-

A ) Al iyl Ay i ) Ay gl
PEOPLE’S DEMOCRATIC REPUBLIC OF ALGERIA
atal) i g el oL atl) 55
MINISTRY OF HIGHER EDUCATION AND SCIENTIFIC RESEARCH

PR ua_,\_u' Sl—as A sala

UNIVERSITY OF AMAR TELIDJI LAGHOUAT

PRPS WX - S 3

FACULTY OF SCIENCES
dalal) eJk- ?ué
DEPARTEMENT OF MATERIAL SCIENCES

- Sl 1 5 .

) /
___& L o /\) ?&
RSITY oF \_M’Y‘

Master’s dissertation
Sector: Material Sciences
Option: Materials Physics
Presented by: Ms. MECHRAOUI Kaima Bouchra
THEME

Data mining of physical properties and non-linear optical parame-
ters for materials enhancement

Board of jury:
LEFKAIER Iben Khaldoun University of Laghouat-ALGERIA  Professor President
HEBBOUL Zoulikha University of Laghouat-ALGERIA  MCA Examiner
BENGHIA Ali University of Laghouat-ALGERIA  MCA Supervisor
FERCHANE Selmane University of Freiburg-GERMANY PhD.Student  Co-supervisor

2021/2022



Acknowledgments

First and foremost, praises and thanks to the God, the Almighty, for His showers of

blessings throughout my research work to complete the research successfully.

I would like to express my deep and sincere gratitude to my research supervisor,
Dr.BENGHIA Ali and Co-supervisor PhD.FERCHANE Selmane, for giving me the opportunity
to do research and providing invaluable guidance throughout this research. Their dynamism,
vision, sincerity and motivation have deeply inspired me. They has taught me the methodology
to carry out the research and to present the research works as clearly as possible. It was a

great privilege and honor to work under their guidance.

| would like to thank the members of my dissertation committee Mr.LEFKAIER 1bn
Khaldoun, professor at university of Laghouat and Mrs.HEBBOUL Zoulikha master conference at
university of Laghouat, for accepted to be members of my dissertation committee and for their time

and extreme patience.

My sincere thank goes to all my lab-mates in the laboratory of Materials physics, especially

Dr.FADLA Mohamed abdelilah for his help and support.

Last but not the least, | would to thank all the professors of department of material sciences,

especially Pr.HELIFA Bachir. And all those who have helped me and supported me in this work.



To my family, without their help, love, and devotion,
this work would not exist. Thank you

For Amina, Ahmed, and Assil: Remember that the
quickest path to easy is through hard.



Figures list

page
Figure 1: Tow different Nonlinear optical phenomena’s, in left two photon absorption 19
(2PA), and in the right second harmonic generation (SHG)
Figure 2: Different medical imaging classified based in consideration of the depth and 21
resolution
Figure 3: SHG activity among the 32 crystallographic classes 22
Figure 4: Infrared region in the electromagnetic spectrum 22
Figure 5: Damage threshold of oxides layers measured at 1030 nm, 500fs, in single 23
pulsed depending on the gap. A linear adjustment of this data is also represented, as
well as data from the literature (800 nm) with their error bar.
Figure 6: Observation by confocal microscopy of damage created by a nanosecond 24

laser on the back side of silica glass

Figure 7: Pyramidal graph of single element DL structure IV, and their extracted multi- 25
element DL structure

Figure 8: Multidisciplinary nature of data mining; Source: SAS Enterprise Miner 30
Training material from 1998

Figure 9: The supervised learning steps 31
Figure 10: The distribution of Eg with the respect to SHG effect dij for ternary and 37
quaternary compounds

Figure 11: Periodic table showing the number of group and period which we chose in 38
this study

Figure 12: The score plot for ternary data set 39
Figure 13: The score plot for quaternary data set 39

Figure 14: The contribution of the principal components from the variables for ternary 40
data

Figure 15: The contribution of the principal components from the variables, for quater- 40
nary data

Figure 16: Correlation matrix for ternary data 42



Figure 17: Correlation matrix for quaternary data
Figure 18: The biplot of ternary data in the first and second principal components
Figure 19: The biplot of quaternary data in the first and second principal components

Figure 20: The number of the period (N° period) with the respect to the count, the yel-
low one for ternary data, while the purple one for quaternary data.

Figure 21: The actual ternary data versus the predicted value via PLS model (taking in
consideration the PCA results)

Figure 22: The actual ternary data versus the predicted value via PLS model (taking all
the variables)

Figure 23: The actual quaternary data versus the predicted value via PLS model (taking

in consideration the PCA results)

Figure 24: The actual quaternary data versus the predicted value via PLS model (taking

all the variables)

43

43

44

45



Tables list

page
Table 1: Nonlinear optical tensors for the crystallographic point groups (with Kleinman 20
symmetry conditions)

Table2: The 20% test data which chosen randomly in ternary data set the predicted and 48
actual value are compared

Table3: The 20% test data which chosen randomly in quaternary data set the predicted and ac- 49

tual value are compared



Abbreviations list

NLO: Non-Linear optics

SHG: Second harmonic generation
Mid-IR: Middle infrared

SEM: Scanning electronic Microscopy
MRI: Magnetic resonance imaging

LIDT: Laser damage induced threshold
KDP: Monopotassium phosphate KH2PO4
KTP: Potassium titanyl phosphate KTiOPQO4
BBO: Barium borate f-Ba:BO4

LBO: Lithium triborate LiB3Os
DL-Structure: Diamond-Like structure
Eg: gap energy

PCA: Principal component analysis

PLS: Partial least square



Summary

General introduction
CHAPTER 1

Non-linear optical theory, and their materials
1.1.Linear and nonlinear optical phenomena

1.1.1. Linear optics

1.1.2. Non-linear optics
1.1.3. Second order nonlinear optics
1.1.3.1.  Second harmonic generation

1.2.Five conditions for good functionality in the mid-IR zone
1.2.1. Transparency in the mid-IR
1.2.2. Large SHG effect
1.2.3. High laser damage threshold
1.2.4. Birefringence
1.2.5. Chemical and thermal stability and good mechanical properties

1.3.Non-linear optical materials
1.3.1. lodates
1.3.2. Chalcogenides crystals
1.3.2.1.  Ternary chalcogenides

1.3.2.1.1. Traditional chalcogenides
1.3.2.1.2. Family of I-111-VI
1.3.2.1.3. Lithium based chalcogenides
1.3.2.14. Chalcophosphates MxPyX;

1.3.2.15. Barium based chalcogenides
1.3.2.2.  Quaternary chalcogenides
1.3.2.2.1. Diamond-like quaternary chalcogenides
1.3.2.2.2. Alkali-Metal-Based Quaternary Chalcogenides
CHAPTER 2

Data mining, Machine learning, and their models

2.1. Data mining

2.2.  Machine learning
2.2.1. Machine learning models
2.2.1.1.  Unsupervised learning
2.2.1.2.  Supervised learning
2.2.2. Principal component analysis PCA
2.2.2.1.  Theory of Principal component analysis PCA
2.2.3. Partial least square PLS
2.2.3.1.  Theory of Partial least square PLS

2.3.  Why python?
CHAPTER 3

Results and discussion

12
16

17
17

17
18
18
21

22
23
23
24
24
24

25
25
26
26
26
26
26
26
27
27
27
29

30
30

31
31
31
32
32
34
34
35

36



3.1. Principal component analysis results
3.1.1. Selecting features
3.1.2. Axes choice
3.1.3. The correlation matrix
3.1.4. The biplot
3.2. Partial least square results
3.2.1. The band gap prediction
3.2.1.1.  Taking in consideration the PCA results
3.2.1.2.  Including all the numbers of period and group

General conclusion
References

37

37
38
41
43
46
46
47
48
52

54



General
Introduction

12



The discovery of materials with a second harmonic generation (SHG) by Franken and his
colleagues in 1961[1], had opened a new era of non-linear optical materials in research and tech-
nological applications. Second order non-linear materials are of a great importance for many ap-
plications in civil and military technological sectors. Particularly, Mid-Infrared NLO crystals have
attracted much of interest due to their indispensable role in obtaining laser pulses with Mid-Infrared
wavelengthens. As this is still active research area to deal with the challenges to improve and de-
velop new NLO materials.

