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Thermal conductivity and balanced performance
in infrared nonlinear optical multicomponent
chalcogenides Li,Ag;_,Ga,In;_,Se,t
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The performance of infrared (IR) nonlinear optical (NLO) materials is significantly affected by the thermal
conductivity k., but studies on the structure and property relationship of k_in these materials are very

rare. In this work we evaluated the ki in IR NLO multicomponent chalcogenides Li,Ag;_.Ga,In;_,Se, with
a smooth change in the compositions x and y by using a machine learning approach and laser flash
measurements, combined with available experimental results. The found patterns of k. dependence on

the atomic mass, bond length and electronegativity provide an effective understanding for navigation in
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Introduction

It is well known that infrared (IR) spectroscopy measurements,
e.g., the IR transmission spectrum, reflect vibrational modes
unique to the molecules in the sample, and are thereby widely
used to characterize the vast majority of chemical compounds.
On this basis, highly sensitive compact high-resolution laser
spectrometers are being developed to solve analytical and
scientific problems, including studies of ultra-fast processes in
a wide spectral range of up to 18 pm and even the THZ
region."” An efficient assignment of such widely tunable
systems is provided by lasers produced from the frequency
conversion using IR nonlinear optical (NLO) crystals, which
should meet an optimal combination of performance, includ-
ing a high nonlinear second harmonic generation (SHG) coeffi-
cient dj; comparable to that in AgGaS, (with d;s = 13.40 pm
v~1), a wide range of transparency, moderate birefringence An
= 0.03-0.10 to achieve the phase matching condition, as well
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the process of searching for new chalcogenide crystals with an optimal set of parameters that allow them
to be effectively used as a frequency converter of laser radiation in the IR range. Moreover, the compo-
sitions Lip sAgo.sGaSe,, Lip g1Ago.19INSe, and AgGag slng sSe, are demonstrated to exhibit a balanced com-
bination of the parameters k, NLO effects, energy band gaps, and birefringence for IR NLO applications.

as a large band gap E, preferably >3.00 eV for optical stability,
etc.*”” In the past decades, quite a few IR NLO crystals have
been developed in the chalcogenides in the ABC, family (A =
Ag, Li; B = Ga, In; and C = S, Se), which exhibits a wide IR
transparent window and a relatively strong SHG effect.®**

It should be emphasized that balancing all the necessary
performance is a big issue in the discovery of IR NLO crystals
because these requirements are often contradictory. For
example, an increase in the band gap will lead to a decrease in
the SHG coefficient.® On the other hand, the laser-induced
damage threshold (LIDT) for a crystal (independent of the
presence of impurities and defects) can be increased by
increasing the band gap E,, because it can effectively suppress
the occurrence of two- or multi-photon absorption, which is
usually the main cause of laser damage to the crystal.®
However, E, is not the only factor influencing LIDT, laser radi-
ation can also cause damage to the crystal due to thermal
effects, which are closely related to local laser-induced heating
in the crystal and the transfer of heating to the environment.**
Thermal conductivity is a critical parameter in the design of
high-power NLO devices, such as frequency doublers and
optical parametric oscillators (OPOs). The nonlinear ambience
should have sufficiently high thermal conductivity to ensure
high LIDT and reduce the likelihood of thermolens for-
mation,” and this will eventually increase the average output
power.

A vivid example is the LiGaS, NLO crystal, which is charac-
terized by the lowest SHG coefficient (ds; = 5.8 pm V') in the
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ABC, family, but has the highest thermal conductivity (10 W
m™' K1), a significant band gap (4.15 eV) and the highest
optical stability (with an LIDT of more than 240 MW per cm?
vs. the values of 34 MW per cm” and 40 MW per cm” for
AgGas, and LilnS,, respectively, at a pump of 1.064 nm and 15
ns).">'® Due to the combination of properties, the LiGa$,
crystal exhibits good capability to obtain conversion efficiency
in OPO systems that exceeds the performance of other repre-
sentatives of this family. Also D. Chu and co-authors have
developed a robust strategy for objective high-performance
screening of more than 140 000 materials in order to study
new NLO IR materials with high thermal conductivity and
wide band gaps, which are crucial for determining the
threshold of laser damage.'” Thus, high thermal conductivity
is of great practical importance for NLO crystals in the mid-IR
range and is of increasing interest as one of the key indicators
of material efficiency.

