonlinear optical properties namely the SHG. Where we
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found that ngz)z(w) is the dominant component. From the value of
X%)Z(a)) we have obtained first hyperpolarizability, p3,, for the
dominant component.
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