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Abstract

Microstructures, electronic structures, linear- and nonlinear-optical prop-
erties of the crystals with two main polyhedron categories are exam-
ined in this study by using both the first principles calculation and
the experimental methods. The studied crystals include the rhom-
bohedral ternary halides (ABX3 (A=Cs, Rb, B=Ge, X=Cl, Br, 1)),
the wide-bandgap ternary nitrides(A”? BV N, (A = Be, Mg, BV =
C, Si,Ge)), and chalcopyrite AgGaSy, AgGaSes, and AgGa(S,Se;_;)s.
First, one of the most important parts, systematic studies based on
first-principles calculations of second-order optical susceptibilities as
well as the dielectric function for CsGeXj3 (X=ClI, Br, and I; CGX) are
presented. The relation between structural properties and the optoelec-
tronic responses are examined. The structural factors, Aa, dg., dx are
proposed to describe the degree of distortion from an ideal perovskite

structure. A« and dg. increase when the halide anions are changed

vi



from ClI to I; while halide anion displacement, dx, decreases. The struc-
tural distortion effect on these rhombohedral CGX crystals is analyzed
via the first-principles calculations. The dielectric function and the sec-
ond harmonic generation (SHG) response coefficient also increase with
increasing A« and dg.. The direct bandgaps, Eg, of CsGeXjs all oc-
cur at the R-point, AFEg. The experimental bandgaps of CGX crystals
become smaller, i.e. ESCC(3.67eV)> ESCP(2.32eV)> EEC!(1.53eV),
as the A« and dg,. increase, i.e. dggc < dggB < dgfl . Partial den-
sity of states (PDOS) analysis revealed that the valence band maximun
(VBM) and conduction band minimum (CBM) are mainly contributed

(2)
ik

from the p-orbitals of Germanium. The calculated magnitudes of x
are close to some reported experimental values near the band gap.

Second, the nonlinear optical (NLO) property of hydrated rubidium
germanium chloride (HRGC), RbGeCl; - (H20), is identified. Infrared
absorption data support structural evidence that HRGC contain co-
ordinated water molecules with strong hydrogen bond. The infrared
spectrum indicated HRGC is transparent in most of the infrared re-
gion with only little influnce from water. Calculations based on den-

sity functional theory shows that the band gap of the RbGeCl; (RGC)

crystal is at least 3.84eV, which is larger than that of the infrared

vii



(IR) NLO crystal CsGeCls. Single crystals of HRGC, sized up to 3
X 2 x 1 cm?, were grown in aqueous solution by a slow dehydrate
technique. The synthetic, structural, and optical properties of an off-
centrosymmetric IR nonlinear optical (NLO) RbGeCl; - x(H,0) crystal
were investigated experimentally. Powder second harmonic generation
(PSHG) measurement indicates that the crystal structure of HRGC
becomes off-centrosymmetric. Precise X-ray diffraction measurements
showed that [100] family diffraction peaks split slightly. Unlike the
RGC crystal structure whose space group is P2;m, the HRGC crystal
loses the inversion symmetry. Comparisons with known NLO mate-
rial KHyPO, (KDP), indicate that HRGC’s NLO susceptibility, (¥, is
about one third of that for KDP. The absorption edge of HRGC oc-
cured at 310nm (/4.0 eV), which indicates NLO HRGC crystal can
have larger laser damage threshold. According to the F'T'I R measure-
ment, HRGC has a transparent region from 0.31 to 30 pum, thus it can
be applied to wider optical spectrum from ultraviolet, visible, to mid-
IR.

Third, both tetragonal and orthorhombic ternary nitrides A/ BTV N,
(A1=Be, Mg; B!V=C, Si, Ge) are studied by using the first principles

calculation, and are compared to the available experimental results.
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This study reveals the electronic properties, linear and second-order
nonlinear optical (N LO) properties of the ternary nitrides compounds
with chalcopyrite structure performed using the Linear Augmented
Slater-Type Orbitals (LASTO) method. The linear and second-order
optical susceptibilities as functions of frequency are presented. Specif-
ically, we study the relation between the structural properties and the
optical responses. Our electronic band structure and projected den-
sity of states (PDOS) analysis reveal that these chalcopyrite A B!V N,
compounds are direct (with band extrema located at the I-point) and
their band gaps are wide [from 2.68eV (BeGeNs) to 4.24eV (M gC'Ns)].
Our PDOS analysis also shows that the effective masses of highest va-
lence band are heavy in MgSiNs and MgGeN,, which are different
from other A BV Ny compounds. Our calcultions show this new cat-
egory of wide-bandgap ternary nitrides have potential applications in
optoelectronics.

Finally, the lattice parameters, electronic structures, optical and bulk
properties of tetragonal nonlinear optical crystals, AgGa(S,Se; ;)2 (x=0.0,
0.25, 0.5, 0.75, and 1.0), have been analyzed theoretically with first-
principle calculation and measured experimentally in each composi-

tion. Our calculation results indicate that in these compounds, their

X



electronic band gaps, optical properties, and bulk moduli are linearly
dependent, which are compatible with the experimental measurements.
We also find the proportionally mixed electronic contributions from sul-
fur and selenium at band edges via the partial density of state (PDOS)
analysis of . The linear-dependent relationship of their electronic prop-
erties can be considered as the cell-volume-effect. Furthermore, the cell
parameters, bond length between metal ion and S or Se, band gap val-
ues, and nonlinear optical (NLO) susceptibilities are also found linearly

dependent on the compositions and the related cell volumes.



Acronym and notation

The terminologies and abbreviations in Optoelectronics and the first
principles calculation used in this thesis are based upon the related
textbooks and their definitions can also be found in Dmitrev’s ” Hand-
book of Nonlinear Optical crystals” [1] and Boyd’s ” Nonlinear Optics”
[2]. For the reader’s convenience, the acronyms and notations are listed
in Appendices A and B which can be folded out and read in conjunction

with the main text.
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Chapter 1

Introduction

Second-order nonlinear optical (NLO) materials have played a key role
in such area of optics as laser frequency conversion and optical paramet-
ric oscillation/amplification (OPO/OPA) [4, 5, 6, 7, 8]. For inorganic
second-order NLO materials, several crystals used in ultraviolet (UV)
and visible (vis) regions were proposed in the past two decades, e.g.,
KH,PO, (KDP), KTiOPO,4 (KTP), 5-BaB,O4 (BBO), LiB3;05 (LBO),
etc. But in the infrared (IR) region the current materials, such as
AgGaSes, ZnGePs, are not good enough for applications, mainly due
to their low laser damage threshold, as their band gaps are narrow. So

the search for new NLO materials in IR region becomes one of the most



important challenges due to their potentially wide applications in fields
such as laser technology and molecular spectroscopy [1]. Not only the

UV NLO materials but also the IR ones are still under-explored.

However, choosing a proper crystal or material is always a crucial con-
sideration. Relating properties of substances to their stuctures has
been a major objective of modern physics and this also happens to
be a prime concern of solid state physists. Some of the properties of
importance in condensed matter physics are electronic, magnetic, di-
electric and optical. An important class of materials is that of ferroics,
which possess several orientation states that can be switched from one
to another by the application of an appropriate force; ferroelectric ma-
terials, e.g. the rhombohedral perovskite ternary halides and oxides,
9, 10, 11, 12, 13, 14, 15] form a very important subgoup of this class
of materials. The other important class of materials discusses here is
the tetrahedrons in chalcopyrite crystals which has been gained con-
siderable importance in recent years. In this study, the electronic and
optical properties to the polyhedron influences on the rhombohedrally

distorted perovskite ternay halides and some important chalcopyrite



compounds, e.g. the ternary nitrides (ABN2), AgGaS2, AgGaSe2, and
AgGa(SSe)2.[16] The requirements of the NLO materials and the re-

lated compounds are introduced below.

1.1 Considerations in Opto-Electronic Materials

The major concern of an opto-electronic crystal is its electronic prop-
erties, or the electronic band structure behavior. For instance, the
asorption edge and the damage threshold are directly proportional to
the bandgap, and the optical susceptibilities are inversely proportional
to the bandgaps, etc. However, a good SHG material should also con-
sider the following attributes: transparency in the relevant wavelengths;
ability to withstand laser irradiation and chemical stability. Most im-
portantly, the material in question must be crystallographically non-
centrosymmetric (NCS). Mathematically it has been known for some
time that only an NCS arrangement of atoms can produce a second-
order NLO response [1, 2, 17]. These four specifications are related

to electronic band structure behaviors, e.g., the damage threshold is



directly proportional to the bandgap of the crystal. So, the elctronic
related measurements and calculations of electronic properties are the

first important task on studying these SHG materials.

As a new class of rhombohedral ternary halides ABX3 (A= Cs, Rb, B=
Ge, Cd, X= Cl, Br, I) [18, 19, 20] crystals will be examined whether
they meet all the above requirements or not. Furthermore, ABX3 have
the potential applications on the higher-order nonlinear optical behav-

iors like the perovskite ternary oxides, e.g. BaTiOj. [13, 14, 15]

In order to correlate the structure and physical properties of opto-
electronic solids, it is essential to have a description of valence electrons
that bind the atoms in the solid state. Two limiting descriptions of
atomic outer electrons are available: the band theory and the localized-
electron theory or the ligand-field theory. When there is appreciable
overlap between orbitals of neighbouring atoms, the band theory of
Bloch and Wilson is applicable. The theory assumes that valence elec-
trons are shared eqully by all the like atoms in the crystals. In the last

decade, a great deal of attention has been denoted to the wide-band-



gap material with chalcopyrite strucure, e.g. the ternary nitrides.

1.2 The Ternary Halides

Ternary halides are potential materials for nonlinear optical applica-
tions in the infrared because of their transparency. [21] Recently, sev-
eral ternary halides in ABX3 (A=Cs, Rb, B=Ge, Cd, X=Cl, Br, I)
(19, 20, 18, 12, 22, 23, 23, 24, 11| were discovered to exhibit second-
order NLO properties. Rhombohedral CsGeCl; (CGC) was found to
possess excellent second-order NLO properties, displaying a second-
harmonic generation (SHG) efficiency five times larger than that of
KH,PO, (KDP) and a damage threshold of 200M W /cm? [23]. The
electronic and linear optical properties of CsGelz (CGI) were also re-
ported by Tang et al [12]. At the same time, CsCdBr3 was found by
Ren et al [25] to be NCS, i.e. the symmetry of inversion center is
absent. Rhombohedral CsGeBrs (CGB), which was found to possess
better second-order NLO properties than CGC, exhibiting a SHG about

ten times larger than that of KDP [11]. The ternary halides recently



became a new category of nonlinear optical (NLO) materials, which are
potentially applicable from visible to infrared. These NLO applications
include difference-frequency mixing, optical parametric generation and
amplification. The electronic and linear optical properties of CsGels
were also reported by Tang et al[12]. C'sCdBrs; was found to be non-
centrosymmetric, i.e., lack of inversion symmetry, by Ren et al[25].
At the same time, Ren et al. also reported a structure-tuned ternary
halide, i.e. RbCdI3 - zHyO (rubidium cadmium iodide monohydrate,
RCIM)|26], which showed sizable second-order NLO effects. Similar to
RCIM, HRGC [RbGeCl; - (H20), with 0.0< z < 0.2] also possesses

strong NLO effects , which are also examined in this work.

One of the continued challenges in ternary halides concerns the eluci-
dation of structure-property relationships. Nowhere is this more true
than the second-order nonlinear optical (NLO) properties, i.e., SHG
properties. Viable SHG materials must posses the attributes which

mentioned in Chap. 1.1.

In an ideal perovskite structure, the cell parameters are a = b = ¢



and « = [ = v = 90° with cubic space group Pm — 3m (No. 221)
as in the high temperature phases of cubic C'sGeCls; and C'sGeBrs
(27, 28, 29, 30, 31]. The cell parameters of cubic CsGeBrs are a = b =
¢ = 5.362A and o = 8 = v = 90° with space group Pm—3m (No. 221).
The cell edges of rhombohedral (room temperature phase) C'sGeBrs are
longer than those of the cubic (high temperature) phase, and the lat-
tice angles of rhombohedral (room temperature phase) C'sGeBrs are

slightly smaller than 90°.