The experimental synthesis and characterization combined with the first principal calcula-
tions of NLO crystals have been one the main research interests in our university since two decades.
The first successful synthesis of Hg(103)2 was made by D. Benbertal and B. Bentria in 2001, whom
they had been engineering quadratic nonlinear optical iodate [2, 3]. A.Gacemi and his co-workers
later investigated NH4[HgCI2(SCN)2], NH4[HgCI (SCN):], and Kz[HgBr2(SCN):] [4, 5]

The preparation and the XRD characterization of the following materials, namely; M(10z3)2
with (M: Ni, Mg, Mn, Co, Zn) [6], Cadmium lodate Monohydrate Cd(103).-H20 [7], and polymor-
phism of Anhydrous Cadmium lodate crystals, e-Cd(103)2 [8] by B. Bentria et al, helped to extend
the family of the examined NLO materials to cover more materials like the iodates seeking mate-
rials with advantageous higher band gap but still to enhance their SHG effect. Moreover, among
many materials that was examined experimentally, where M. B. Taouti and his collaborators
worked on many materials to mention the relevant once, like the synthesis of La(103)3(HIO3) which
characterized by single crystal XRD [9], and the characterization of the solid solution Zni
Cux(103)2 using the Kurtz-Perry method [10] to test the SHG effect and compared to with KH2PO4
crystal (KDP), where the SHG effect of each material is in the following order: KDP = a-Cu(103):
< Zn1xCuy (103)2 < a-LilOs < Zn(103). [11].

The rise of powerful computers in the recent years helped scientists to implement theoreti-
cal methods using sophisticated algorithms, to be what is known today as ab initio methods, very
like an experimental set up inside a computer. This third pole called simulation, is to bridge theory
and experiment for faster predictions and low cost effort with good agreement as in experiment,
reducing the high cost to synthesis and characterize NLO materials with targeted properties, in-

cluding time, study effort using semi-empirical models, plus the price tag of the experiment ...etc.
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The Materials Physics Laboratory in the University of Laghouat invested wisely to offer such re-
search tools to help to combine ab initio methods with experimental work for low cost and high
research performance. Materials studio, is one of the main packages used to study new crystal
models and analyzing their properties. Including many modules with multiple applications. Plus
other open source packages used to help to foster the discovery of new materials with NLO prop-

erties.

The nice idea of mixed ligand that has been brought to the iodates materials by Z. Hebboul
and co-workers [12], plus the synthesis where two methods are used to obtain and characterize the
new phase - Cd(l103)2 [13], plus the great work that was dedicated to study the iodates family of
materials, both experimentally and DFT calculations, namely LiZn(103)3 with a wide transparency
and chemical stability which make it a good candidate for NLO applications, and La(103)s with a

new simple low cost method of characterization [14].

On the other hand and for the effort to search for better NLO materials with enhanced prop-
erties other research groups worked on the investigation of new NLO materials using only ab initio
methods without experimental work for low cost search. To name few of these efforts. B. Lagoun
et al, conducted a first principal investigation of the structural, electronic, and optical properties of
Hg(103)2 [15], where it was in a good agreement with the experimental work on the same crystal
[3]. Thus, theoretical modeling becomes of great importance that can help to back up experimental
work and beyond to nice predictions. Using such advantage to go beyond verifying experimental
findings and try to search for new class of NLO family such as chalcogenides. A. Benghia et al,
investigated the barium-based chalcogenides family, and aluminum-thiophosphate [16, 17]. As the
calculation of SHG coefficients is computationally expensive to calculate, while using the DFPT

functional takes around 6-12 weeks roughly.

From the era of ab initio methods that runs in powerful computers to the new era of machine
learning and data mining. Where machine learning models is used for the prediction of new mate-
rials with NLO properties, opening a new axis of materials discovery using faster and efficient
methods based on advanced algorithms that uses machine learning models. A promising research
field to discover new materials with enhanced NLO properties and computationally cheaper than

traditional ab initio methods.
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The aim of this master project is to apply data mining methods such as Principal Component
Analysis PCA as one of dimensionality reduction methods on a large amount of data harvested
from previous experimental and simulation studies, to determine useful patterns between the
atomic position of the compounds and materials properties like bandgap, and NLO coefficient.
Also to investigate a candidate NLO materials that can achieve balance between Eg and the
SHG effect. Moreover, based on machine learning models, we employ partial least square
PLS to predict the band gap of NLO crystals.

After this general introduction, this manuscript organized as follow: first chapter I presents
briefly a general introduction to the theory of Non-linear optics, and giving examples of materials
with NLO properties. Then, chapter II, gives a general idea on data mining methods such as prin-
cipal component analysis PCA and partial least square PLS. After that, chapter III assembling the
essential work, the analyses developed by data mining methods. Finally, a conclusion summarizes
the principal points discussed and lists the most significant results, while proposing avenues for

future explorations.
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Chapter 1

Nonlinear optical theory,
& their materials
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The first part of this chapter is a brief introduction to the theory of non-linear optical phe-
nomena, the quadratic nonlinear optics, particularly the second harmonic generation, its coefficient,
and the five conditions for the mid-infrared (IR) zone. In the second part, we shade light on some
well-known materials with NLO properties and their applications. Families of materials such as
the family oxides including borates, niobates, phosphates, and iodates. Moreover, the chalcogeni-

des family including ternary, and quaternary chalcogenides will be discussed as well.

1.1. Linear and Nonlinear optics phenomena

1.1.1. Linear optics

An electromagnetic wave propagating through a condense medium, e.g. crystal, in which it
excites the electrons in the ground state to the excited energetic levels creating an electrical dipole
moment (e.g. excitons). Whose macroscopic manifestation will be the polarization P. The relaxa-
tion of the excited electrons back to the ground states will result in a light emission (known as
fluorescence) equally of amplitude to the initial absorbed energy [18], and the polarization P re-

mains proportional to the electric field E as given in the following form:

P=P +52"E (1.1)
Such as:

P, : Spontaneous polarization of the material. (= zero for the majority of mediums) [19]

™ : First order electrical susceptibility tensor.
&, . Permittivity of vacuum.