In semiconductors and insulators, where the IR NLO
materials belong to, heat is mainly transferred by phonons,"®
i.e., the lattice thermal conductivity k;, determines the thermal
conductivity. In a real crystal, the anharmonic oscillation fre-
quencies of lattices change with changes in the mass of
atoms,'? their coordination in the lattice,?° interatomic dis-
tances,"” binding forces and emerging stresses. In general, an
increase in the coordination of ions in the lattice leads to a
decrease in &;. Low thermal conductivity can also be caused by
cationic or anionic vacancies, other points and extended
defects.?’ However, the correlation between k;, and the struc-
ture in the IR NLO multicomponent chalcogenides is very com-
plicated, and detailed research studies are still scarce. This is
mainly because, on one hand, the experimental measures on
ky, need large size chalcogenide crystals that are difficult to
grow, and on the other hand, the theoretical studies, especially
those based on first-principles, involve tedious phonon-rele-
vant calculations that are very time-consuming. For instant
and high-performance k;, research with low resource costs, an
effective method is to adopt the machine learning (ML)
method by using a well-trained algorithm based on existing k;,
data and subsequently predicting k;, based on material struc-
tures directly. ML has been demonstrated to play an increas-
ingly important role in high-performance screening of func-
tional materials in many fields, including IR NLO
chalcogenides.*®

In this work the main attention is paid to the lattice
thermal conductivity 4, of the solid solutions
Li,Ag;_,GayIn;_ySe, in ABC, chalcogenides. Totally, three
cases of composition variations are considered: Li,Ag;_,BSe,
(B = Ga and In) by varying the A-site cations and
AgGayIn,_,Se2 by varying the B-site cations. Previous studies
have shown that all these series have pretty strong SHG effects,
wide IR transparency and relatively large energy band gaps.®*?
Note that there are significant differences in the atomic mass
and electronegativity of constituent atoms (Li, Ag, Ga, and In)
in these series, which greatly affects the type and length of
bonds between the atoms. Thus, the study of Li,Ag;_,BSe, (B =
Ga and In) and AgGayIn,_,Se2 will allow us to evaluate the
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changes in thermal conductivity when replacing heavy atoms
Ag and In with light atoms Li and Ga. In addition, since in
these series the tetragonal structure turns into an ortho-
rhombic one with an increase in the lithium content,®® it is
possible to estimate the change in k;, with a change in the
crystal structure. To investigate these issues, here we adopt the
ML method with a well-trained TL-CGCNN algorithm which
has been obtained based on the existing k;, data'® to predict k;,
directly from the  material structures in  the
Li,Ag;_.GayIn,_,Se, series. At the same time, an experimental
laser flash method is used to measure the thermal conduc-
tivity of several materials in this series for confirmation. By
combining ML data-mining with experimental measurements,
the relationship between structural characteristics and k;, is
analyzed, and some structural features that allow achieving a
good balance among thermal and IR NLO performances in the
multicomponent chalcogenides are obtained.

Results and discussion

Thermal conductivity in the Li,Ag;_,BSe, (B = Ga and In) and
AgGaylIn,_,se, series

The ML calculated data of the lattice thermal conductivity &y,
for all three series of solid solutions Li,Ag;_,BSe, (B = Ga, In)
and AgGayIn,_,Se, are presented in Fig. 1, as well as in Tables
S2 and S3.f The structural symmetries of these compounds
with respect to the variation of the A- and B-site cations are
also shown in Tables S2, S3 and Fig. S1.f Compared to
Table S1,T the predicted k; data are consistent with the avail-
able experimental measurements. The ML calculation method
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Fig. 1 The change in ML predicted thermal conductivity depending on
the Li content for (a) Li,Ag;_xInSe, and (b) Li,Ag;_xGaSe,, and on the Ga
content for (c) AgGa,In;_,Se,. The inset displays the change in the
experimental cell parameters a and c from the In content for the solid
solution AgGayIn;_,Se; in the previous study.2® Solid lines are the least
squares fittings of ML data and circles are experimental values. The solid
solutions with a tetragonal symmetry (/42d) are indicated in blue, while
those with a rhnombic symmetry (Pna2;) are indicated in red.
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is based on a graph neural network with CIF structural files as
the only input information.'® This means that the underlying
mechanism cannot be directly interpreted from the model
itself. However, the data obtained reflect a set of patterns
linking k;, with the crystallographic features of the series of
solid solutions Li,Ag,_.GaSe,, Li,Ag,_,InSe,, and
AgGayIn;_,Se,. The crystallographic features we investigated
include structural symmetry change, atomic mass, electro-
negativity difference, bond length, and atomic coordination
number.