The structural distortion was considered as one of the contributions
to C'sGeX3’s optical nonlinearity. For perovskite-type ternary oxides
ABOj and halides C'sGeX3, Goldschmidt’s tolerance factor ¢ [32, 33]
serves as a discriminating parameter for classifying perovskites in terms
of their structure modifications and the resulting physical properties
(34, 35, 36, 37, 38]. The type of stacking depends on the tolerance

factor t¢ [32, 33]

B (T’A—{—Tx)
¢ \/5’(7“B+7"X)7 ()

where A denotes the large cation, B the smaller one, X the anion, and




r the ionic radii of Shannon and Prewitt [39, 40], which depend on the
coordination number and bonding-specimens. According to the empir-
ical condition, a crystal structure tends to follow an ideal perovskite
model when 0.97 < tg < 1.03. The structural parameters of C'sGeBrs,
which were reported in Refs. [27, 28, 29, 30, 31], are listed in Table 3.2.
The reported lattice parameters of C'sGeX3 at room temperature, and
the atomic positions of ternary halide crystals obtained by using the
WIEN2k[41] package are summarized in the last three rows in Table
3.2 for comparison. The tolerance factors, tg, of C'sGeX3 crystals are
1.009(4), 1.027, and 0.984, respectively. (see the far right column in
Table 3.2). They are close to the empirically ideal perovskite structure
with ¢t = 1.0. Thus, the CGX crystals should behave like an ideal per-
ovskite structure. However, experimental evidence indicates that CGX
crystals at room temperature all have a rhombohedral structure. To
give a better description, it seems necessary to consider the effect of

some extra structure factors.

First, the lattice angles reduce uniformly and slightly in comparison to



the ideal perovskite structure.

(90 — Ofrhomb)

Ao =
@ 90

x 100. (1.2)

Second, the smaller B-site cation, Germanium, displaces along the di-

agonal axis from the cell center to the corner by a distance
de™ = |(7fy, — ™) % 100. (1.3)

Finally, the displacements of different anions, X(=Cl, Br, and I), can
be described as

o = (7 = ™) % 100, (1.4)

where 7 denotes the position vector of ions in fractional coordinates.
These factors are also illustrated in Figure 1.1.

In this thesis, there are some interesting features about the rhom-
bohedral CGX crystals which will be discussed. First of all, CGX
materials have the same crystal sructure, and they possess identical
space group symmetry, R3m (160). Traditional emperical equation,
the Goldschmidts tolerence factor[32, 33], cannot properly predict their
crystal models. CGX crystals typically exhibit a rhombohedral defor-
mation from an ideal perovskite crystal structure. Second, they have
large NLO susceptibility. Third, the transparent spectra of CGX crys-

tals can be extended to much longer wavelength (~ 20pm) in infrared



1.1: The crystal structure of rhombohedral CsGeXjs is distorted from an ideal
perovskite structure. The labels in the figure are the names of species (X=Cl, Br,

and T) and the proposed rhombohedral distortion factors.
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range. Therefore, CGX crystals could have applications in wider op-
tical spectral range. The only shortcoming of CGX crystals is that
good crystal size and quality are difficult to achieve. In this study, the
first two interesting features mentioned above would be emphasized.
In order to understand the properties of C'sGeXj3 crystals mentioned
in the previous paragraph systematical analysis on the effect of CGX’s
structural factor on their electronic and optical properties is carried

out.

Both the experimental and calculated lattice parameters will be com-

pared in Chap. 77.

1.3 The tetrahedron in Chalcopyrite ternary com-

pounds

In the last decade, a great deal of attention has devoted to the wide-

band-gap material with chalcopyrite strucure, e.g. the ternary nitrides.[42]
The ternary A B!V Ny (AY = Be, Mg, B!V = C, Si,Ge) compounds

are derived from III-V compounds by replacing the group-IIl element
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with group-II and group-IV elements. The hexagonal A”Y B’V N, struc-
turally ordered compounds with space group of Pna21 (pseudo-wurtzite
structure) [43] were studied by J. Y. Huang et al, and the interesting
electronic, optical and structural properties were reported in the same
article. However, there were few reseach results in 1/ — IV — Ny com-
pounds which have structure changes from zinc-blende to chalcopyrite
structure with space group of 1-42d (pseudo-zinc-blende structure) [44].
Similar to AgGaS,, AgGaSey, AgGa(S,Se; )9,[16] II-IV-P,, and/or 11-
IV-Asy compounds, chalcopyrite II-IV-Ns compounds are expected to
have a large optical non-linearity. Thus, A’/ BV N, compounds have po-
tential applications in optical band-pass and/or band-rejection filters,
second harmonic generators, optical mixers, and parametric oscillators,

like other chalcopyrite compounds [45].

The crystal structure of the tetragonal chalcopyrite, A”Z BTV N, is shown
in Fig. 1.2. Comparing with the dimond structure in fig. 1.3 and the
Zinc-blende structure in fig. 1.4, the unit cell of a chalcopyrite exhibits
142d symmetry (a = b # ¢, a = 3 = v = 90°)[46, 47], which can be con-

sidered as a superstructure of two zinc-blende structures. Four metal

12



B 1.2: The crystal structure of tetragonal chalcopyrite
atoms A1, BTV and eight crystallographically equivalent N atoms oc-
cupy the positions [(x, y, 2); (Z,7,2); (v,%,2); (§,2,2); (T+1/2, y,z+3/4);
(x+1/2,5,24+3/4); (§+1/2,7 , 2+3/4); (y+1/2, x, z+3/4)]. In chal-
copyrite AYBV' Ny (A"l = Be, Mg, BV = C, Si,Ge) crystals, metal
atoms are tetrahedrally coordinated around N and vice versa. II-IV-V5
compounds have a large optical non-linearity, and they are promising

materials. ZnGeNs is one of the II-IV-V5 compounds, and expected to

13



1.3: The supercell of two unit cells of the diamond structure

have a wide band gap. Our theoretical calculation shows that there is
a large difference in refractive index between ZnGeN,; and GaN. More-
over, A/ BV N, compounds have a small lattice mismatch to GaN along
the a-axis and their optical properties remain unexplored. In this study,
linear and nonlinear optical properties of single crystalline A B!V N,

compounds are investigated.

The chalcopyrite structure has two types of distortion, namely, tetrago-
nal (n = ¢/2a # 1) and tetrahedral (described by an internal parameter
u) with respect to the zinc-blende cubic structure [48, 49, 50]. The pa-

rameter u can be used as a measure of bond-length mismatch through
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1.4: The supercell of two unit cells of zine-blende crystal structure

the relation

d4y — 42
(u —0.25)2 = —4N___BN (1.5)

a? ’

where the subscripts A = Be, Mg, and B = C, Si, Ge.

Recently, epitaxial growth of ZnGeNy was succeeded on GaN /sapphire
[25] or sapphire substrates [11]. Absorption spectra and excitonic lumi-
nescence of ZnGeN,, and their temperature dependence were reported
32, 33]. AUBIVN, (A = Be,Mg, BV = C,Si,Ge) compounds,
however, have not been well investigated. In this work, we report
studies on the electronic band structures, linear and nonlinear optical

responses such as the complex dielectric functions and the frequency-
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dependent Xg.,)f(—%}; w,w) susceptibilities by means of the Linear Aug-
mented Slater-Type Orbitals (LASTO) method. [51, 52, 53, 54, 55] The

anisotropy of optical properties for A B’V N, is also examined.

The most important technique to generate tunable coherent radiation
in the mid-infrared spectrum is based on second order nonlinear op-
tical (NLO) processes in a noncentrosymmetric crystal. These NLO
processes include difference-frequency mixing, optical parametric gen-
eration and amplification.

Crystals used for mid-IR generation with frequency down conversion
schemes should possess wide optical transparency range from 1um to
well beyond 5um. Currently those crystals are very limited and only
a few of them have really become commercially available [56]. Among
those candidates, AgGaS; and AgGaSes; are well known with their
wide transparency, large birefringence, high optical damage thresh-
old and nonlinearity. To meet the demand from specific applications,
one may wish to adjust the linear and nonlinear optical properties of
AgGa(S;Sei_;)2 by varying the alloy composition [57, 58, 59]. Unfor-

tunately, there is very little work on the solid solution of these ternary
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and quaternary chalcogenides [59, 3, 60, 61, 62, 63].

In this paper, we present the first-principles calculation of electronic
structures, optical and bulk properties of tetragonal nonlinear optical
crystals, AgGa(S,Se1_)2 (x=0.0, 0.25, 0.5, 0.75, and 1.0). We re-
port the synthesis method of single crystals and measurements of the
optical properties in each composition. The nonlinear coefficients of
AgGa(S,;Se; ;)2 are also carried out to reveal the potential of these
crystals in NLO applications. These calculations are compared with the
experimental data and the literature values. Our analysis with band-by-
band and atomic species projection technique not only yields useful in-
formation about material properties, but also provides deep insight into
the fundamental understanding of the electronic structures and optical

properties of tetragonal nonlinear optical crystals, AgGa(S,Se; ,)o.

1.4 The First Principles Calculation

In philosophy, a first principle is a basic, foundational proposition or

assumption that cannot be deduced from any other proposition or as-
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sumption. In mathematics, first principles are referred to as axioms
or postulates. In condense matter physics, first principles simulation,
a quatumn-machenics-based calculation scheme, is a powerful tool for
searching materials with specified properties, satifying the requirements
of the most modern technology. It can save lots of effort and cost when
it is difficult to synthesize and investigate all kinds of compounds ex-

perimentally.

The first principles calculation is based on density functional theory
(DFT) which is used in physics and chemistry to investigate the elec-
tronic structure (principally the ground state) of many-body systems,
in particular atoms, molecules, and the condensed phases. With DF'T
theory, the properties of a many-electron system can be determined by
using functionals, i.e. functions of another function, which in this case
is the spatially dependent electron density. Hence the name density
functional theory comes from the use of functionals of the electron den-

sity.

DF'T has been very popular for calculations in solid state physics since

18



the 1970s. In many cases the results of DFT calculations for solid-
state systems agreed quite satisfactorily with experimental data. Also,
the computational costs were relatively low when compared to tradi-
tional ways which were based on the complicated many-electron wave-
function, such as Hartree-Fock theory and its descendants. However,
DFT was not considered accurate enough for calculations in quantum
chemistry until the 1990s, when the approximations used in the the-
ory were greatly refined to better model the exchange and correlation
interactions. DFT is now a leading method for electronic structure cal-
culations in chemistry and solid-state physics. There are four of the
most popular first principles calculation programs which are used in
this thesis. They are Abinit,[64, 65] CASTEP[66, 67], WIEN2k,[41]

and LASTO.[51, 52, 53, 54, 55|

The general flow chart of the first principles calculation scheme is shown

in Fig. 1.5.
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1.5: Tllustrations of the first-principles total energy minimization scheme.
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Chapter 2

Methods for Simulations and

Experiments

In this chapter, the studied methods, both experimental and theoretical

ones, are proposed.

2.1 Synthesis

The synthetic procedure of tenary halides, ABX3, is similar in Fig.
2.1, which is modified from the work of Gu and coworkers [22, 23, 24].