1.1.2.  Nonlinear optics

From linear to non-linear optics, the electrons will absorb more than one photon with same
or different energies, after emitting one or more photons after relaxation back to the initial state.
The order of the non-linear optical process is determined by the number of waves that take part in
that process. A process involving (n+1) waves will be an n-th order process. And by the waves
involved, both the absorbed and emitted waves have to be considered [20]. The polarization P is
no longer linear and must be developed according to the increasing power of the electric field:
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P= F30+50;((1)E+50;((2)E2+50;((3)E S (1.2)

7@, #®, and so on are the nonlinear dielectric susceptibility coefficients

In general, »E > '”EE > y'EEE which indicate that the nonlinear behavior are triv-

ial until the electric field is large enough.

As an example of the third non-linear order, we mention two photon absorption phenomena
where it can occur in centrosymmetric materials, therefore instead of second order as shown in
Fig.1(a). 2PA leaves the material in an excited state from which it often relaxes internally before
decaying radiatively, meaning it can deposit some energy in the absorbers. Also, the emission re-
sulting from 2PA is incoherent and is emitted sometime after the absorption. In addition, the ab-

sorption occurs according to:
I1(z)=1,* where o =¢,+ fl (1.3)

And with the condition for 2PA : % <hw<Eg

1.1.3. Second order nonlinear optics

The second order non-linear optics is a process where the valance electrons absorbs double
the incident photons and emits a photon with the frequency summing the initial absorbed two pho-
ton energies, as it involves three waves in the process and therefore is a 2" order process. The
coherent waves excited in the medium will have frequencies produced by a mixture of frequencies;

second order polarization is given in the frequency domain by:
P(Z) (a)s) =gOZ(2)E1(a)1)® E, (602) (1.4)
Where o, = @, £ @, which is the origin of second order nonlinear phenomenon

1.1.3.1.  Second harmonic generation

Second harmonic generation is a non-linear phenomenon permitting the doubling frequency ® of
an incident wave. In other words, it is the absorption of two photons ho than the emission of one
single photon 2ho. The absorption of the second photon is on the assumption that the first energy

level is populated as shown in both Fig.1(b)
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(a) E 4 (b) E 4
hv 1 . hAv hv
Es m\ Ey
hv hv

h(2v - Av) m\ 2hv
Eo Eo

Figure 1: Tow different Nonlinear optical phenomena’s, (a) two photon absorption (2PA),

(b) second harmonic generation (SHG).

For simplification, in the second harmonic generation we write the susceptibility tensor y
in eq.1.3. In a different form. As the last indices j and k can be exchanged, there will be 18 different
elements left from the 27 set in the original tensor as in eq.1.3. These 18 indices combination can
be written in a 2-dimensional 3x 6 matrix, called djj tensor, ranging from di1 to dss (it used to be
called the dii tensor in the literature). These ingredient are related to the susceptibility;((z) by the

(2)
formula: d; :Z'T’k as the last two indices j and k will be contracted to one index called j

( jk = j) such correspondence to (xx =1,yy=2,22=3,yz=2y=4,x2=2x=5, and yx = xy:6)

which gives the second harmonic polarization as follows:

(15)

1 2E, (0)E, (@
PZ(Za)) g Oy Oy dy dy dg 2Eyga) E Ew;
2E, (0)E, ()

Commonly there is a principal coefficient associated with a direction of the propagation according
to which the harmonic generation is maximum. If we introduce the Kleinman [21] symmetry con-
dition in Table.1., not all of the 18 elements of dj are independent (di2=d26; d14=d>2s). Then dil has

only 10 independent elements blue colored in the following matrix:
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d11 d12 d13 d14 15 16
dil = le dzz d23 d24 14 12 (1-6)
d15 d24 d33 dzs d13 d14

o O
o O

Table 1: Nonlinear optical tensors for the crystallographic point groups (with Kleinman sym-
metry conditions)[22]

Point Point

group NLO tensor group NLO tensor
-1, 2/m,
mmm,
4/m, 422,
4/mmm’ o 0 0 O 0 0 0 dll 12 dlS d14 d15 le
3,-3m, - 0 000O0DO 1 de d, d, d, d, d,
66/;Pr;rgr2n2', O O O 0 0 0 dlS d24 d33 d23 d13 d14
m-3, 432,
m-3m
O O d13 d14 O dlﬁ dll d12 d13 0 dlS 0
2 dg d, d, 0 d, O m co o o0 d, 0 d,
0 0 0 d23 0 d14 d15 d24 d33 0 d13 0
0 0 O 0 dg O 0 o 0 d, dg O
mm2 o o 0 d, 0 O -4 0 o 0 —d, d, O
ds d, d, 0 0 O ds -ds 0 O 0 d,
0 O O O d O dll dll O O d15 d16
6, 422, N d; d, 0 dg 0 —d
4mm, o 0 0 dy 0 O 3 1 "6 15 1
6mm d15 dj_s d33 0 0 0 d15 d15 d33 0 0 0
d, -d, 0 0 0 O d, -d, 0 0 0 —dg
32 0O 0 000 —-d, -6 —ds, d, 0 0 0 —d,
0O 0 O0O0O0 O 0 0O 000 O
222, 4- 0o00d, 0 O 0 0 0 0 0 —dg
3m, 23, 4- o000 0 d, O 6m2 -d, dg 0 0 0 O
2 000 0 0 d, 0 0 000 O
0 0 0 0 dg —dg
3m —dg dg 0 dg O 0
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Among several applications of the non-linear optics is in the biological and medical sectors,
where the SHG commonly applies in biological tissue visualization, Fig.2 shows that we can class
existing approaches of the imaging, the depth and the resolution are in negative correlation. We
remark that the most resolute methods, such as the electronic microscopy (i.e. SEM), authorize to
identify the nanometric details uniquely in the massive and well prepared samples, conversely in
imaging methods that is used in medical sector such as MRI and ultrasonography enable to imaging
the organs with order of millimeters resolution, between this two, the multiphoton methods in the
scale of micro-meter which is the scale of the optical wavelength, the NLO microscopy used in

active biological tissue for example the SHG visualize the fibrillary structure like collagen.[23]

) Molecules Cells Tissues Organs

Depth

Confocal
MRI ¥

Ultrasonography

&

Resolution <

1inm 100 nm 500 nm 1pm 1imm

Figure 2: Different medical imaging classified based in consideration of the depth and
resolution

1.2. Five conditions for good functionality in the mid-IR zone

We should take into consideration that the SHG can occur in non-centrosymmetric crystals,
e.g, crystals that do not possess inversion symmetry. Centrosymmetric materials cannot generate
second-order non-linear optical interactions since the susceptibility tensor are identically equal to
zero. Therefore, amorphous solids (such as glass, ceramics...etc.) and crystals with symmetry class
432 422, 622, liquids, and gases as well they do not display SHG phenomenon. Since 11 out of the
32 crystal classes possess inversion symmetry as presented in Fig.3., , this rule is very powerful,

as it eliminates all crystals belonging to these classes from consideration for second-order nonlinear
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effects. While third-order nonlinear optical interactions can occur in both centrosymmetric and

non-centrosymmetric media.