Structural symmetry change

In the Li,Ag;_,BSe, (B = Ga, In) series, it is found that the
lattice thermal conductivity of the compounds tends to
increase as the Li/Ag ratio increases. Fig. 1a shows that the
kr(x) dependence curve for the Li,Ag;_,InSe, series can be rep-
resented by two straight lines with different inclination angles,
which are determined by different structural symmetries 142d
and Pna24, respectively. This behavior of thermal conductivity
reflects the structural changes in the system. These data are in
good agreement with those obtained in ref. 9. Fig. 1b shows
that the thermal conductivity of Li,Ag;_,GaSe, also increases
as the lithium content increases, but at x = 0.98 there are
peculiarities on the curve with the decrease of ki, and then
increases at x = 1. This is also due to a change in the symmetry
of the compounds. It is in this x range that the transition of
I42d to Pna2, has been experimentally recorded.® In the
AgGayIn,_,Se, series, the tetragonal space group remains
unchanged throughout the range of 0 <y < 1 (Table S3%). As
shown in Fig. 1c, the dependence of k;, on the Ga/In ratio is
somewhat complicated. The thermal conductivity in the
AgGayIn;_,Se, series decreases in the region 0 <y < 0.5 with a
decrease in the Ga content, and then increases in the region
0.7 <y < 1. The inset in Fig. 1c displays the change in the
experimental cell parameters a and ¢ from the In content for
the solid solution AgGa,In,_,Se, in the previous study.'® Based
on the X-ray diffraction data, Hahn and Kim' pointed out that
there are actually two regions of different tetragonal solid solu-
tions with different positions of Ag and In, at y from 0 to 0.2
and at y from 0.6 to 1, respectively, in the AgGa,In,_,Se, series.
In the range y = 0.4-0.5, the dependence of the lattice con-
stants undergoes a sharp change, the authors interpreted this
region as the immiscibility region™ (also see the inset in
Fig. 1c). This region would be accompanied by a sharp
decrease in k. Thus, the variation of thermal conductivity in
Fig. 1c once again corresponds to the reorganization of the
structures in AgGayIn,_,Se,.

Atomic mass

With an increase of the Li content (in Fig. S2a and S2bt) and
the Ga content (in Fig. S2ct), the atomic mass (i.e., the mole-
cular weight per formula unit) decreases (see Table S4t). This
leads to an increase in thermal conductivity in the case of
Li,Ag,_,InSe, (Fig. 2a) and Li.Ag,_,GaSe, (Fig. 2b), but a
complex dependence on AgGa,In;_,Se, (Fig. 2c) which shows
the difference between these solid solutions.
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Fig. 2 The change in thermal conductivity depending on the molecular
weight of (a) Li,Agi_«InSe, (b) Li,Ag,_,GaSe; and (c) AgGa,In;_,Se,. Solid
lines are the least squares fittings of ML data and circles are experi-
mental values. The solid solutions with a tetragonal symmetry (142d) are
indicated in blue, while those with a rhombic symmetry (Pna2,) are indi-
cated in red.

Electronegativity difference

The lattice thermal conductivity increases with an increase in
the electronegativity difference between cations and anions
(Fig. 3 and Table S5%). Actually, the difference in electro-
negativity of atoms in a molecule determines the nature of the
chemical bond: for a purely covalent one, the difference is
zero, for a polar covalent one - 0.4-2.0 €V, for an ionic one -
more than 2.0 eV.>’ In the Li,Ag,_.GaSe, series, a polar
covalent bond is observed at x from 0 to 0.6, but at x from 0.8
to 1 the ionic type of bond already prevails. In the
Li,Ag;_,InSe, system, the ionic bond is observed only in pure
LilnSe,. For the AgGa,In,_,Se, series, electronegativity
increases from 1.2 to 1.3 eV with an increase in the Ga content
from 0 to 1 (Table S51) and thus only the polar covalent bond
between atoms is observed. However, owing to the initial
decrease and subsequent increase in thermal conductivity for
this series, the contribution of electronegativity is minimal.