Chritensen et al [68] and Tananaev et al [69] used different synthesis
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methods, but their methods were complex and the productivity was
poor. We adopted the modified method for synthesizing RbGeCl; -
z(H0). 25 ml of 50% H3PO,, 25 ml of 37.5% HCI and 5 g of GeO,
were loaded into a 500 ml beaker, and then heated to 85-90°C. The
solution was vigorously mixed for 5 h then cooled to room tempera-
ture. After removing the precipitate, 6.05 g RbCl was added and the
temperature raised to the boiling point, then the mixture was cooled
to room temperature again. A white precipitation was formed. The

reaction equations are as follows:

and

HGeCls + RbCl = RbGeCly | . (2.2)

Recrystalization is achieved via mixing the precipitation RbGeClz with
1 : 1 concentrated HCI and alcohol solution and we can obtain colorless
RbGeCl3-2(H20) crystals. HRGC is synthesized by a similar procedure,
as reported by Nyqvist et al [70]. The synthesis is carried out in an
aqueous solution under normal condition. Analytical pure RbCI and
GeCly (with mole ratio 1 : 1) were dissolved in a certain amount of hot

distilled water, and colorless crystals were separated out during cooling.
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Stage 1: Synthesis
H,PO,+4HCI+2Ge0,+2RbCl --> H,PO,+2H,0+2RbGeCl,(s)

Ge0,(5) 4 DLHO 25m | T=85°C~90°C,Shr

' t L

HPOLEU%)28ml & OIS | 7oroom temp.

+ v

RbCI(6.59) Boiling, 5min

v v

RbGeCl,(s) T=room temp.

[Stage 2: Refinment |

Product in stage 1: RbGeCl,(s)
+

HCI(37.5%), 25ml Boiling, 5min
+

C,H,OH 25ml

v

| Refined RbGeCl,(s) | T=room temp.

2.1: The synthesis procedure of monoclinic nonlinear optical crystal HRGC.

Crystal is grown by utilizing a solvent slow evaporation technique in an
aqueous solution. The size of the single crystal reached 3 x 2 x 1 cm?

(see Fig. 3.11).
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2.1.1 Synthesis and Structural Properties

The synthetic procedure of tenary halides, ABX3, is similar to that of
R0GeCl3 in Fig. 2.1, which was modified from the work done by Gu et
al [22, 23, 24]. Chritensen and Tananaev et al [68, 69] used different
synthesis methods, but their methods seemed complex and the produc-
tivity was poor. In this study, 50% H3PO; (25ml) was loaded with
43.5% HBr (25ml) and GeO, (5.25g) into a 500ml beaker, and then
heated to 85°C-90°C. The solution was vigorously mixed for 5 hours
and then cooled to room temperature. After removing the precipitate,
CsBr (10.72g) was added and the temperature raised to boiling, then
the mixture was naturally cooled to room temperature again. A yellow
precipitation, about 22.30g, was formed. The reaction equations were

listed as follows:
HsPOs +6-HBr +2-GeOy = H3PO,+2 - HGeBrs + 2 - H,O (23)

then

HGeBrs + CsBr = CsGeBry | (2.4)

Recrystalization was done by mixing the precipitation C'sGeBrs with
1 : 1 concentrated H Br and alcohol solution to give the yellow crystals

(CsGeBrs. Rhombohedral CsGeBrs crystal could be considered as a
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highly distorted perovskite crystal structure, and is shown in Figure
1.1. The reported [27, 28, 29, 30, 31] lattice parameters of C'sGeBr; at
room temperature were a = b = ¢ = 5.6354, a = 3 = v = 88.74° with

noncentrosymmetric rhombohedral space group R3m (No.160).

Rhombohedral C'sGeBrs crystal was synthesized and sieved into dif-
ferent particle-size in order to measure and analyze its structural and
optical properties. The measured values of CGB, synthesized in this
work and by using the XRD and Rieltvelt refinement, will also be com-
pared with the reported and the first principles calculation results in
Table 3.2. Positions of the constituents in the Rhombohedral NLO

crystals C'sGeBrs could be easily generated.

2.2 X-ray diffraction

The X-ray single crystal structure analysis is used to confirm the struc-
ture of the product. A single crystal with dimensions of 1.10 x 0.80 X
0.40 mm? is mounted on a Enraf-Nonius CAD4 diffractometer using a

graphite-monchromated Cu Ko (A=1.542 A) radiation. The data were
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collected at room temperature using the w/26 scan mode and corrected
for Lorentz and polarization effects as well as the absorption during

data reduction using Enraf-Nonius Molen/VAX software.

Although the structure of HRGC has been reported[46, 47|, we felt it
important to determine the structure to better understand the SHG
properties. Our data confirm that HRGC crystallizes in the noncen-
trosymmetric rhombohedral space group P2;m (No.11) with a=7.988
A, b=6.941 A, ¢=5.800 A, a = ~ = 90.0°, and 8 = 106.34°. The
cell paramaters estimated from the first-principles calculation based
on the WIEN2k[41] package are a=8.375 A, b=7.141 A, ¢=5.918 A,
a = v =90.0°, and B = 107.24°, which compare well with the single-

crystal data.
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2.3 Single crystal growth by using the vertical Bridg-

men furnace

To understand the nature of optical transitions and other relevant ef-
fects on the calculated optical properties, we grow the bulk crystals
by using the Bridgman technique in a vertical furnace. All the start-
ing reagents have a nominal purity of 99.999%. Particular attention
is paid to the mole ratios between the starting reagents. Since vapor
compositions and partial pressure of the gaseous species are unknown,
the optimum conditions for high quality crystal growth are empirically
found. X-ray diffraction (XRD) measurement is used to determine the
lattice parameters of all the crystals . In addition, the crystals of cer-
tain orientation relative to crystallographic axes are cut into pellets and

polished both sides for optical measurements.
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2.4 Thermogravimetric measurements

The thermo-gravimetric analysis (TGA) measurement in static air was
performed on a Shimadzu DT-40 at a scan rate of 20°C'/min. By us-
ing DTA1700 high temperature analysis instrument, thermal properties

were measured.

Thermogravitry (TG, %) and derivative thermogravitry (DTG, mg/min)
were employed to characterize the thermal and structural behaviors of
CGB. Thermogravimetric analysis was carried out, on polycrystalline
C'sGeBrs, in air at a heating rate of 5°C/min to 550°C with a Seiko

320 TG/DTA (Thermogravitry / Differential Thermal Analysis).

2.5 Second-order nonlinear optical measurements

Powder SHG measurements, which were reported by Chen et al[71],
were performed on a modified Kurtz-NLO [72] system using 1064 nm

light (Fig. 2.2). A continuum Minilite II laser, operating at 1 Hz, is
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used for all measurements. The average energy of laser pulse is 3 mJ.
Since the SHG efficiency of powders has been shown to depend strongly
on particle size [72, 73|, polycrystalline HRGC is ground and sieved
(Newark Wire Cloth) into distinct particle size ranges, < 20 pm, 20 to
45 pm, 45 to 63 pum, 63 to 75 um, 75 to 90 pm, 90 to 125 pum, and 125
to 138 pm. To make relevant comparison with known SHG materials,
crystalline KDP is also ground and sieved into the same particle-size
ranges. All of the powders were placed in separate capillary tubes.
The SHG, i.e., 532nm green light, radiation is collected in reflection
and detected by a photomultiplier tube (Oriel Instruments). To detect
only the SHG light, a 532 nm narrow-ban-pass interference filter is
attached to the tube. A digital oscilloscope (Tektronix TDS 302) is
used to view the SHG signal. Considering a normally incident beam
with wavelength A on a crystal plate with thickness L, the total second-

harmonic intensity can be expressed as [74]

- 1287°dZ, IZL? sin®(AKL/2)
T 2o e (AKLJ2)?

(2.5)

where Ak = k(2w) — 2k(w), I, is the intensity of the incident funda-
mental beam, n,, ng,, and d.ss are the indices of refraction and the

effective nonlinearity of the crystal plate. When the plate is made with
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Mirror NLO Reference

Pass@A/2nm
Collimaftor

Monochromator
PD or PMT

NLO Sample

PD:Photodetector

X Pass@)/2nm PMT:Photo-multiplier tube
ollimaftor BS: Beam Splitter

HWP:/2 wave plate

onochromator IRP:IR pass@inm

PD or PMT LP: Linear polarizer
LWG: Liquid WaveGuide
Pulse Laser@inm, RS: Rotational Stage
t~10ns, RPF=10Hz RPF:Repeated pulse frequency

or Pulse repetition frequency

2.2: Experimental setup used for measuring the second harmonic scattering pattern

from a crystalline powder sample.
crystalline powders, the second-harmonic intensity becomes [75]

512w 22
B n2ng,A\3c

L T

Iy, A{dzgp) - — Sin2[§(f/lc)]- (2.6)

Here 7 denotes the averaged particle size,
lo = (\o/4(noy — ny)) (2.7)

is the coherent length, and (dgf f>, the square of the effective nonlin-

earity averaged over the orientation distribution of crystalline powders.
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When the second-harmonic generation is not phase matchable, eq. (2.6)

leads to the following asymptotic forms [75]:

2567r312_2 — 7
Lf7) - {dZsp), e T > 1
n2n2w>\2 ( eff/» ¢
T2 = 1287°12 _ 7 (2.8)
n 712w)\2 L ’l°<deff> — /r. << lc

If the second-harmonic generation satisfies the type-I phase matching

condition, we can rewrite eq. (2.5) as [76]

1287512 sin® (57— (0 — O]
Iho(7,0) = —2 . L-7{d° " : 2.9
2 ( ) n an)\ < ff> [EE(Q _ epm)] ( )
where
lom = N (4|Anpay,| sin 20,,), (2.10)

and 0, is the phase matching angle. Here Anp s, = ng 2, — noaw de-
notes the birefringence of material at the second-harmonic wavelength.

In the event that 7 >> Ly, or 7 < Ly, eq. (2.9) can be simplified to

2567412 9 7
nf)n;(:)\% L l <deff> —Tr> lpm -‘

[2w B

(2.11)

1287r°]2 - 7
Chen et al[71] derived a useful empirical formula, which possesses the

correct asymptotic forms in eq. (2.11), to depict the overall variation

in second harmonic intensity with particle size 7

I, = Ip/T— cap[—(7/A)? (2.12)
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with

2567412 _
I, = “ L Ly (d? 2.13
0= e L) (2.13)
and
A9 L. (2.14)

An experimental arrangement for measuring the second harmonic scat-
tering pattern from crystalline powders is described in Fig. 2.2. In this
setup, a normally incident beam is shed on the sample cell. A liquid
light guide with its input end attached to a rotation stage is employed
to collect the second harmonic intensity at various scattering angles.
We can integrate the second harmonic pattern over scattering angle to
yield the total second harmonic intensity, Is,. The second harmonic
pattern over scattering angle to yield the total second harmonic inten-
sity, o, was integrated. The square of the effective nonlinearity, (d? 1)
averaged over the orientation distribution of crystalline powders of an
unknown crystal, e.g., HRGC or CGB, was determined by
total .2 Mg HRGC
<dgff>HRGC = <dgff>KDP : 2;;Z$GC wHRGC 20

2
20, KDP " " KkDP * T2w.KDP
total ac n3 ac
/72 2w,HR HR
~ <deff>KDP Itotal . ’]’L3 (215)
2,KDP " ""KDP

with a reference NLO crystal, e.g. KDP, when n ~ n,, ~ ng,.
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2.6 Optical transmission measurements

Because wide transparent range is a crucial consideration for devel-
oping innovative NLO crystals used in IR range. The UV-vis elec-
tronic absorption spectra of HRGC were performed on a Hitachi 3400
UV-vis spectrophotometer. The infrared spectrum was recorded on
a NICOLET 170SX FT-IR (Fourier-transform infrared) spectropho-
tometer with KBr pellet from 4000 to 400 cm~!. The HRGC trans-
parent spectrum measurement was prepared by using HRGC solvent
and HRGC as a pressed powder tablet. Then, the far-IR limitation of

HRGC was detected by its Raman peaks.