For a good functionality and performance of NLO materials in the mid-IR region, is agreed

2322232
422
432

622

4/m 3 6/m 1
m3 2/m mmm
4/mmm 3m

6/mmm m3m
4mm 3m 6mm

m mm2
NA 2 42m

6 6m243m

: centrosymmetric achiral point groups ( no SHG activity)

: noncentrosymmetric chiral point groups (SHG activity)
NA: noncentrosymmetric achiral point groups (SHG activity)
422,432, 622: no SHG activity if Kleinman symmetry is applicable

Figure 3: SHG activity among the 32 crystallographic classes
in the NLO scientific community, that the materials have to meet five standard conditions [24] as

discussed as following:

1.2.1. Transparency in the mid-IR

The activity in the mid-IR band, where the material is able to run across two important
atmospheric transparent windows, 3—5 um and 8—12 um as pointed in Fig.4. Giving an example
of materials that operates in the mid-IR band, like the family of oxides, although the transparency
range of oxides is very narrow in the infrared region, where chalcogenides are transparent in 6-10

pum for sulfur-based crystals, 11 um for selenium-based crystal, and 18-25 um for tellurium-based

crystals [24-26].

Wavelength A increase

1000um
Im
5m

200nm
400nm
800nm
2,5um
25um

Rayon Near- L MNear Mid Far micro | Radio
x |Peruv[ gy |visibled S IR IR | wave | wave | RMN

L J L J
T

Electronic Molecular
transition vibration

Molecular Nuclear
rotation spins

Frequency (energy) decrease

Figure 4: Infrared region in the electromagnetic spectrum
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1.2.2. Large SHG effect

In sequence of obtain high SHG conversion rate, the SHG effect for mid-IR NLO crystals
should be at least 10 times (preferably 20 times) larger than that of the KDP crystal of value dss =
0.39 pm/V [27].

1.2.3. High laser damage threshold

The third condition of a good NLO functionality in the mid-infrared range, is the high laser
damage threshold LIDT (laser induced damage threshold), instead of the LIDT we prefer to choose

as a condition the value of the bandgap Eg > 3.5 eV because there is a direct (linear behavior)

®  Si02
®  Nb205
= 504 w Zz02
45 ™ Ta205
Al203
404 = HfO2
35 Fit Linéaire

Paramétres tirés de Mero et al
304 barres d'ereurs
2.5 — Simulation

204

5.5+

154
1.0 4-

laser damage threshold (J/cm

0.5
0.0

Estimated gap (eV)

Figure 5: damage threshold of oxides layers measured at 1030 nm, 500fs, in single
pulsed depending on the gap. A linear adjustment of this data is also represented, as well as

data from the literature (800 nm) with their error bar.

correlation between the two, as in Fig.5.[28]

Laser damage is the result of the light-matter interaction effect, which results in the degradation of
the material degradation as shown in Fig.6. [29]. Laser damage is generally defined as any irre-

versible modification of the component induced in an unintentional manner.

For a high laser damage threshold, the bandgap should be at least greater than 3.0 eV (pref-
erably beyond 3.5 eV). Moreover, there is a relation between the atomic radius and bandgap, thus
we can predict new materials that exhibit an important value of bandgap, by replacing the heavy
atoms with lighter once, the replacing should be either from the same column in periodic table or

the same external layer of the electronic configuration.
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Figure 6: Observation by confocal microscopy of damage created by a nanosecond laser on
the back side of silica glass

1.2.4. Birefringence

For the mid-IR NLO materials require a moderate birefringence (difference between the
ordinary and extraordinary refractive index An=no-ne). The small birefringence (e.g., An < 0.04)
would not be suitable to achieve the phase-matching condition in the mid-IR region, while the too
large birefringence (e.g., An > 0.10) would result in the destructive optical behaviors such as self-
focus and walk-off effects in the conversion process. Preferably, the birefringence for a good mid-
IR material should be in the range of 0.04 — 0.10.

1.2.5. Chemical and thermal stability and good mechanical properties

The good chemical stability, thermal stability, and mechanical property such as young mod-

ulus and compressibility modulus are very beneficial to the practical applications of a NLO crystal.

1.3.  Non-linear optical materials

Since the discovery of second harmonic generation behavior in quartz crystal by Franken
et al [1], then the nonlinear optics witnesses a rapid development with characterization of different
non-centrosymmetric materials such as KH2PO4 (KDP), KTiOPO4 (KTP), LiNbOs, ...etc. These
NLO crystals are useful in near-IR, visible, and ultraviolet regions (wavelength in the range of 0.2
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- 2 um), which are widely used in scientific and technological fields, including visible laser gener-
ation [30] artificial nuclear fusion [31] precision scientific instruments [32] .However, NLO mate-
rials which can efficiently generate high-power mid-IR lasers in the spectral range of 2—25 um are
scarce. Inorganic materials are candidates for NLO applications including chalcogenides and ox-

ides.

1.3.1. lodates

lodates (with the formula XO3™) are provedto be a candidates of good NLO properties,
since they often have a large bandgaps (high LIDT). For instance, the RblOs, Rb2BilsO1s, and
LiCd(103)3 crystals have a large bandgap of 4.0, 4.6, and 4.18 eV respectively. It also shows ex-
cellent transparency in the range of 2.5 to 13.6 pm, 2.5—-10.8 um, up to 5.5 um respectively. How-
ever, the SHG coefficients of iodates are generally much smaller compared with commercially
available mid-IR NLO crystals AgGaS2 (AGS) (dij=13.7 pm/V). As reported in the literature,
RblO3, Rb2BilsO1s5, and LiCd(103)3 exhibit a phase-matchable SHG efficiency of only about 1.75,
1.17, and 4.68pm/V, respectively[33-35].

1.3.2. Chalcogenides crystals

Among the non-linear materials used for frequency conversion in the mid-IR there are those
whose structure derives from the structure of diamond which characterizes the element of group

IV of the periodic table as illustrated in Fig.7. [25] This structure consists of two interpenetrating

7l

-V

J-Ile-HE-VI,

LTI,V

L-IL-IE- VI,

§ LTIV |

n2|% J-Vi

LIl-1V-VI,
11V, Vi

L-lle-IV-VI;

mﬁf_‘i [Ztvv, ] V-V, |
l |
* II-FT ’ % II-VT & II-VI
[ vy, | | [ sezenveve || [ remevevay || [ getvevevn || | neaevevn |
[ Fr-meviy | | | emn-veve | | | 2eit-tvevi |
[ I
[ Frenevis ||| genrvevig ||| nein-rvev |

I Known DL types

[-II-V-VI,

I-HT,-V-VIy

| Potential DL types
Possible DL types

! Repeated types

Figure 7: Pyramidal graph of single element DL structure IV, and their extracted multi-

element DL structure
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lattice of face centered cubic type (fcc) with space group Fd3m. all derives of these compounds of

type III-V and II-VI which is obtained exchanging atoms with other similar atoms.

1.3.2.1.  Ternary chalcogenides
1.3.2.1.1. Traditional chalcogenides

Traditional chalcogenides are the most used materials in nonlinear optics to name few, like
CdGeAs,, CdSiP,, and ZnGeP: plus high NLO coefficients equals to 101, 91, and 75 pm/V respec-
tively but with low value of bandgap 0.52, 2.2, and 2.1eV respectively, which is an indication of
low value of LIDT [36-38].