Bond length

Thermal conductivity significantly depends on the bond
length between atoms, with their increase it decreases in the
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Fig. 3 The difference in electronegativity of LiAg;_,GaSe, and
LixAg;_xInSe, systems.
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Fig. 4 The dependence of the Li(Ag)—Se bond length on the Li content
and lattice thermal conductivity (k) in the structures of (a) Li,Ag;_xInSe,
(b) LixAg;_xGaSe; and (c) AgGa,In;_,Se,.

Li,Ag;_,InSe, system (Fig. 4a), the same dependence is also
observed for Li,Ag;_,GaSe, (Fig. 4b and Table S4f). In com-
parison, bond lengths Ga(In)-Se decrease differently for
different tetragonal solid solutions AgGayIn,_,Se, (Fig. 4c).
The dependence of thermal conductivity k;, on molecular
weight and bond lengths Ga(In)-Se are similar and show the
difference between two tetragonal solid solutions of the series
AgGayln; _,Se,.

Atomic coordination number

Using the data obtained for these chalcogenide series in our
articles®® and other studies,'®*? it is shown that all cations in
these series have a coordination number equal to 4 in both
tetragonal and orthorhombic phases, and the changing of the
coordination number is not observed. Therefore, this factor
will not affect the values of thermal conductivity in this case.
From all the above analysis on the thermal conductivity and
structure relationship, one may reveal that in LiAg;_,InSe,
and Li,Ag;_,GaSe,, k; is reduced with the increase in the
atomic mass and length of Li(Ag)-Se bond as the Li content
decreases from x = 1 to x = 0. Moreover, an increase in lattice
thermal conductivity is observed with an increase in the
electronegativity difference (Ay) between cations and anions,
which is maximal at x = 1. When structural rearrangements
appear in the system, the distortion of the lattice increases the
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anharmonicity of lattice vibrations, which, along with the
increased phonon scattering intensity due to the formation of
defects, causes discontinuous changes in thermal conductivity
near the phase transition. Additionally, it is important to
understand which phonon frequencies are formed by the
vibrations of one or both atoms in a complex compound. As
shown in Fig. S3,T we studied the phonon spectra and phonon
DOS of LiGaSe,, LiAgGa,Se,, and AgGaSe,. We found that the
vibrations of the very light lithium atoms form the optical
branch of the phonon spectrum. The contribution of the
acoustic branch to thermal transfer is significant, as shown
clearly in Fig. S3b and S3c.} This indicates that the increase in
the content of Ag, with a high contribution to the acoustic
branch, has a negative effect on the thermal conductivity.

In contrast to the Li,Ag,_,BSe, (B = In, Ga) series, the non-
monotonicity of thermal conductivity is presented in the
AgGayIn,_,Se, series. It is known that the strength of intera-
tomic bonds strongly affects the thermal conductivity of a
material. In ref. 12, a characteristic of the interatomic bond in
the AgInSe, compound was given. It is shown that the inter-
action between Ag and Se is quite strong, while the interaction
between the Ag-Se and in the cluster is rather weak. The
authors®® explained the low lattice thermal conductivity of
AgInSe, by “cluster fluctuations” of Ag-Se at low phonon fre-
quencies. These low-frequency optical phonons can provide
additional channels of phonon scattering, which prevents the
normal transport of acoustic phonons with close frequencies,
and thus leads to low thermal conductivity.** When indium is
replaced by gallium, the ratio of binding forces changes. At the
same time, we observe a decrease in thermal conductivity in
the AgGayIn,_,Se, system with an increase in the light Ga
content in the y range from 0 to 0.5. The obtained extraordi-
nary result can also be explained by the anharmonicity of
crystal lattice vibrations, and the scattering of phonons on the
Gay, defects which is significant when the Ga content is rela-
tively low. In addition, experiments have observed the possibility
of the formation of defects of Ga,g interatomic substitution and
the concomitant formation of V,, silver vacancies in
AgGayIn;_,Se,."” This is a widespread defect in chalcogenides,
that also occurs in LiGaS, and LiInSe,.®*® The effective ionic
radius of Ga (0.47 A) is significantly less than the effective ionic
radius of silver (1.0 A),>® and the energy threshold for the for-
mation of such an effect is very low.>* In comparison, Inyg
defect is less likely to form, since the effective ionic radius of In
(0.62 A) is much larger than that of Ga. In this case, the decrease
in lattice thermal conductivity can be partially explained by the
scattering of phonons on the Gay,, Gaag and Vj, defects. It can
be assumed that the restructuring in the system ensures the for-
mation of a more ordered structure at y = 0.7 after the immisci-
bility region, and the thermal conductivity increases as the
content of light Ga in the solid solution increases and the total
mass decreases aty > 0.7.