The samples with parallel opposite faces are located inside a vacuum
cryostat, cooled by liquid nitrogen. Optical transmission spectra are
recorded from visible to mid-IR. Besides, the form of the fundamen-
tal absorption edge and photoluminescence spectra are analyzed and
the band gap energy, , is measured. The long-wave length transmis-
sion spectra is also determined by Fourier transformed infrared (FTIR)

measurements.
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2.7 The first principles calculations

The first principles, i.e. abinitio, calculations optimized cell parameters
were compared with the experimental data. The first principles calcu-
lations were performed by using plane-wave-pseudopotential approach
within the framework of density-functional theory (DFT) implemented
in CASTEP software [66, 67]. The summation over the Brillouin zone
(BZ) was carried out with a special k-point sampling using Monkhorst-

Pack grid [77].

In order to save computation time, the special k-point set was reduced
to 8-k points (3x3x 3 mesh) for the calculation of the equilibrium lattice
constants and mechanical properties. The equilibrium lattice constants
and fractional atomic coordinates were deduced from the total-energy
minimization. Relaxation of the lattice parameters and atomic posi-
tions was carried out under the constraint of the unit cell space-group

symmetry.
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2.7.1 Computational Schemes

In order to gain the intrinsic understanding of optoelectronic materials,
first principles simulation with various programs has been employeed
in this study. (see Fig. 2.3) From first principles calculations, many
guidelines and designing indicator can be carried out.

The structural parameters are determined by using both the pseudopo-
tential plane waves method (CASTEP package)[66, 67] and the full-
potential linearized augmented plane wave (F'LAPW') method (WIEN2K
package).[41] In order to save computation time, 8 special k-points in
the irreducible segment of the Brillouin zone (10 x 10 x 10 mesh) were
used for the calculation of the equilibrium lattice constants and me-
chanical properties. Using a larger set of k-points was found to lead to

about only 1% difference in the equilibrium lattice constants.

The obtained lattice parameters were used to calculate the electronic

properties of A/ BTV N,. In order to understand the nature of optical
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transitions and other relevant effects on the calculated optical prop-

erties, an analysis of the local densities of states and other electronic

properties of these A’ B’V N, crystals were made. It was useful for ex-

tracting the local (atomic) information of the materials. Those radial

pseudo atomic wave functions were the ones used to generate pseu-

dopotentials and therefore, had the best consistency with the solved

Bloch states. The projected values were equivalent to the coefficients
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of LCAO (Linear Combination of Atomic Orbitals) type expansion of
original Bloch states using pseudo atomic orbitals as basis functions.
The collection of those coefficients can be extracted local information
from the system as a whole, where in the present work it is the PDOS
(Partial or Projected Density of States) plots being used as an analysis
tool.

The analytic expressions for the nonlinear response functions are based
on the formalism of Sipe and Ghahramani, [45] as extended and devel-
oped in the length gauge by Aversa and Sipe; [78] the response calcu-
lation is at the level of the independent particle approximation. This
approach has the advantage that the response coefficients are inherently
free of any unphysical divergences at zero frequency, a consequence of
a careful treatment and separation of interband and intraband transi-
tions. 'Sum rules’ are not required to eliminate artificial divergences.
The recent work of Dal Corso and Mauri, [79] based on an elegant Wan-

nier function approach, is also free of such divergences.

The full band structure calculation in this work utilized the norm-

conserving pseudo-potential plane wave within the local density approx-
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imation (LDA). This first-principles method is more reliable than the
empirical method employed by Moss and co-workers [80, 81, 82, 83, 84].
Huang and Ching [85, 86, 87] neglect the ’scissors’ modification in the
matrix elements; based on the evidence, [88] and the results of our own
calculations, this does not much influence on the tendency in the de-
termination of the response functions. The local field effects was not
included in this work. As suggested by the work of Levine and Allan,
[88] significant corrections for the materials considered here at the level
of second-order response are expected. However, the inclusion of local

field effects can be done in a straightforward way within our formalism.

2.7.2 Calculation details for AgGa(S,Se;_,)-

The crystal structure of the tetragonal chalcopyrite, AgGaS; or AgGaSes,
is shown in Fig. 2.4. The unit cell exhibits [ —42d symmetry (a = b # c,
a = (3=~ =90°)][46, 47], which can be considered as a superstructure
of two zinc-blende structures. Four metal atoms Ag, Ga, and eight

crystallographically equivalent S or Se atoms occupy the positions [(z,

y, 2); (2,9,2); (4,7,2); (9,7,2); (T+1/2,y,2+3/4); (x+1/2,5 ,Z+3/4);
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(g+1/2,z, 2+4+3/4); (y+1/2, z, z+ 3/4)]. In AgGa(S,Se1_,)2 crys-
tals, metal atoms are tetrahedrally coordinated by S or Se and vice
verse. The calculations are performed by using ab initio plane-wave-
pseudopotential approach within the framework of density-functional
theory (DFT) implemented in CASTEP software[66] . We assembly
the supercell of AgGaS; by enlarging a-direction and b-direction twice
(2 x 2 x 1), and then fractionally (x=0.00, 0.25, 0.5, 0.75, and 1.0) sub-
stitute atoms by atoms. The summation over the Brillouin zone (BZ)
is carried out with a special k-point sampling using Monkhorst-Pack
grid[77]). A kinetic-energy cutoff of 580 eV, 4-k special points and 96
bands are used to ensure the convergence in the calculation of the op-
tical properties. In order to save computation time, we reduce special
k-point set to 8-k points (3 x 3 x 3 mesh) for the calculation of the
equilibrium lattice constants and mechanical properties. We find that
the smaller set of k-points causes only less than 2 percent difference in
the equilibrium lattice constants. For comparison, we also build up a
non-supercell model (1 x 1 x 1), hereafter named the single-unit-cell-
model) with the same fractional substitution and perform the similar
calculation as those with the supercell models. In our ab initio calcula-

tion, we choose both the 3-electron shallow-core pseudopotential in the
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2.4: The crystal structure of tetragonal chalcopyrite

supercell-model and the 13-electron shallow-core pseudopotential in sin-
gle unit-cell-model for gallium series to take into account the noticeable
hybridization between (3)d-shell and (4)p-shell electrons.[89, 90, 91] We
use the obtained lattice parameters to calculate the electronic proper-
ties of AgGa(S,Se; )2 by proportionally substituting S and Se into
the supercell and the single-unit-cell-model. In order to understand
the nature of optical transitions and other relevant effects on the cal-
culated optical properties, we analyze the local densities of states and

other electronic properties of these AgGa(S,Se;_;)s crystals.
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2.7.3 Calculations of structural properties

The equilibrium lattice constants and fractional atomic coordinates are
deduced from the total-energy minimization. We carry out the relax-
ation of the lattice parameters and atomic positions under the con-
straint of the unit cell space-group symmetry. Energy-volume relations
are obtained by varying unit-cell volume and the results were fitted to
the Murnaghan equation of state[92] The mechanical properties, e.g.

bulk modulas, are determined by the Equation of state:|?]

BV ([ (Vo/ V)P BoVy
E(V)=E 1) -
(V) = Eo + B, (B(’)—l * Bl —1

By (Vo)™
P N Y —1 2.1
)= ((V) ) (2.16)
and the modified Equation of state:[93]

A %

0)° 0

) 1] l6—a (2
(V) ] [ (V)

() -
(#) -

win

IV By

E(V):Eo+ 16

B +

wlot

3B,

P(V) =2

(#) -

Firstly, the equilibrium lattice constants and fractional atomic coordi-

{1+Z(B‘l)4>

nates are determined from procedure of the total-energy minimization.
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We carry out the relaxation of the lattice parameters and atomic po-
sitions under a constraint of the fixed space-group symmetry. Energy-
volume relations are obtained by varying unit-cell volumes and the re-
sults were fitted to the Murnaghan equation of state. From the fit, an
estimate of the static bulk modulus at zero pressure, and the first-order
pressure derivative of the bulk modulus can be obtained. Two types of
distortion in the chalcopyrite structure which mentioned in the chapter
1.3 with respect to the zincblende cubic structure [48, 49, 50] are also

discussed later.

Our computer simulations include analysis and optimization of atomic
arrangement in the crystals under consideration and predictions of their
electronic and optical properties. The atomic arrangements were de-

termined by using the WIEN2K package.[41]
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2.7.4 Calculations of electronic properties

Secondly, we use the obtained lattice parameters to calculate the elec-
tronic properties. In order to understand the nature of optical tran-
sitions and other relevant effects on the calculated optical properties,
we study the local densities of states and other electronic properties of

these crystals.

2.7.5 The Linear Combination of Atomic Orbital Method

In order to determine the optical response functions in a full band
structure approach, one requires the eigenvalues and velocity matrix
elements at many k points in the Brillouin zone (BZ). The velocity
matrix elements, in turn, require a knowledge of the electronic wave
functions. For this purpose, we employ a first-principles approach in
the form of the linear combination of atomic orbitals (LCAO) method.
As this method has been previously discussed,[94, 95] we highlight only

a few of its pertinent features.
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Let W, (7) be the self-consistent wave function of the crystal at the
n-th band and k-th point in the Brillouin-Zone (BZ). W, (7) can be

decomposed into a linear combination of the atomic orbitals CIDZ(;)%(F) of

t-th atom by
m= +l
€(atoms) m=—I1

where an m = Jyv, Yaur(7) - <I> V*(F)dV denotes the projection coeffi-
clents.

The [-th orbital of the [(-species contributes to the population by a

fraction of hfi) ;196]

m=-+1 m=-+l )
nkl Z Z nk JIm nk lm/ Z Z Z nk lm nzk Im- (219>
B)m=—1 i€(BBy.) | m=—1

By using the planewave basis set in planewave pseudopotential (PPP)
scheme, the representation of natural atomic orbitals around the cen-
ters of atoms is missing. However, this disadvantage could be overcome
by projecting the Bloch states onto the atomic orbitals constructed us-
ing the radial pseudo atomic wavefunctions of each angular momentum
channels for each elements (the angular parts are simply spherical har-
monic functions) [97, 98]. It is useful for extracting the local (atomic)
information of the materials. Those radial pseudo atomic wavefunc-

tions are the ones used to generate pseudopotentials and therefore, had
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the best consistency with the Bloch states. The projected values are
equivalent to the coefficients of LCAO (Linear Combination of Atomic
Orbitals) type expansion of original Bloch states using pseudo atomic
orbitals as basis functions. The collection of those coefficients can be
used to extract local information from the system as a whole, where
in the present work it is the PDOS (Partial or Projected Density of
States) plots been used as an analysis tool. This atomic projection
concept is then employed for resolving interesting components from the

total density of states (TDOS)

PDOS (3,1, ZZhnkl (E — Eu) (2.20)

The partial density states (PDOS) could be used to provide valuable in-
sight into the formation of energy bandgap and the nature of transitions

from which the linear and nonlinear optical properties are originated.

The atomic projection concept was then employed for resolving inter-
esting components from total density of states (DOS). We define the

local density of states (LDOS) and projected density states (PDOS) as

LDOS(a, E) ZZZhW (E — Eur) (2.21)
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and
PDOS(a,l, F) = ZZhn“ (F — En) (2.22)

which can provide valuable insight into the nature of transitions from
which the linear and nonlinear optical properties were originated. The
[-th orbital of the (3-species contributes to eiegnfunctions by a fraction,

hfﬁ{),l[%], defined as eq. 2.19. We calculate PDOS by using the WIEN2K

package.[41]

2.7.6 Optical response functions

In a crystalline solid, the most important optical transitions did not
change the momentum or the spin of the electrons involved in the tran-
sition. In terms of an energy band structure this means that one only
has to consider optical excitations from an occupied state of the same

spin for each k vector in the BZ.