1.3.2.1.2. Family of I-111-VI2

The family of Ig-111-VI2 with (I: Ag, Cu; Ill: Ga,In ; VI: S, Se, Te) is the best known and
used for frequency shifting like AgGaS and AgGasSe, but their application are limited due to low
resistance to laser flux (weak value of LIDT) most of them possess a low value of bandgap Eg>3
eV.[39, 40]

1.3.2.1.3. Lithium based chalcogenides

Li- I11-VI12 compounds with (11I: Ga,In ; VI: S, Se, Te) they have large bandgaps compared
to Ig-I11-VI, compounds since the Lithium(la: in periodic table) is very light compared to the
cooper and silver (Ig in periodic table) as mentioned in condition Il for good functionality in the

mid-IR zone.
1.3.2.1.4. Chalcophosphates MxPyX;

Metal chalcophosphate that contains phosphorous and chalcogen atoms with P-X, M-X
bonds, as the importance of these family is the great structural variety (one dimensional, two and
three dimensional). This variety shows an association of non-centrosymmetry in the crystral struc-
ture and reversible phase change behavior, which appear an important technological applications
in different sectors, such as NLO devices, solar energy conversion and semiconductors batteries,
memory storage (DVD), ...etc [41]. for example, APSes with (A: K, Rb) possess high NLO coef-
ficient 75pm/V and large bandgap 2.16, 2.18 eV respectively[42].
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1.3.2.1.5. Barium based chalcogenides

The recent barium based chalcogenides crystals like BaGa4S7 and BaGa4sez. We find that
BaGadsy possesses an attractive optoelectronic proprieties and achieve the balance between the
bandgap and dij parameters (Eg=3.6 eV and dij=32x KDP)[43]. While BaGasSe7 has a high laser
damage threshold LIDT of a value equals to 557 MW/Cm? and large SHG effect (18 pm/V) [44]

1.3.2.2. Quaternary chalcogenides
1.3.2.2.1. Diamond-like metal chalcogenides

Diamond-like structure metal chalcogenides, where the structures of these compounds are
derived from that of diamond, of either the cubic or hexagonal form, and consist of tetrahedral
building blocks [45, 46] as demonstrated by the pyramidal graph of normal DL structures plotted
in Fig.8. Compared with binary and ternary diamond-like phases, the compositional flexibility of
quaternary materials increases and allows for the potential to tune the physical properties of the

materials in nonlinear optics as well as other utilities.

The quaternary sulfide DL compound AgGaGesSe1. reported to exhibit excellent perfor-
mances with concurrently large NLO coefficients (d31=29pm/V) and impressive LIDT, which sat-
isfy the essential requirements of mid-IR NLO candidates [47].

1.3.2.2.2.  Alkali-Metal-Based Quaternary Chalcogenides

The chalcogenides with the formula AxByM:Dn, where A is selected from the group con-
sisting of an alkali metal and a mixture of alkali metals, B is selected from the group consisting of
mercury, zinc and manganese, C is a metal selected from the group consisting of germanium and

tin and D is selected from the group consisting of sulfur and selenium.

To summary, the SHG is one of the most interesting applications of the laser which is the
investigation of the nonlinear interactions of light with matter, SHG is observed in the non-centro-
symmetric materials. From the beginning of this century, the rapid development of laser science
and technology urgently demands new NLO crystals for wider application ranges, especially in the
mid-IR region, thus several materials have been confirmed experimentally and theoretically, using

first principal calculations. For instance, oxides and chalcogenides families. Herein, for our study,
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we are interested in iodates and chalcogenides NLO crystals. In the following chapter, we explained

the models which we employed in this study.
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Chapter 2

Data mining ,Machine learning, and
their models

“I never guess. It is a capital mistake to theorize before one has data. Insensibly one begins to

twist facts to suit theories, instead of theories to suit facts.”
— Sir Arthur Conan Doyle,

author of Sherlock Holmes stories
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Data mining is a composite discipline that overlaps other branches of science. In Fig. 8, we
can see the contributions of many different fields in the development of the science of data mining.
Because of the contributions of many disciplines, staying up to date on the progress being made in

the field of data mining is a continuous educational challenge.

—~ -
- :
Ve " Computational /

Statisticg neuroscience

Figure 8: Multidisciplinary nature of data mining; Source: SAS Enterprise Miner Training
material from 1998
2.1. Data mining
Data mining is the process of updating relations, correlations, dependencies, associations,
models, structures, classes, and factors obtained by navigating to across long sets of data usually

stored in databases, by using mathematical, statistics or algorithms[48].

Data mining, also popularly known as knowledge discovery in a database (KDD), refers to
the nontrivial extraction of implicit, previously unknown and potentially useful information from

data.

2.2.  Machine learning
On the other hand, machine learning is the process of discovering algorithms that have im-
proved courtesy of experience derived from data. It’s the design, study, and development of algo-
rithms that permit machines to learn without human intervention. It’s a tool to make machines

smarter, eliminating the human element (but not eliminating humans themselves)[48, 49].
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2.2.1. Machine-learning types
There are different types of machine-learning systems. We mention the supervised learning

and unsupervised learning.

2.2.1.1.  Unsupervised learning

In unsupervised learning, we lack supervisors or training data. In other words, all what we
have is unlabeled data. The idea is to find a hidden structure in this data. There can be a number of
reasons for the data not having a label. It can be due to unavailability of funds to pay for manual
labeling or the inherent nature of the data itself. With numerous data collection devices, now data is
collected at an unprecedented rate. The variety, velocity, and the volume are the dimensions in
which Big Data is seen and judged. To get something from this data without the supervisor is im-
portant[50-52]. Very simple classic example of unsupervised learning are dimensionality reduc-
tion. Herein, we review one of the dimensionality reduction methods which represented in principal

component analyses.

2.2.1.2.  Supervised learning

In supervised learning, the target is to infer a function or mapping from training data that is
labeled. The training data consist of input vector X and output vector Y of labels or tags as shown
in Fig.9. A label or tag from vector Y is the explanation of its respective input example from input
vector X. Together they forma training example. In other words, training data comprises training

examples. If the labeling does not exist for input vector X, then X is unlabeled data [53].

X_train y_train
Full Dataset Features  Target

— I—| 2. Use for training

0. Arrange data [~ |1. *Train Test Split ]

, ] — — ML Model
|l | *Consists of: L
a. Random
| sampling
— b. Split into X 'teSt Y 't—eSt
|| training & test — 3. Use for testing
sets —_—

Figure 9: The supervised learning steps
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2.2.2. Principal component analysis

The large dimensions of the information can pose problems of computational complexity
and capacity storage. Thus, it's sometimes preferable to seek to reduce dimensionality. Hence, in
material science, it becomes hard to visualize and describe the correlation among the selecting

features (descriptors) in high dimensionality data.

Principal component analysis is statistical technique which uses sophisticated underlying
mathematical principles to transforms a number of possibly correlated variables into a smaller
number of variables called principal components. The origin of PCA goes back to Pearson (1901)
[54]. But Hotelling (1933)[55] formalized the modern representation of PCA, also he coined the
term “principal component “. PCA analyzes a large set of data representing observations described
by inter-correlated variables. Targeted to extract the important information from the data set in a

new orthogonal variables called principal component [56]
2.2.2.1.  Theory of principal component analysis PCA

Assume that we start with a data set that is represented in terms of an MXN matrix, X
where the n columns are the samples (in our case physical properties) and the m rows are the
variables ( e.g. NLO materials). We wish to linearly transform this matrix, X into another matrix,

Y , also of dimension M*N so that for some M*Nmatrix, P

Y = PX (2.1)

If we consider the rows of P to be the row vectors p,, p,,..., p,,, and the columns of X

to be the column vectors x;, X,,..., X,, then can be interpreted in the following way.