Balanced NLO performance

To search for effective materials used as NLO converters, the
set of parameters to be optimized includes the band gap E,

This journal is © the Partner Organisations 2025
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the nonlinear coefficient dy, birefringence (An) and optical
stability. As a result of the above analysis, this list can be
expanded to include thermal conductivity. The last parameter
determines the efficiency of using crystals in laser systems.

For solid solutions Li,Ag;_,GaSe, and Li,Ag;_,InSe, an ana-
lysis that allows us to find the optimal combination of the
thermal conductivity &;, values with the second harmonic gene-
ration coefficient and the band gap has been performed (Fig. 5
and Table S27}). For the Li,Ag,_,GaSe, series the composition x
= 0.8 can be selected, for which the maximum coefficient d;; =
43 pm V! is observed, the band gap E, = 2.22 eV and the
thermal conductivity k., = 3.06 W m™' K. For the
Li,Ag;_,InSe, series a significant increase in thermal conduc-
tivity occurs with an increase in the band gap. It is also poss-
ible to select the composition x = 0.81, for which the coeffi-
cient d; = 26.3 pm Vv, the band gap E; = 2.27 eV and the
thermal conductivity k;, = 3.41 W m~" K. Fig. 5 highlights the
areas, where ki, d;, and E, parameters are optimally combined
for (a) Li,Ag;_,GaSe, and (b) Li,Ag;_,InSe,.

Another important parameter for NLO materials is birefrin-
gence An. At values of An = 0.03-0.10 the conditions of phase
synchronism are realized in a wide wavelength range.°
However, to obtain such values a large anisotropy of the lattice
is preferable, which in turn lowers the thermal conductivity
due to the factor of increasing anharmonicity.'" Fig. 5 shows
the birefringence and thermal conductivity for Li,Ag;_,InSe,
and LiAg;_,GaSe, systems.
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Fig. 5 The dependence of lattice thermal conductivity (k) and second
harmonic generation (dj), band gap (Eg), birefringence (An) on the Li
content for (a) the LiAg;_xGaSe, system (left column) and (b) the
LixAg;_xInSe, system (right column).
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We see that for the Li.Ag;_,GaSe, system with a compo-
sition of x = 0.8, an optimal set of parameters ki, d;;, and E, is
observed, but birefringence turned out to be insufficient: An <
0.01. To optimize this parameter, one needs to change the
composition, reduce the lithium content x to 0.5
(Lip.5Ago.5GaSe,), then the combination of characteristics will
be as follows: dj = 26 pm V', E, = 2.11 eV, k, = 2.14 W m ™}
K™', and An = 0.022. For the Li,Ag,_,InSe, system the found
optimum of the characteristics k;, dj, and E, with a compo-
sition x = 0.81 includes a completely satisfactory value An =
0.056 for a wide range of phase synchronism (from 2 to
13 microns).®

According to the calculations given in this work, in the
AgGayIn,_,Se, the composition AgGa,sIngsSe, has a thermal
conductivity of 0.9 W m™ K™' and an SHG coefficient of ds =
41 pm V"% The combination of these properties is approxi-
mately the same as that of AgGaSe,, indicating that
AgGa, sIng sSe, would be an IR NLO material with balanced
performance.