The linear optical properties of a dielectric crystalline material can

therefore be described with a dielectric function of €;(q,w) at ¢=0.
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When the incident photon energy is higher than the bandgap E¢, the
material can attenuate the photon flux. The absorption coefficient
a;j(w) is related to the imaginary part of the dielectric function by

[99]

Ime;j(w) =

_ 8;?‘/ ZZ —£) wcxav(l@) —hw).  (2.23)

Here f. and f, reperesented the Fermi distribution of the conduction
band ¢ and the valence band v, respectively; p’, (, ;1_1) denoted the
momentum matrix element (MME, in unit of A=') from the conduction
band ¢ to the valence band v at the £ point of the BZ. The real part
of the dielectric function is obtained from the imaginary part with the
Kramer-Kronig transformation. For the second-order nonlinear opti-
cal (NLO) response, the theoretical description is very complex [99].
However, at the zero frequency limits, the NLO susceptibility can be

expressed as

X0 = (T ) S g (D + D+ D) -

1 7 7 1
2. Foy B2 2 (Do, + Dipe + Dity)12.24)

where Dnjml - ]m[ :'zm(pjr.nlpgfn +p7lgllpgn)]/2 Decomposing X?jk(o) into

various contributions from atomic species or orbitals are of interest
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here. This can be properly done by calculating the contribution from

the S-th species as [100]

1 eh
ngi(ﬂ, ZZZ Ukl o(E — Evk)+h(k)z5(E Ee,)]

ve

v'cv wv'c cov’ )
E, E2 E? (2-25)

/ cv—cv

vce cuc! ccv

2
EC'CEngc’v

(Dzyk + Dzyk _I_Dmk) (Dmk + ngk + Dzyk
<[> -2

/

C (Y

Equation 2.25 is very similar to eq. 2.22 except that the second-order
nonlinear optical strengths served as the weighting factor. We shall use
this equation to obtain insight into the underlying mechanism of the
NLO susceptibility. In Chap. 3.4 the calculated and the experimental

results will be compared and discussed.

Tang et al used the same approach in both local-density approxima-
tion (LDA) and generalized-gradient approximation (GGA) with norm-
conserving pseudopotentials to investigate the electronic structures, op-
tical and bulk properties of the rhombohedral ternary halides [12] and
the orthorhombic ternary nitrides [43]. The analysis with band-by-band
and atomic species projection technique [12, 43] both yielded useful
information about material properties and provided deep insight into

the fundamental understanding of the electronic structures and optical
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properties of rhombohedral nonlinear optical crystals, CsGeX3 (X=CI,

Br, and I).

2.7.7 Frequency-dependent Optical Properties

For the linear susceptibility, we adopt the analytic expression given
by[45]

Tf»im(k)fﬁm(k)

X7 (—w;w) thf"m[ Wnm(K) 4+ (A/R) (0me — Ope) — W)’

(2.26)

where n and m label energy bands; f,., = f. — f., with f; the Fermi
occupation factor. k denote the wave vectors in the Brillouin zone.
Winn(k) = wi (k) — wn(k) denote the frequency differences. 7, are the
dipole matrix elements, which are related to the velocity matrix ele-
ments, Uy, Via imp = U/ (iwnm)- A denotes the constant shift used in
the ’scissors approximation’ to correct the energy band gap difference
caused by the local density approximation. d,,. = 1 if band m denotes

one of the conduction bands.
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For the second-order response we write[45]

2 2
Xéb)c(_wﬁ — Wy Wg, Wy) = szb)c,ll(_wﬁ — Wai W, W)

1
F0abe, 11(—wp — Wy W, W) + ( (2.27)

wg + wy)

SEGMAahe,11(—Ws — Wy Wp, Wy), (2.28)

where be)c ;7 represents the purely interband contribution. 7417 de-

scribes the contribution from the modulation of the linear susceptibil-
ity by the intraband motion of the electrons. The third term is due
to the modification of the intraband motion by the polarization en-
ergy associated with the interband transition. Explicit expressions for

(2)

Xope(—2w 1 —w, —w) and X(z)

abe

(—w : —w,0) can be found in Appendix B
of Ref. [45]. To include the ’scissors operator’ effect, we simply replace

wnm(k) in these expressions by wy, (k) + (A/R)(me — One)-

2.7.8 Second-Order Nonlinear Susceptibilities

For the second-order nonlinear optical (NLO) response, the theoretical
description by Raskheev et al. [99] was very complex. However, at

the zero frequency limits, the NLO susceptibility could be expressed as
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2 L eh 1 ik ijk ijk
XZ(J/)f(()) - V(_)g Z Z[Z E ICEQ EQ/ (Dv{:’c + DCZ)C/ + chcv) T

c
k wc c

Z E E’2 E'2 (va’f?) + vav]fc + D(:Z)]:)/Ip29>

where D" = Im[pi, (p’ pk +pk ol )]/2. Here pi, (k, A~') denoted the
momentum matrix element (MME) from the conduction band ¢ to the
valence band v at the k-point of BZ. For the photon energy Aw of PSHG
measurement well below the band-gap, 2.32eV, frequency-dependent
XEJQ.,)C(—Qw; w,w) and n(w) were nearly constants in this frequency region
[2, 71]. The static X(Q.) (0) could be considered as good approximation to

ijk
)

the frequency-dependent Yy, J 1.(—2w; w, w) in the PSHG measurements.

Tang et al used the same approach by using both local-density approx-
imation (LDA) and generalized-gradient approximation (GGA) with
norm-conserving pseudopotentials to investigate the electronic struc-
tures, optical and bulk properties of the rhombohedral ternary halides
[12] and the orthorhombic ternary nitrides [43]. The analysis with band-
by-band and atomic species projection technique [12, 43] both yielded
useful information about material properties and provided deep insight

into the fundamental understanding of the electronic structures and
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optical properties of rhombohedral nonlinear optical crystals, C'sGeX3
(X=Cl, Br, and I). A kinetic-energy cutoff of 580 eV, 4-k special points
and 54 bands were used to ensure the convergence in the calculation of

the optical properties.

Various representative calculations of nonlinear bulk susceptibilities
which adopt the summations-over-excited states (SOS) scheme were
discussed in the review paper of B. Champagne and D. M. Bishop
[101]. The models and calculating schemes employed in first princi-
ples calculations progressed in parallel to the development of ab initio
band structure calculation. However, first principles calculations in this
paper did not employee any band-gap correction scheme at all for two
reasons. First, the effected tendencies with structural distortion and the
constituents were focused in this study. Second, the calculated results

(2)
ijk

of x5 (—2w;w,w) were still diversified after various band-gap correc-
tion schemes were employed. The scissors operator approximation, one
of the band-gap correction schemes, was good enough. However, in this
study, we focused on the structural and the constituent effection on the

NLO susceptibilities, and there was no any band-gap correction scheme
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will be implemented, discussed, and developed.

In Chap. 3.4 the calculated and the experimental results will be com-

pared and discussed.
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Chapter 3

Innovative Non-linear Optical

Material: the Ternary Halides

The first principles calculation of frequency-dependent linear optical
susceptibilites and electronic band structures of CGX rhombohedral
nonlinear optical crystals, CsGeX3 (X=CI, Br, and I) were performed
by using the WIEN2k package. The maximum difference between cal-
culated and measured lattice parameters were less than 1.1%, and this
accurate result could almost guarantee the ab initio calculated proper-
ties of linear electro-optics (LEO) on CGX. However, our first principles

calculations indicate that the optimized cell angles of C'sGe X3 re more
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distorted from cubic structure than the experimental results. (see Ta-

ble 3.1)

3.1 Structures of Rhombohedral, Cubic, and Tetrag-

onal Ternary Halides

The CGX crystals tend to extend along one of the (111) directions.
The calculated electronic band structures of rhmbohedral CGX were
behaved similarly. The CGX crystals tend to extend along one of the

(111) directions. The calculated electronic band structures of rhmbo-

hedral CGX were behaved similarly.

The structural distortion factors obtained from experimental and the
WIEN2k calculations are listed in Table 3.1. According to Table. 3.1,
A« and dg,. increase with increasing atomic weight while dyx and tg
decrease with increasing atomic weight. The geometrically optimized
cell parameters and distortion factors are listed below the experimental

ones in Table 3.2 and Table 3.1, respectively. Similar to the experimen-
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tal results, the calculated Aa and dg. increase with increasing atomic
weight, i.e. AaYCC < Aat“P < Aa®CT and dEEC < dEEP < dGET.
On the other hand, the calculated dx decreases with increasing atomic

weight. (see Table. 3.1)

The magnitudes of experimental distortional factors in Table 3.1 can

be simplified as some integer ratios. The experimental lattice angles

of CGX have the ratios like Aa%GC : AaCCB . AafSl ~ 3 : 14 :

erp exp erp

CGC . AQCGB . AQCGI ~

16, and the calculated results are like Aoy, ol ol

1 : 2 : 3. Additionally, the experimentally measured displacements

~ - CGC . JCGB . JCGI .~ 9 . 4 . ~
of B-site cation, Ge, are dgg ), @ dac ey @ Qaeery = 3 ¢ 4 1 5, while

the calculated results are like dgfg, : dggil : dgggal ~4:6: 7.

Finally, the experimentally measured displacements of anion, X, are

dCGC . dCGB . dCGI

NXooap * Axomp @ dxopp = 4121 1, and the calculated results are also

CGC . jJCGB . jJCGI ~ 4 .9 .
dX,cal . dX,cal : dX,cal ~4:2: L

The effects of these integer ratios on the electronic and optical proper-

ties are discussed in the following chapters.

The results obtained by volume optimization with WIEN2K|41]are shown
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# 3.1: Distorted structural factors obtained from the experimental lattice constants

and the First-Principles results of the Rhombohedral NLO crystals CsGeX3.

Aa dge dx

CGC (exp.) | 3.077(7) 1.90 5.390(6)
CGB (exp.) | 13.955(5) 2.36  2.721(9)

CGI (exp.) | 15.555(5) 2.97 1.258(6)

CGC (calc.) | 9.766(6)  2.01 5.866(7)
CGB (calc.) | 18.922(2) 3.00 3.189(5)

CGI (cale.) | 26.055(5) 3.54 1.407(7)

in Fig. 3.2, and the bulk modulus of the different phases of CGX are
also listed in Table 3.3. The summation over the Brillouin zone (BZ)
was carried out with a 10 x 10 x 10 Monkhorst-Pack k mesh [77]. The
maximum difference between calculated and measured lattice parame-
ters were less than 1.1%, and this accurate result could almost guaran-
tee the ab initio calculated properties of linear electro-optics (LEO) on
CGX. However, our first principles calculations indicate that the opti-
mized cell angles of C'sGeXj3 are distorted from cubic structure more

than the experimental results. (see Table 3.1)
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3.1.1 X-ray diffraction

Although the structure of C'sGeBrs has been reported, we felt it impor-
tant to determine the structure to better understand the SHG proper-
ties. The synthesized yellow crystals C'sGeBrs were crushed , ground,
and sieved. X-ray diffractograms were obtained at room temperature
by means of C'u — K« radiation with Siemens D5000 equipment. For
determination of the lattice parameters, extra C'sBr crystal was used
as an internal standard. Measured pattern was indexed and analyzed,
i.e. the full-profile Rieltvelt refinement, by a non-profited program
PowderCell [102], which was developed by W Kraus and G Nolze.
The structural parameters of C'sGeBrs, which were reported JCPDS

(27, 28, 29, 30, 31], are listed in Table 3.2, for comparison.