AR

PLXX Py XXy e PXX,
X, .- X

PX — p2?<X1 pzi< 2 pzi< "oy pi'XJ—ERm (2.2)
meXl meXZ o meXn

This tells us that the original data, X is being projected on to the columns of P

Principal component analysis defines independence by considering the variance of the data

in the original basis. It seeks to de-correlate the original data by finding the directions in which
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variance is maximized and then use these directions to define the new basis. Recall the definition

for the variance of a random variable, Z with mean,

ol =E [(z - ﬂﬂ (2.3)

Suppose we have a vector of n discrete measurements, ¥ =(f,,...... ,F), with mean pr.

If we subtract the mean from each of the measurements, then we obtain a translated set of meas-

urements r =(rl, Fyyeennnn , rn) .that has zero mean. Thus, the variance of these measurements is

given by the relation:

n (2.4)
Generalizing this idea to considering our m x n data matrix, X . Recall that m was the num-
ber of variables, and n the number of samples. We can therefore think of this matrix, X in terms

of m row vectors, each of length n

XX XX e XX
1 oot 1 IX%XT X% e XX,
CX :—XX - 2. 2.2 ) 2 .m EIRmxm (25)
n-1 n-1 : :
Xm XlT Xm X2T Xm XmT

xi is a vector of the n samples for the i™" variable

If we look closely at the entries of this matrix, we see that we have computed all the possible
covariance pairs between the m variables. Indeed, on the diagonal entries, we have the variances
and on the off-diagonal entries, we have the covariance. This matrix is therefore known as the

Covariance Matrix
The covariance matrix Cy:

1
C,=—D 2.6
== 26)

Where D is a diagonal matrix which has the eigenvalues of XX ' as its (diagonal) entries.
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To conclude, using this method we get information about the relative importance of each
principal component from the variances. The largest variance correspond to the first principal com-
ponent, the second largest to the second principal component and so on..

2.2.3. Partial least square
Several problems in materials science especially in the context of new materials, properties
prediction can be described in the form of regression model, where we have variables X on which

we can more or less intervene and Y variables that can only be observed.

The objective is then to describe the relation between Y and X in the absence of theorical
model. Partial least square is method of analysis data particularly constructed for the study of these

type of problem.
2.2.3.1.  Theory of Partial least square PLS

The origin of PLS regression can be traced back to social science precisely in the economics
, Herman Wold 1966 [57], become popular in chemo-metrics (i.e., computational chemistry) due

in a part of Herman’s son Svante Wold [58].

PLS regression was born from the association of the NIPALS algorithm (Nonlinear Itera-
tive Partial Least Squares) by Herman Wold [57].

PLS regression is the simplest form of the linear regression model, a linear model specifies
the (linear) relationship between one (or more) dependent variables (responses) Y and a set of

predictors’ variables X such as:
Y:(b0+le1+b2X2+---+prp)+E (2.7)
Which bi the regression coefficients, E the error term

To construct the model, PLS regression produces a weight matrix for X such that T = XW,
i.e. the columns of W are weight vectors for the columns of X producing the corresponding score

factor matrix.

These weights are calculated in such a way that they maximize the covariance between the

response and the corresponding scoring factors.
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The OLS (Ordinary Least Squares) procedure for the regression of Y on T is then used to
produce Q, such that Y = TQ + E. Once Q is calculated, we have Y = XB + E where B = WQ, and

the prediction model is complete.

An additional matrix is needed for a complete description of the procedure for PLS regres-
sion is the factor matrix P which gives the model X = TP + F where F is the part unexplained score
of X [59-61].

In this work we use python programming language for generating the algorithms and ex-

tracting patterns.

2.3.  Why python?

The simplicity of python language make it the ideal language for beginners to learn. Several
python programs can be written in few lines of code, also python can be used for a large variety of
tasks such as for desktop applications, database applications, network programing, etc. Finally the
written code on windows will work on Mac OS or Linux without making any changing to the

python code which means python is a cross platform language [62].
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Chapter 3

Results and discussion



In order to evaluate the prospect of both chalcogenides and iodates crystals for the mid-IR
NLO applications. We select 140 quaternary and 91 ternary compounds from experimental data
and DFT calculations.

All the data in the references [6, 11, 23, 24, 27, 32-36, 43, 44, 46, 63-142]
First of all, the distribution of Eg with the respect to SHG effect dj; for ternary and quater-

nary compounds are represented Fig.10 which attributed to the investigation of L. Kang et al
(Metal Thiophosphates with Good Mid-Infrared Nonlinear Optical Performances: A First-
Principles Prediction and Analysis ) [24]. Which we can deduce that there is a negative correla-
tion between the band gap and the SHG effect dij. Moreover, these study gives us two-dimensional

visualization without taking into account other variables that can affect the band gap and the dj;.
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Figure 10: The distribution of Eg with the respect to SHG effect dij for ternary and
quaternary compounds
3.1. Principal component analysis results
3.1.1. Selecting features

After the selection of the data set, we choose as descriptors the bandgap, SHG effect dij,
and the number of period and group in periodic table Fig.11. The principal components do not
necessarily have an obvious physical meaning, but rather are a combination of descriptors, which
explain the largest variation in the data. The advantage of PCA is that, since each principal com-
ponent uniquely captures the effect of a certain combination of relevant descriptors, typically a few

principal components are sufficient for describing a system.
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| N° of period

!

Figure 11: Periodic table showing the number of group and period which we chose in this
study

Note: PX with (X: I, 11, 111, 1VV) number of period of the elements (I: First element in the com-
pound, II: second elements in the compound, and so on) same abbreviation for the number of group
for example (AgGaS2) the silver belongs to the group N°11 and to the period N°5 and the gallium
belongs to the the group N°13 and to the period N°4 and for the sulfur the group N°16 and to the
period N°3

3.1.2. Axes choice

The resulting scores plot of this analysis is shown in Fig.12 and Fig.13 for ternary and
quaternary data. We notice that for ternary compounds dataset PC1 captures 27 % of the variance,
whereas PC2 captures 20 %. The two PCs together capture ~47% of the variance of the data, fur-
thermore the PC1 captures25 % of the variance, whereas PC2 captures 15 %. The two PCs together
capture ~40 % of the variance for the quaternary compounds dataset. Therefore, a dataset of n-
dimensions (8 and 10 initial descriptors for ternary and quaternary compounds respectively), can
be reduced to a few dimensions (2 PCs) while capturing ~40 % of the original information. The
reduction in dimensionality makes trends and correlations, which are “hidden” in the data, become

easily visualized and described in PC space.
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Figure 13: The score plot for quaternary data set

The contribution of the principal components from the original variables are represented in
a bubble heat map Fig.14 and Fig.15. Herein, both ternary and quaternary results are similar which
we notice that the PC1 and PC8 in ternary data and PC1 and PC10 in the case of quaternary data
contributes greatly from the band gap, also the PC1, PC5, PC6, and PC7 contributes from the di;
for the ternary data while PC1, PC6, and PC7 dispenses from the dj; that is for the quaternary data.
While the PC2 contribute in the number of period and group in both ternary and quaternary data
set, which make the first two PCs a good choice for visualizing the correlation between the varia-

bles
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3.1.3. The correlation matrix

On the other hand, the correlation matrix that shown in Fig.16 and Fig.17 explicate the

correlation between our descriptors in all the principal components, from this results we notice

that:

— The Eg are inversely correlated to djj with the value (-0.49, -0.36) for ternary and quaternary

data respectively. That’s means if the band gap increase, the dij decrease.