Computational and experimental methods

Theoretical calculations. All values of the lattice heat
capacity &, at 300 K are obtained by using an ML method with
the TL-CGCNN algorithm, which offers instant and high-per-
formance k;, research with a small expenditure of machine
time. Our previous study determined reliable computational
parameters for the TL-CGCNN algorithm in the convolutional
neural network of the ML model, which were used for high-
performance screening and pre-experimental design on the
NLO chalcogenides with high thermal conductivity."® In this
work, this well-trained TL-CGCNN method is directly adopted
to predict and analyse the thermal conductivity of the
Li,Ag;_.GayIn,_,Se, series. On the other hand, density func-
tional theory implemented in the CASTEP package®® is used to
calculate the SHG coefficients, energy band gaps and birefrin-
gence values in our studied multicomponent chalcogenides,
and the computational details are presented in ref. 3.

Measurement of thermal conductivity. A non-stationary
short-term heating method, i.e., the laser flash method, is
used to directly measure temperature conductivity kr, a physi-
cal parameter that characterizes the rate of change (equaliza-
tion) of the temperature of a substance in nonequilibrium
thermal processes. Consequently, the thermal conductivity & of
the studied material can be determined by taking into account
the known values of the specific heat capacity C;, and density
p, as well as ky, using the formula k = kr-Cpp.>’

Laser flash measurements at a given temperature T are
carried out in a series of two laser “flashes” with an interval of
3 minutes after thermostating the sample on an automated
LFA-427 device from NETZSCH (Germany) a high-purity argon
atmosphere (99.992) in the temperature range 23-300 °C. The
description of the measurement method and the experimental
setup are presented in ref. 29 and 30. It is important to note
that all samples had the same thickness since thickness is an
important parameter for the laser “flash” method.
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Based on the laser flash method, we determine the thermal
conductivity of LiInSe,, LiGaSe,, Lig gAgo.,InSe,,
Lio 5Ag0.5GaSe,, AgGaSe,, AgInSe, crystals. Table S1{ shows the
values of thermal conductivity, heat capacity and density of the
listed crystals. In ref. 31, the experimental heat capacities of
LiInS,, LiInSe,, LiGaS,, LiGaSe, and LiGaTe, crystals in the
temperature range of 180 to 460 K were obtained.”’ The
thermal conductivity values of AgGaSe, and AgInSe, are taken
from other sources.?**?

Conclusions

1. In this paper we present an effective approach to using
TL-CGCNN machine learning programs to evaluate the
thermal conductivity &;, of solid solutions: Li,Ag;_,BSe, (B =
Ga and In) and AgGayIn,_,Se, with a smooth change in com-
positions x and y. The ML model with the TL-CGCN algorithm
was used to predict the thermal conductivity of elementary
compounds combined in symmetrical positions A and B of the
ABC, system. The calculated data are in good agreement with
the experiment.

2. In complex compounds it is important to understand
which phonon frequencies are formed by vibrations of one or
another atom of the compound. For example, LiGa(In)Se,
vibrations of very light lithium atoms form the optical branch
of the phonon spectrum. Optical phonons, as a rule, do not
create significant thermal resistance in this compound. 100%
replacement of lithium with heavy silver changes the picture—
silver will participate in the formation of the acoustic branch
of phonons along with Se and other heavy elements.

3. The found patterns of k;, dependence on mass, bond
length between atoms, and electronegativity of atoms allow us
to navigate in the process of searching for new chalcogenide
crystals with an optimal set of parameters that allow them to
be effectively used as a frequency converter of laser radiation
in the IR range.

4. In two systems of solid solutions Li,Ag;_,InSe, and
Li,Ag, ,GaSe,, the compositions LijsAgy5GaSe, and
Lip g1Ago.10InSe, were found to provide a balanced combi-
nation of the parameters &y, dj;, Eg, and An. A sufficiently high
value of their thermal conductivity provided high optical stabi-
lity: 1 GW and 0.4 GW for Li, 5Ago.5sGaSe, and Lig g1Ago.10INSe,,
respectively (z = 0.5 ns and 4 = 1.064 pm).**** In
AgGayIn,_,Se,, AgGa,sIng sSe, is predicted to be an IR NLO
material with balanced performance.

The results of this work demonstrate not only an effective
strategy, but also determine research directions in the search
for crystals with balanced NLO characteristics in the mid-IR
range, including high thermal conductivity, which plays a
crucial role in LIDT enhancement in IR NLO crystals.
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