3.1.2 Crystal structure and mechanical properties

Figure 3.1 shows the X-ray powder diffraction of the crystal HRGC.
Each important peak has been labeled on the measured X-ray diffrac-
tion (XRD) patterns, e.g. the [111] plane around 260 = 20.78° or [310]

plane about 20 ~ 37.40°. These peaks are slightly shifted from ideal
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% 3.2: Lattice constants and the Ge’s fractional coordinates of the Rhombohedral

NLO crystals CsGeBrs and C'sGeClz. The first principles calculation results and the

measured values by using the XRD and Rieltvelt refinement were compared.

a(=b=c) a(=8="7) Frac. Coord. of Ge ta
CsGeBry (JCPDS) | 5.635(9)  88.74(4) (0.476(4), 0.476(4), 0.476(4)) 1.009(4)
CsGeBrs (exp.) 5.647(5)  88.79(3) (0.494(1), 0.494(1), 0.494(1))
CsGeBrs (ab initio) | 5.688(5)  88.29(7)  (0.470(9), 0.470(9), 0.470(9))
CsGeCly (JCPDS) 5.434(2)  89.72(3) (0.481(0), 0.481(0), 0.481(0)) 1.027(2)
CsGeCls (exp.) 5.446(9)  89.70(8) (0.499(3), 0.499(3), 0.499(3))
CsGeCly (ab initio) | 5.510(8)  89.12(1)  (0.479(9), 0.479(9), 0.479(9))

RGC diffraction pattern. From the crystal models used in this study,

the water molecules are located between these atomic planes. The wa-

ter molecules causes the change of interplanar spacing. The peak from

[310] planes is found to achieve a minimum peak height when the wa-

ter of crystalization is 50% occupied (x

0.1). The water molecules

randomly occupy the crystallographic sites between the [310] planes

and cause a reduction in structural factor. The lattice parameters of

RbGeCl; - (H0) crystals vary linearly with the amount of water.
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3.1: X-ray powder diffraction of the crystal HRGC. It is shown that the XRD
peaks shift from that of RGC. A major peak height at [310] is observed in the NLO
crystals HRGC.
From the first-principles calculations based on the WIEN2k package,
the equation-of-state parameters such as the bulk modulus and its pres-
sure derivative can be deduced. The bulk modulus for RbGeCls-z(H50)
is about 9.11 GPa.

The HRGC crystal belongs to a monoclinic space group P2;m (No.11)

with a=7.988 A, b=6.941 A, ¢=5.800 A, o = v = 90.0°, and [ =
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106.34°. Figure 3.11 shows the crystal packing along a and c¢ direc-
tions. Three chloride atoms are bonded to a germanium atom to form
a tetrahedron, and two such tetrahedrons are inversely mapped to each

other in the primitive cell.

The germanium-chloride tetrahedrons form chain-like rows, which are
parallel to one other, while rubidium atoms and water molecules are
arranged between the germanium-chlorides chains. Each rubidium or
water molecule is surrounded by three parallel germanium-chlorides
chains. The bond length analysis showed that the bond lengths of
germanium with two dangling chloride atoms, Ge-CI(1) and Ge-Cl(2),
were 2.722(3) A and 2.738(3) A, respectively, while the bond lengths of
germanium with two bridging chloride atoms, Ge-Cl(3) and Ge-Cl(4),
were 2.823(3) A and 2.830(4) A, respectively. So there is a distortion
within one germanium-chlorides tetrahedron. Furthermore, the con-
necting ways of the germanium-chlorides tetrahedrons were similar, as
the bridging chloride atoms were all located ’below’ germanium atoms,
while the two dangling chloride atoms within one tetrahedron were

located ’above’ germanium atoms as shown in Fig. 3.11. This means
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3.2: Volume optimuization results for the (a) rhombohedral (R3m) and cubic
(Pm-3m) C'sGeCls; (b) rhombohedral (R3m) and cubic (Pm-3m) C'sGeBrs; and (c)
rhombohedral (R3m) and orthorhombic (Pmmm) CsGels.

that the distortion directions of all tetrahedrons are similar. This pack-
ing mode is favorable for the accumulation of microscopic second-order

NLO coefficient and leads to a relatively strong bulk NLO effect.

The equilibrium lattice constants and fractional atomic coordinates

were deduced from the total-energy minimization procedure in the
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WIEN2K package. Relaxation of lattice parameters and atomic po-
sitions was carried out under the constraint of the unit cell space-group
symmetry. As shown in Table 3.1, the C'sGe X3 crystals have a noncen-
trosymmetric thombohedral space group R3m. The calculated results
are shown in Fig. 3.2 and Table 3.3. It is found that the bulk modulus
of CGC is the largest, and that of C'GI is the smallest. We found that
the cell volumes of the low temperature phase (R3m) are larger that

those of the high temperature phases (Pm-3m or Pmmm), except for

Cdl.

3.2 Electronic Band Structures and Density of States

Analysis

The CGX crystals tend to extend along one of the (111) directions.
The calculated electronic band structures of rhmbohedral CGX were
behaved similarly. As shown in Fig. 3.3, CGX crystals have direct
band gaps, Eg = AFEg, at the R(111)-point. According to the elec-

tronic band structures of C'GX shown in Fig. 3.3, band transition
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energies at I'-point, AFEr, are also larger than that at the M-point,
AFEy;. Namely, we have AEr > AEr > AEr = Eg in rhombohedral

CGX crystals.

The experimental and the calculated band-gap values, Fg = AFER, of
CGX both show a decreasing trend from CGC to CGI, and they are
listed in the first two rows of Table 3.5. These electronic band struc-

tures of rhombohedral halides are quite different from the perovskite

oxides, ABQOs3, e.g. BaTi03, PbTi03, Sr1703, and LilNbOs, etc.

As shown in Table 3.5 , all calculated band-gap values of rhombohedral
CGX crystals were underestimated with respect to the measured ones.
From the density of states analysis in the Fig. 3.4, cation Ge which is
located on the longest diagonal axis [111] palys a key role in determining

the strengths of optical transitions.
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3.3: Results for the calculated electronic band structure of CsGeXs.

3.3 Electronic and Linear Optical Properties

The lattice parameters obtained above were used to calculate the elec-
tronic properties of C'sGe X3 crystals. In order to understand the nature
of optical transitions and other relevant effects on the calculated op-
tical properties, an analysis of the local densities of states and other

electronic properties of these CsGeXj3 crystals were made.
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3.4: The density of state analysis of rhombohedral C'sGeX3 crystals.

The first principles calculation of frequency-dependent linear optical
susceptibilities and electronic band structures of the stable phase CGX
rhombohedral crystals, CsGeX; (X=Cl, Br, and I) were performed
by using the LASTO method. The self-consistent procedure was per-
formed on the grid of 1000 k-points uniformly distributed in the ir-
reducible tetragonal BZ. The CGX band structures obtained by the
LASTO method are very similar to those obtained by the WIEN2K
package. However, the LASTO methods is more efficient and it allows

us to implement the computation for non-linear optical properties.
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3.3.1 Linear Optical Properties and the Electronic Proper-

ties

The results for the imaginary part of the linear optical susceptibility,

&

Imy;;’(w), are plotted in Fig. 3.3. Although this part of the response

function cannot be directly compared with experiment, it can be mean-

1)

ingfully related to the band structure. The structure in Tmy;;’ (w) can
be attributed to the same general regions in the band structure for all
(CsGeXs. The onset of the function occurs at the resonance around
zero-frequency. The first peak is associated with the AEr = Eg opti-
cal transition. The second structure in the function for the most part
arises from the AFE); resonance. The complicated structure in the re-

gion between 3 and 5 eV is associated with A Er resonance with optical

peak.

3.3.2 Linear Optical Properties and the Structural Effects

In Fig. 3.5, the imaginary parts of the frequency-dependent linear opti-
cal susceptibilites, X:(,;lx) and ng), for C'sGeX3 are presented. There was

few experimental results included for comparison. The main features
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3.5: Imaginary X(xlm) and XSZ) for the thombohedral C'sGeX; crystals.

of the linear response function can be attributed to the same regions of

the electronic band structure for CGX.

In Fig. 3.6, the imaginary and real parts of the dielectric function,
€’ (w) and €'(w), for CsGeXs are presented in the last two rows. In
the evaluation of all the response functions, the essential task is the

integration of a function over IBZ. This is carried out by a ”hybrid”
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random sampling-tetrahedron method. We partition IBZ into many
small tetrahedra, at whose vertices we evaluate the eigenvalues and ve-
locity matrix elements on the basis of results from the calculations. The
first peak is associated with AEr = E¢ optical transition. The second

structure in the function for the most part arises from A FE); resonance.

In the evaluation of all the response functions, the essential task be-
comes the integration of a function over the IBZ. This we do in a ’hy-
brid’ random sampling-tetrahedron method. We partition the IBZ into
many small tetrahedra, at whose vertices we evaluate the eigenvalues

and velocity matrix elements based on results from the calculations.

According equation 2.26, the unpolarized dielectric constants at zero-
frequency of CGX were hightened from 4.8598 (¢““) to 6.5313 (e““1).
These polarized dielectric constants, €., and €,,, were increased in com-
mon with the unpolarized dielectric constant. The alike tendency was

attributed with the structural disttortion. The dielectric constants were

about €¢CC : €GB . Gl ~ 12 113 : 16, and the first-principles cal-

. CGC . jCGB . jCGI . A . ¢ .
culated results were inceased as dGe’cal el AGeear B 4:6:7 and
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3.6: Results for the calculated unpolarized dielectric function (the first row) and

dielectric function in [111] direction of rhombohedral CsGeXs.

AaCCC AaCCB . AqCCl ~1:2: 3.

cal cal cal

3.4 Nonlinear Optical Properties

Various representative calculations of nonlinear bulk susceptibilities
which adopt the summations-over-excited states (SOS) scheme were
discussed in the review paper of B. Champagne and D. M. Bishop
[101]. The models and calculating schemes employed in first principles
calculations progressed in parallel to the development of ab initio band

structure calculation. The scissors operator approximation, one of the
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band-gap correction schemes, was good enough. However, in this study,
we focused on the structural and the constituent effection on the NLO
susceptibilities, and the ’sissors’ correction scheme are implemented,

discussed, and developed.

C'sGeXj3 crystals belong to the crystal class 3m, which has the nonvan-
ishing tensor elements, rzx = yzy, xrz = yyz, zox = 2yy, 222, Yyyr =
—yrx = —xxy = —axyx [1, 2, 17] assuming the Kleinman symmetry
is valid [103]. For comparison, our calculated second-order non-linear
optical susceptibilities, Xg?,i, of rhombohedral C'sGeCls, C'sGeBrs, and
CsGels crystals are shown in Fig. 3.7 and Fig. 3.8. They were esti-

mated from the first principles calculation based on the LASTO method

and inluding the ”scissor operator” correction.

Powder SHG measurements on sieved polycrystalline CGBr (Figure
3.9) and CGC revealed that the SHG efficiencies of CGBr and CGC
higher than that of KDP. In figure 3.9, the detected SHG signals of

CGBr in the higher (reflected) angle were saturated. The PMT de-

tection sensitivity was kept the same magnitude and was not lowered
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down, because the SHG signals of KDP (reference) can not be detected
or identified in lower sensitivities. The integrated intensities were esti-
mated from the reflection signals in various particle sizes, and showed
the SHG responses of sieved polycrystalline C'sGeBrs were about 1.62
times larger than that of C'sGeCls and 9.63 times larger than that
of KHyPO, (KDP)(see Table 3.5). In addition, both C'sGeBrs and
CsGeCls were phase-matchable (see Figure 3.10) as was K DP. That
is, as the particle-size becomes substantially larger than the coherence
length of the crystal, the collected SHG intensity gains no more and

saturates as a certain value.

The estimate of the coherence length of the three crystals compared in
this chapter is based on the position (particle size) of the saturation
point. According to the relation between integrated I, with respect to
average particle-size (Fig. 3.10), the coherence length L. is ~ 200um

for KDP, ~ 150um for CGC, and ~ 75um for CGB.

CsGeBrs crystal is found in crystal class 3m, which has the nonva-
nishing tensor elements, xzx = yzy, rxz = yyz, zox = 2yy, 22z,

yyy = —yzrx = —xxy = —zyzx [1, 2, 17] assuming Kleinman symmetry
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is valid [103]. For comparison, ab initio calculated second-order non-
linear optical susceptibilities of rhombohedral C'sGeCl3, CsGeBrs, and
CsGel; crystals are shown in Table 3.6. They were estimated from the
first principles calculation without integrating the band-gap correction
scheme.