Negative correlation between the band gap and the number of periods where the number of
group has no correlation with Eg except the number of group of the second element GII in
ternary compounds and the third element GIII in quaternary compounds, the second and
third element that is in ternary and quaternary compounds arranged as follow: ( Zn, Hg, In,
Al, Ga, Ge, Sn, Si, P, Sh, and lodine) which belong to the number of group ( 12, 12, 13, 13,
13, 14, 14, 14, 15, and 17 respectively ) this correlation declare that more we use element
with high number of group like iodine more the band gap increase

Positive correlation between the djj and the number of period especially with last element (
the third in ternary PIII and fourth in quaternary PIV compounds) namely the using ele-
ments: (O, P, S, Se, and Tellurium) which belong to the number of period (2, 3, 3, 4, and
5) that’s means more we use element from the period 4 and 5 ( Se and Te) more the value

of the djj increase.

Remark: The data base that we have chosen for this study (91 ternary and 141 quaternary com-

pounds) allows us to examine a large number of period and group in the periodic table such as

(number of periods that we used ranging from 2 to 6, while the number of group ranging from 1to

17 except4, 5, 6, 7, 8, 9, and 10) of the chalcogenides and iodates compounds, scanning most of

the period and group number which helped to make a global visualization of the correlation be-

tween the variables.
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3.1.4. The Biplot

The biplot results in Fig.18 and Fig.19 shows both the correlation between the descriptors
and the samples (the NLO crystals) in the first and second principal components. Furthermore, for

the interpretation of the biplot we should to obey the following rules:

If two vectors are parallel, then there is a positive correlation between them.

If they are in opposite directions, means there is a negative correlation between them.

If they are perpendicular to each other which indicate is no linear relation between
them.
— Last but not the least, if the length of the vector is too small then the variable doesn’t

have information in chosen principal axis[143].

Based on these rules we found that the biplot results are consistent with the correlation

matrix results.

We notes from the biplot also the iodates crystals have the highest value of the bandgap and
inversely the lowest value of djj, the tellurides and selenides based chalcogenides possess the largest

value of the dj and the lowest value of bandgap, hence the materials which located in the center
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Figure 18: The biplot of ternary data in the first and second principal components
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(most of them are sulfide based chalcogenides) of the dijand Eg vectors are candidates materials
for achieving balance between Eg and di.

Principal component 2
N

-4 -2 0 2 4
Principal component 1

Figure 19: The biplot of quaternary data in the first and second principal components
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Important note

As a next step, based on the PCA results (that the number of period inversely correlated with the
band gap and vice versa for the djj), in order to achieve the balance between both Eg and djj, we
study the normal distribution (or Gaussian distribution) of the number of the period of the ternary
and quaternary elements. Fig.20 represent the number of the period (N° period) with the respect to
the count for ternary and quaternary data elements. We notice that for ternary data the period N°3
contribute with 40% from data and also the Gaussian shows a high density in the period N°3.
Moreover, for the quaternary results shows that the number of period 3, 4, and 5 contribute with

30% from the data and the Gaussian shows a high density in both the period N°3 and 4.
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Figure 20: The number of the period (N° period) with the respect to the count, the yellow one
for ternary data, while the purple one for quaternary data.

From the remarks above, we conclude that the fourth period possess the average of the
contribution of the ternary and quaternary elements. The ternary compounds with the formula
ABX, and quaternary compounds with the formula ABB’X, where A and X elements should be
chosen from the fourth period. for a medium value of both the Eg and the dij, where if we select
elements upper than the period four, then the value of the band gap becomes larger. In the other
hand, the value of the di; becomes smaller, while the opposite if we select elements under the fourth
period.
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3.2. Partial least square results
3.2.1. The band gap prediction

In order to predict the value of the band gap, the selection of the descriptors or ‘features’ is an

essential part for a good performance of the PLS model.
3.2.1.1.  Taking in the consideration the PCA results

Based on the PCA results we chose four features for ternary data set ( PI, Gll, PIII, GlII)
and five features for quaternary data set ( PI, GlI, PII, GllI, PIV)

The prediction was performed on the basis of both ternary and quaternary databases. Where 80%
of the data used as training set and 20% as test set. Fig.21 and Fig.22 shows predicted against
actual values of “Eg”, for the training and test set for ternary and quaternary data respectively.
However, without any information on electronic properties of the NLO crystals in the test set. It

was possible to predict the band gap Eg using the prediction model for the training set.

The predicted models for ternary NLO crystals are:

Eg=-10.88583+(-0.19963xP1)+(-0.03601xG1)+(-0.75355xP111)+(1.08983xGIIl)  (3.1)

The predicted models for quaternary NLO crystals are:

Eg=3.08012+(-0.14785xPI)+(-0.02879xGI)+(-0,29877xPI1)+

3.2
(0,18679xGl11)+(-0,30165xPIV) (3:2)

The results of ternary and quaternary test data are presented in Table 2 and Table 4 respec-
tively, we notice that the test set values are a good agreement with the recently reported data in
literature where the average of the error is calculated to be the value 0.59 eV in ternary data while

the average error for quaternary test set is around the value 0.45 eV
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3.2.1.2.  Including all the numbers of period and group

If we include all the variables such as the number of period and group in the models, Fig.23 and
Fig.24 shows predicted against actual values of “Eg”, for the training and test set for ternary and

quaternary data respectively. We obtain the following equation for ternary compounds:

Eg=-11,01069+(-0,19464xPI)+(-0,0491xGI)+(-0,25599xPII)

+(-0,00694xG11)+(-0,73509xPII1)+(1,15122xGl]1) (33)
For quaternary compounds we get the following equation:
Eg=1,53375+(-0,11315xPI)+(-0,03564%Gl)+(-0,29753x%PI1)+(0,01108xGlI) (3.4)

(-0,20892xP111)+(0,17338xGI11)+(-0,3611xP1V/)+(0,15645xGIV)

The results of ternary and quaternary test data are presented in Table.2 and Table.3 respec-
tively, Since the mean the error is calculated to be the value 0.51eV in ternary data while the mean

error for quaternary test set is around the value 0.49 eV

We notice that for both the ternary compounds the models with all the variables are more

precise while of the quaternary compounds are more precise with taking in consideration the PCA

results.
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Figure 21: The actual ternary data versus the  Figure 22: The actual ternary data versus the
predicted value via PLS model (taking in con-  predicted value via PLS model (taking all the
sideration the PCA results) variables)
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Table2: The 20% test data which chosen randomly in ternary data set the predicted and actual
value are compared

Compounds

CulnSe2
CulnTe;
CuGaS:
AgAIS;
AgGaS;
CusPS4
Zn,GeSy
Hg2P2S7
a-CaCdP;
BaAlsSer
Hg3P2Ss
Sn2GazSs
Sn2P2Se
RbIO3
NalnzSes
Ba2As2Ss
a-LilOs
Y (103)3(H20)
Laz(103)s(H20)
Cd(103)2

Predic-
tive Eg
(eV)(PCA
results)

2,27
1,52
3,02
2,82
2,82
2,95
2,99
2,55
1,97
1,87
2,55
2,82
2,75
3,58
2,47
2,55
4,03
3,43
3,23
3,43

Predictive
Eg (eV) (all
period &

group)

1,78
1,04
2,77
2,83
2,58
3,01
2,71
2,57
1,81
2,34
2,57
2,43
2,67
3,55
2,47
2,81
4,1
3,42
3,23
2,98

Actual Eg
(eV)[16,
40, 69-75]

1,04
1,06
2,4
3,18
2,73
3,07
3,96
2,81
1,98
3,4
2,77
2,14
2,34
4
1,363
1,97
4
4,12
4,24
3,85
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Error (%)

(PCA results)

1,23 (118,27)
0,46 (42,45)
0,62 (25,83)
0,36 (11,01)
0,09 (3,3)
0,12 (3,58)
0,97 (24,49)
0,26 (8,9)
0,01 (0,48)
1,53 (44,71)
0,22 (7,58)
0,68 (31,78)
0,41 (17,52)
0,42 (10,5)
1,107 (80,7)
0,58 (29,44)
0,03 (0,75)
0,69 (16,5)
1,01 (23,58)
0,42 (10,65)

Error (%) (all
period &

group)

0,74 (71,15)
0,02 (1,89)
0,37 (15,42)
0,35 (11,01)
0,15 (5,49)
0,06 (1,95)
1,25 (31,57)
0,24 (8,54)
0,17 (8,59)
1,06 (31,18)
0,2 (7,22)
0,29 (13,55)
0,33 (14,1)
0,45 (11,25)
1,107 (81,22)
0,84 (42,64)
0,1(2,5)
0,7 (16,99)
1,01 (23,82)
0,87 (22,6)
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Figure 23: The actual quaternary data versus the
predicted value via PLS model (taking in consid-

eration the PCA results)

variables)

Table3: The 20% test data which chosen randomly in quaternary data set the predicted and ac-

tual value are compared

Predicted | Predicted Eg | Actual Eg Error (%) Error (%)

Compounds Eg GGl | @I, S (PCAre- | (all period &
(eV)(PCA riod & 40, 44, 76- sults) group)
results) group) 81]

Ag:CdGeSs 2,24 2,23 2,32 0,08 (3,45) | 0,09 (3,88)

Li>ZnSnS4 3,27 3,01 3,32 0,05(1,51) | 0,31(9,34)
Ag.ZnSiSs 2,54 2,73 3,28 0,74 (22,56) | 0,55 (16,77)

LiBSiS. 3,87 4,04 3,87 0(0) 0,17 (4,39)
ZnGaxGe:Ss 2,66 2,61 3,07 0,41 (13,36) | 0,46 (14,98)
BaGa-SnSes 2,35 2,17 1,95 0,4 (20,51) | 0,22 (11,28)
MgzInsSizPs 2,8 2,84 2,21 0,59 (26,7) | 0,63(28,51)
BaiolneZnsSas 1,98 2,1 2,95 0,97 (32,88) | 0,85(28,81)

TIBiP-Se 1,92 2,16 2,22 0,3 (13,51) 0,06 (2,7)
AgsGasSiSes 2,24 2,38 2,3 0,06 (2,61) 0,08 (3,48)
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PbGa-SiSee 2 2,16 217 0,17 (7,83) | 0,01 (0,46)
Na:BaSnS- 2,53 2,19 3,27 0,74 (22,63) | 1,08 (33,03)
Na;BaGeSs 2,53 2.4 37 117 (3162) | 1,3(35,14)
BasRbGasSero 1,86 1,78 2,21 0,35 (15,84) | 0,43 (19,46)
Ba:KGasSero 2,16 2,08 2,23 0,07 (3,14) | 0,15(6,73)
LiCdsPSs 3,16 3,31 2,97 0,19 (6,4) | 0,34 (11,45)
LiGa:PSs 3,46 3,61 3,15 0,31(3,17) | 0,46 (14,6)
BaLi:GeS: 3,25 321 3,66 0,41(38,52) | 0,45(12,3)
KAg:PS: 2,86 3,07 2,114 0,74 (35,48) | 0,95 (45,22)
KaMg(103)a.(H20), | 4,14 3,85 437 0,23(526) | 0,52 (1L9)
BaGe(103)s 3,51 3,43 4,06 0,55 (13,55) | 0,63 (15,52)
LiZn(103)s 413 3,89 4,21 0,08 (1,9) 0,32 (7,6)
LiCd(103)s 3,83 36 418 0,35 (8,37) | 0,58 (13,88)
LizTi(103)e 413 38 3 1,13 (37,67) | 0,8(26,67)
LizSn(103) 3,83 3,62 3.9 0,07 (1,79) | 0,28(7,18)
NazSn(103) 3,68 35 4 032(7,75) | 05(12,5)
PbPt(103)s(H:0) 2,56 2,36 2,85 0,29 (9,82) | 0,49 (17,19)
CeF(103); 4,08 4,02 2,9 1,18 (40,69) | 1,12 (38,62)
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General
conclusion
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In summary, we have studied the dependencies between different variables of ternary and
quaternary compounds on a large data set that contains 91 ternary compounds and 141 quaternary
compounds. Unlike most of the previous studies in NLO materials development, herein, we made
a study based on a mathematical models which is ‘principal component analyses where it is nor-
mally used in a large data set for reducing dimensions. On the basis of our analysis and discussions,

some general notes could be concluded:

% Negative correlation between the band gap Eg and the SHG effect dj;

% Negative correlation between the band gap and the number of period of the elements and
as well it is positive with the SHG effect dj

%+ Most the number of group of the elements has no correlation between both the band gap Eg
and dij

%+ The distribution of the NLO compounds in the principal component space prove that the
sulfides based chalcogenides and the elements with the third period in the periodic table are
a good candidates for the non-linear optical applications.

In order to obtain materials that possess a moderate values of both the band gap and the dij;,
and based on the Gaussian distribution, the elements should be selected from the fourth period in

the periodic table.

As a second part, we have demonstrated in this manuscript that based on Partial Least
Square model and on the available knowledge whether experimental or theoretical on NLO mate-
rials, it is possible to predict new one that can achieve the balance between the band gap (or the
laser damage threshold, the two ingredient are related) and SHG effect without any further exper-
iments or calculations. Hence, the employ of the number of period and group in the periodic table
for the prediction of the band gap Eg make problems, since the materials that possess the same
element but different in the stoichiometric coefficients and also the different phases of compounds
resulting the same predicting value. In the future work, adding a new parameters in the descriptors

which represent the identity of each compound can solve this problem like the molar mass (M).
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Abstract:

Mid-infrared (IR) nonlinear optical (NLO) materials with high performance have a great importance for
technological applications in many civil and military fields. However, it still a big challenge to discover
new mid-IR NLO materials that achieve a good balance between the NLO effect and band gap. In this
work, we study the correlation between the position of the atoms in the periodic table (period and
group) and the band gap and nonlinear optical coefficients for the NLO compounds took advantage
of the principal component analysis (PCA) .where 91 ternary and 141 quaternary compounds from
experimental and DFT calculations data are selected. Based on these results and machine learning
models, we employed partial least square (PLS) to predict the band gap of the NLO crystals. Since
we get a linear relation that correlate the band gap and the position of the atoms in periodic table.

Keywords: NLO materials, principal component analysis (PCA), partial least square (PLS), band
gap.
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