The d.r¢, which were measured by PSHG method, was the accumu-
lated effect, and the PSHG method was served as a screening technique
of choosing proper NLO materials. It is hard to simulate the 2nd or-

der NLO tensors, dl(?,)g or Xg.,){, from a powder measurement. However,

the responsed trends of dgc)f, dg-,l, and XZ(JQ,Z should be similar. Besides,
there is a semi-empirical rule: dgc)f ~ dz(j,)f =1/ ZXZ(?,)C [2]. In general,

2

g j]l is about double that of d?,. The calculated sec-

the magnitude of x ef f

ond harmonic generation signal of CGB was ~ 2.8 times larger than
that of CGC crystal and ~ 2.7 times smaller than that of CGI crys-
tal. The major susceptibilities were increased as the atomic weight of
halides was increased. This tendency is similar to the previous PSHG
measurement. The measured NLO susceptibility of CGBr was not as
large as the calculated one. The detected signals of CGBr in the high
reflection angles (see Figure 3.9) were saturated, because the signals

were much stronger than the detection threshold on PMT. If the de-
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tection threshold on PMT were reranged to lower sensitivity to fulfill
the stronger signal requirement, the signals of CGC and KDP would be
too weak to detect or identify (Fig. 3.10). The reflected SHG signals
and the under-estimated dgc)f of CGB could be rescaled to =~ 5.19 by a
factor ~ 1.50. The rescaled d(?f of CGBr was about 2.45 times larger

(&

than that of CsGeCls, and was about half of the calculated x\).

There are some reasons for the significant SHG signals of rhombohe-
dral C'sGeBrj crystal. First of all, the SHG responses were contributed
from the structural distortion and the off-centered Ge ion in the unit
cell. The cell angle distortion of CGB is larger than that of CGC. The
position of B-site cation, Ge, is closer to cell corner than that of CGC.
The X,(fz)z increases as these distortions increases. Secondly, the band-

gap values decreased [27, 28, 29, 30, 31, 12] and the NLO susceptibil-

2)

ities increased when the atomic weights of halides increased. The yx; ik

is approximately inverse-proportional to the cubic of band-gap value
(101, 2, 4]. (see Eq. 2.29) The third contribution has also been sug-
gested that the electron lone-pair, the unbonding electron pair, of Ge

which was polarized in [111] direction could give more contribution on
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the MME summation. The lone-pair polarization was also mentioned
in G. Thiele et al’s reports [27, 28, 29, 30, 31]. These reasons could
form the important guidelines for further NLO crystal designation.
Certain geometric (e.g., second-order Jahn-Teller, SOJT) distortions
[104, 105, 106, 107, 108, 109, 110] were concerned with structural changes
attributed to a nondegenerate ground state, interacting with a low-
lying excited state. The distortion occurs where the energy gap be-
tween the highest occupied and lowest unoccupied molecular orbitals
(HOMO/LUMO) is small and there is a symmetry-allowed distortion
permitting the mixing of the HOMO and LUMO states. With perovskite-
type ternary oxides as well as halides ABX3(A= Cs, Rb, B= Ge, Cd,
X= Cl, Br, I), Goldschmidt’s tolerence factor t[32, 33| serves as a dis-
creminating parameter of classifying perovskites in terms of structure

modifications and the resulting physical properties [34, 35, 36, 37, 38].

The type of stacking depends on the tolerence factor t; define in eq.
1.1, where subscripts A and B denote the large and small cation, respec-
tively and X denotes the anion. r denotes the ionic radii of Shannon and
Prewitt[39, 40] which depend on the coordination number and bonding-

specimens. The tolerence factor ¢ of the RbGeCl; crystal structure is
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about 0.92 and far from the ideal value, 1.0. The t-ratio of RbGeCl;
and CsGeClj; is similar to that of Sr'TiO3 and BaTiO3;. RbGeCl; can be
considered as a substitutional material for CsGeCls and their mixture
can be used to tune the electronic or optical properties. The RbGeCls
crystal belongs to a monoclinic space group P2ym, (a=7.988 A, b=6.941
A, ¢=5.800 A, a = v = 90°, 3 = 106.340°)[46, 47], which can be con-
sidered as highly distorted perovskite crystal structure of CsGeCls, as

shown in Fig. 3.11.

3.4.1 Second-order nonlinear optical susceptibilities

The optical SHG effect is investigated using a Kurtz powder technique.
A Nd:YAG laser is utilized to generate fundamental 1064 nm light. Mi-
crocrystalline KDP served as the standard. The Kurtz powder SHG
measurement showed that the intensity of double frequency signal is
about one third as large as that of KDP which are 0.14 and 0.38 pm/V
for HRGC and KDP [111], respectively. This result is in agreement

with the above analysis of the molecular structure of HRGC.
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The NLO coefficient for HRGC powder is compared with KDP using a
semiruantitative methods, as illustrated in Chap. 2.5. A 1.064 pum laser
is split into two parts to irradiate the HRGC powder tablets and the
KDP reference powder tablets. The SHG results for HRGC are about
one third time as large as that of KDP references at 1.064pum, and the
damage threshold is greater than 200 MW /cm? which is similar to that

of CsGeCls [22].

The Kurtz powder SHG measurement shows that the intensity of dou-
ble frequecy signal is about one third as large as that of KDP. This
result is in agrement with above analysis of the molecular structure
of HRGC. It is well known that second-order nonlinear optical sus-
ceptibility is much more sensitive to crystal structure than the linear
optical susceptibility. The second-order nonlinear susceptibilities can
be estimated according to eq. (3.1) in order to learn more about the
hydrate-induced distortion. The value of d* (= 2x?) is estimated to
be 0.14 pm/V.

Powder SHG measurements on sieved polycrystalline HRGC revealed

a less SHG efficiency 300 times that of KDP. In addition, the material
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is phase-matchable (see Fig. 3.12). That is, as the particle size be-
comes substantially larger than the the coherence length of the crystal,
the collected SHG intensity gains no more and saturates at a certain
value. Our experimental results also revealed that HRGC is damaged
under prolonged laser irradiation. The capillary tube became dark after
several laser shots. This phenomenon did not occur when the tube is
empty. On the basis of the intensity ratio between a phase-matchable
material and KDP (which is also phase-matchable), one can calculate
the average NLO bond susceptibility, [72]. For phase-matchable mate-
rials, the intensity ratio can be obtained [72]. The coherence length L.
is 20 pm for KDP and is assumed to be 15 ym for HRGC, whereas the

average particle size 7 is taken to be 50 um for both materials [72].

3.4.2 Structural Effects on Second-Order Nonlinear Suscep-

tibilities

For the photon energy Aw of PSHG measurement well below the band-

(2)

gaps, frequency-dependent x;7 (w) and n(w) were nearly constants in

this frequency region [2, 71]. The static Xg,)f(O) could be considered as
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2)

good approximation to the frequency-dependent x;

(—2w;w,w) in the
PSHG measurements. The second harmonic pattern over scattering
angle to yield the total second harmonic intensity, I, was integrated.
The square of the effective nonlinearity, < d? £F> averaged over the ori-
entation distribution of crystalline powders of C'sGeX3 was determined
by

< dsz >06GX=

total 2
I 2w,CGX " Nw.oax 2w, CGX

total 2
]2w,KDP "Ny kpp " "2w,KDP

< dgff >KDP -

2w,

with a reference NLO crystal, e.g. KDP, when n ~ n, ~ ny,. Powder
SHG measurements revealed that the SHG efficiencies of CGB were
higher than that of CGC. The band-gap of C'GI is too small to detect
the SHG signal of it. The detected SHG signals of The integrated
intensities were estimated from the reflection signals in various particle
sizes, and showed the SHG responses of sieved polycrystalline CsGeBr;
were about 1.62 times larger than that of C'sGeCl3 and 9.63 times larger

than that of KDP by Tang et al.[12, 11] (see Table 3.5)
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The d.f¢, which were measured by PSHG method, was the accumulated
effect, and the PSHG method was served as a screening technique of

choosing proper NLO materials. It is hard to simulate the 2nd order

@ @

NLO tensors, d;ij Or X from a powder measurement. However, the

ijk?
responsed trends of d((jf)f, dfﬂ, and xsz should be similar. Besides, there
is a semi-empirical rule: di?f R~ dff])c =1/ 2)(2(32,?C 2]

The first principles calculation nonlinear coefficients of rhombohedral
nonlinear optical crystals, C'sGeX3 (X=Cl, Br, and I), were performed
and listed in Table 3.5. The nonlinear coefficients of rhombohedral
nonlinear optical crystals, C'sGeX3, were compared with the available
powder second-harmonic generation (PSHG) measurement[12, 11]. In
Table 3.5, all Xg,)c(()) were enhanced in common with the magnitudes of
dielectric constant of CGX, i.e. X(C%C(O) < ng;B(O) < X(C%I(O). This

tendency was also related to the distortional factors as d50¢ < d59P <

CGI
deg”

In general, the magnitude of X’E?Z‘ is about double that of d(z})f. The cal-

e

culated ng)z of CGB was ~ 2.0 times larger than that of CGC crystal
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and =~ 5.8 times smaller than that of CGI crystal. The major suscep-
tibilities were increased as the atomic weight of halides was increased.
This tendency is similar to the previous PSHG measurement. The re-
flected SHG signals and the under-estimated dgc)f of CGB was about
1.63 times larger than that of C'sGeCl3[12, 11].

3.4.3 Electronic Properties and Second-Order Nonlinear Sus-

ceptibilities

The original contributions came from the speicies Ge and X. This be-
havior was in common with that of frequency-dependent linear op-

tical susceptibilites. The magnitudes of Xf?,l were inversely propor-
tional to the bandgap (shown in the first two rows in Table 3.5),
ESCC > EECB > EECT of CGX, and were proportional to the de-

gree of distortion.
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3.5 Transmittance spectrum

According to the first-principles calculation result, the RbGeCls crys-
tal has a direct band gap (see Fig. 4.4) with potential applications
as efficient absorber or photon emitter. To gain more insight into the
calculated optical properties, we further studied the PDOS and LDOS
spectra of these crystals. The calculated PDOS for RbGeCl3 are pre-
sented in Fig. 3.14. Based on Fig. 3.14, the HOMO/LUMO values
depend on the contributions of the germaniums and the chlorines.
Furthermore, in Fig. 3.15(a), absorption spectrum measured on
single crystal RbGeCl; - z(H50) in visible range is shown. The absorp-
tion edge is 3.84 eV. The resulting bandgap of RbGeCl; - (H20) can
be tuned linearly in a wide spectral range by adjusting the substitu-
tion composition. From the UV-vis-near IR spectrum of HRGC (Fig.
3.15(a)), it is transparent in the visible region and even extended to
about 350 nm, which is the absorption edge of HRGC. According to
these data, the band gap of the HRGC is estimated to be 4 eV, which
is even larger than the band gap of the famous LiNbOj3 (3.5eV) crys-
tal. The band gap is related to the laser damage threshold. The larger

the band gap exists, the higher the laser damage threshold is. So, the
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HRGC is expected to have high laser damage threshold.

The FTIR spectrum of HRGC crystalline powder is shown in Fig.
3.15(b). The transmittance is higher than 90% ranged from 2.5 to
25 pm. There were few absorption peaks at 2.5 - 2.7 um, 3.0 - 5.9 um
belong to the symmetric- and asymmetric-stretching of the crystalline

water. So the transparent range of HRGC were from 2.0 - 20 pm.

Infrared spectra were recorded on the (Perkin Elmer instruments Spec-
trum One) spectrometer in the range from 400 em ' to 4000 cm 1,
ie. 2,51 m to 25um, with the sample pressed between two K Br pel-
lets. The transmittance of C'sGeBrs powder was higher than 60% in
mid-infrared range, from 2.5um to 22.5um. (see Figure 3.16) That
meant SHG signals could transmit in NLO CsGeBr;s single crystal.
This transmission property in IR spectrum was similar to other NLO

ternary halides, e.g. CsGeCls, CsGelz and superior to NLO oxide

crystals, e.g. BBO, KTP.
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The Raman spectrum of HRGC crystalline powder is shown in Fig.
3.15(c). The peaks at 324.28, 278.02, 251.72, 175.50, and 124.88 cm™*
are due to the stretching of the 3-fold bonds in the Ge-ClI3 cluster and
the A-site cation vibration. There are no other peaks in the region. So
the transparent region of HRGC is wide (from 0.31 to 30.84 pm). This
is of vital importance to many applied realms such as scout and other

civil applications.

3.6 Thermogravimetric Analysis

There were four parts of thermal and structural responses, which were
observed in this thermogravimetric measurement. (see Figure 3.17(a))
The resulted curve of TGA /DTA measurements on HRGC powder (Fig.
3.17(b)) reveals one transition in the range of 250-260°C, correspond-
ing to a weight loss about 1.093%, which is in agreement with the
calculated weight loss of water. The main weight loss occurred at tem-
perature above 400°C.

No significant weight loss or phase change was observed from room

84



temperature up to 200°C. Slight DTG peak of CGB at 242.9°C indi-
cated the phase change from rhombohedral to cubic. The phase change
temperature was similar to the reports of G Thiele et al [29, 30]. The
CsGeBrs became the liquid phase around 352.5°C from cubic solid
state phase when the temperature increased. The temperature DTG
peak at 410.7°C showed that CGB was thermally decomposed when
the temperature was higher 410.7°C. In summary, the NLO CsGeBr;

crystal could be properly operated under 200°C.

3.7 Results and Discussion

The species projected contributions to X;(EQZ)m, X(fz)x, X;(é)z, and X;(UQZ)Q, in

rhombohedral CsGeXj are shown in (Figures 3.18, 3.19, and 3.20. The

main peaks of projected ij]l of CGX are observed around the band

edges. The dominant contributions come from the speicies Ge and X.

This behavior is similar to that of the dielectric function. The magni-

1(]2,1 are inversely proportional to the bandgap (shown in the

first two rows in Table 3.5), ESCC > EECP > EECT of CGX, and are

tudes of y
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proportional to the degree of distortion.

There are two groups of significant peaks found in each second-order
nolinear optical susceptibily. First group of significant peaks is due to
the second term in eq. 2.25, which is the sum of transitions from all
valence states to the components in a conduction-band state associ-
ated with a given species, mediated by all possible intermediate states.
Thus, these peaks are related to the conduction-band PDOS. The other
group of peaks is due to the first term in eq. 2.25, which is the sum
of transitions from the components in a valence-band state associated
with a given species to all valence states, mediated by all possible in-
termediate states. Thus, these peaks are related to the valence-band
PDOS. We found a close relationship between the relative positions
of these peaks and the B-site cation displacement, dg.. according to
our analysis for B-site cation displacement discussed above, we have
dggglz : dggil : dgg’z@l ~ 4:6:7. The magnitudes and energy levels of
the strongest peaks in group two are found to be 31.72 pm/V at -0.75eV

for CGC, 00, -46.73 pm/V at -1.15eV for CGB, and -93.86 pm/V at

-1.35eV for CGI, respectively. The energy levels of peak-deviation, pp,
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are in a similar ratio, i.e. p§¢¢ : p§&P : pOET ~ 4:6:7.

There are some reasons for the significant SHG signals of rhombohedral
CsGeX3 crystals. First of all, the SHG responses are contributed from
the structural distortion and the off-centered Ge ion in the unit cell.
The cell angle distortion of CGB is larger than that of CGC. The po-
sition of B-site cation, Ge in CGB, is closer to cell corner than that of
CGC. The Xﬁi)z increases as these distortions increases. Secondly, the

band-gap values decrease [27, 28, 29, 30, 31, 12] and the NLO suscepti-

(2)
ijk

bilities increased when the atomic weights of halides increase. The x
is approximately inverse-proportional to the cubic of band-gap value
(101, 2, 4]. (see Eq. 2.29) The third contribution has also been sug-
gested that the electron lone-pair, the unbonding electron pair, of Ge
which is polarized in the [111] direction could give stronger MME. For
incident light polarized along [111]. This explains why the dielectric
function for [111] polarized light is stronger than that for unpolarized
light as seen in Fig. 3.6. The lone-pair polarization is also mentioned

in Thiele et al’s reports [27, 28, 29, 30, 31]. These reasons could form

the important guidelines for further NLO crystal design.
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Experimental data at energies above the gap are very scarce for the
materials considered here. The only data are listed in Table 3.5. The
calculated energy bandgap are about 30% smaller than the experimen-
tal observation; however, this is to be expected at the level of the LDA
methodology. The smaller bandgap also overestimates the NLO sus-
ceptibility. Although the smaller bandgap obtained with LDA can be
corrected with a simple scissors approximation or more sophisticated
GW correction, we did not intend to do so in this study. Our calculated
second-order susceptibilities agreed reasonably well with available cal-

culated and experimental results.
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the rhombohedral NLO crystals C'sGeXs.

4 3.3: Bulk modulus, the optimized volumes, and the minimized total energies of

(from eq.2.16) v, B (GPa) B E,

CGC (R3m) 089.8380  32.0868 4.3209 -22548.038446
CGB (R3m) 1161.7166  26.7310 4.3544 -35418.825606
CGI (R3m) 1473.8579  19.1247 4.2286 -62493.426167
CGC (Pm—3m) | 943.8503  36.6837 5.1252 -22548.084600
CGB (Pm —3m) | 1092.0108 30.4041 4.5134 -35418.876778
CGI (Pmmm) | 13314844 25.2963 5.0481 -62493.263767
(from eq.2.17) v, B (GPa) B E,

CGC (R3m) 089.7925  32.3933  4.3607 -22548.038460
CGB (R3m) 1161.4951  26.9679 4.4539 -35418.825616
CGI (R3m) 1473.8799  19.2149  4.1967 -62493.426171
CGC (Pm —3m) | 944.6618  36.1070 4.4306 -22548.084544
CGB (Pm—3m) | 1092.2629  30.6591 4.4012 -35418.876814
CGI (Pmmm) | 13322423 25.1711 4.6082 -62493.263719
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# 3.4: Calculated optical properties, the linear and second order optical responses

at zero frequency and non-linear optical coefficients of C'sGeX; (X=Cl, Br, and I)

crystals . Available experimental data are also listed for comparison.

NLO crystal CsGeCly CsGeBrs CsGels

Egeap 3.67 2.32 1.53 Ref. [12, 11]

E; cal 2.26(5) 1.49(1) 1.01(6) direct, R-point
X 8.8477(5) 10.183(0) 12.551(4) zero-frequency
T 6.6550(5) 7.5836(7) 9.5420(6) zero-frequency

A%, 0 2.12 3.46 NA (pm/V) Ref. [12, 11]
X2 11.64924  22.39020  127.7794  zero-frequency (pm/V)
X 2.629566  2.672494  4.590949  zero-frequency (pm/V)

& 3.5: Non-linear optical coefficients of NLO crystals C'sGeBrs, CsGeCls, K DP(as

a reference), and BBO. They were integrated from the reflection powder second-

harmonic generation signals in same measured conditions

NLO crystal n(A = 1.064um)

deyy (pm/V) deff/dKDP

CsGeBrs
CsGeCls
KDP

BBO

2.31

2.30

1.50

1.66

3.46 9.63
2.12 5.90
0.36 1.00
1.66 4.61
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3.7: The total (a) absolute, (b) imaginary part, and (c) real part of frequency-
dependent second-order nonlinear optical susceptibility, component Xzi)m, by using

equation 2.27 are calculated for CsGeCls (black), CsGeBr;s (red), and CsGels

(green).
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dependent second-order nonlinear optical susceptibility, component x:7., by using
equation 2.27 are calculated for CsGeCls (black), CsGeBr; (red), and CsGels

(green).
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3.9: The powder second harmonic generation results of rhombohedral nonlinear

optical crystal C'sGeBrs

4 3.6: Second-order non-linear optical susceptibilities of rhombohedral CsGeCls,
CsGeBrs, and CsGels crystals. They were estimated from the ab initio without

employing the band-gap correction scheme

NLO crystal Xg?z)z (pm/V) X»%)y (pm/V)

CsGeCls 3.698 0.925
CsGeBrs 10.40 1.112
CsGels 28.36 0.918
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3.10: The comparison of integrated powder second harmonic generation intensity

of nonlinear optical crystal KDP, C'sGeCls and CsGeBrs
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B 3.11: One of the as-grown RbGeCls - z(H50) crystals and the crystal structure

model of the monoclinic RbGeCls crystal, whose space gruop is P2;m.

95



S " KDP-0.05 mm KDP-0.12 mm KDP-0.3 mm|
6.00x10° |- RbGeCla- 0.105 v 2.0x10°F ¢ KDP-0.08 mm v KDP-0.2 mm
L] e 3~ V. mm [ Sy Ve
e WY L2
— , v w
=. \ 'v . RbGeC|3- 0.21 mm v ’; 1.6x10° F .y v" pi .
Rl RbGeClz-0.42 mm | r . & .o,
v 5 - A4 n
= v RbGeCl3-0.84 mm = 10T . v v, e,
whd 4 M v -y 2 u
= 3.00x10°F Gy ", b~ \ . v v
c oy ey 2 8.0x10° | Sy M
L) ) m
Q L8 ° v ) n Q . v v
fher} 4l S
c 1.50x10 -, Y v v' - ‘E 4.0x10* F u v .".0... L]
i -_::v v’m‘v 3 ,‘l:". - (b) s ..,ov ."'-." |
0.00 (@ - w: 00 et e ST, |
’ -150 -75 0 75 150 -150 -75 0 75 150
0 (deg) 0 (deg)
1.8x10°
10000 (C) RbGeCl, (d) KH,PO,
1.5x10°
-"? 8000 | "?
2 g 1.2x10°
"g 6000 "2 9.0x10* |
- | y=P2*((1-exp(-((x/P1)A2)))*1/2) F y=P2*((1-exp(-((x/P1)"2)))*1/2)
(9 4000 P1=  0.2491 O e.ox10'f P1= 0.13497
I P2=  19315.6 T P2= 333326.7293
O 2000 AN=0.0102 D 30x10'}f 1;==°(-]°J157
1c=0.026 n=0.
0 1 1 1 0.0 LI 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 0.00 0.05 010 015 020 0.25 0.30
particle size (mm) particle size (mm)

3.12: Analysis of hydradizayion contribution in the NLO crystals the second-
harmonic susceptibility x® and the scaled values of y(® of the NLO crystals

RbGeClgHQO
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3.16: The transmission analysis of rhombohedral nonlinear optical crystal C'sGeBrs

in the mid-infrared range
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3.18: Second-order nonlinear optical susceptibility components of rhombohedral

CsGeCls projected for various atomic species and energy bands using eq. 2.25. The

contribution of each species is projected to ngz)x(zxg)x), Xéi)y, and ngz)z in CsGeCls.

Absolute value of SHG susceptibility ngy)z (w;w, 0), solid line for CsGeCls.
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3.19: Second-order nonlinear optical susceptibility components of rhombohedral

CsGeBrs projected for various atomic species and energy bands using eq. 2.25. The
a0 Lo . @ (2 (2) @) .

contribution of each species is projected t0 Xazz(=Xzaz), Xyyy, and xzz» in CsGeBrs.

Absolute value of SHG susceptibility ngy)z (w;w, 0), solid line for CsGeBrs.
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3.20: Second-order nonlinear optical susceptibility of components of rhombohedral

CsGels projected for various atomic species and energy bands using eq. 2.25. The

contribution of each species is projected to Xg)x(zxg?x), Xﬁ,)y, and ngz)z in CsGels.

Absolute value of SHG susceptibility ngy)z (w;w, 0), solid line for CsGels.
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Chapter 4

Chalcopyrite-like compounds with
tetrahedron distortions and their

optical properties

4.1 Nonlinear optical crystals AgGa(S,Se; ;)9

As grown crystals up to 10mm in diameter and 5cm in length can rou-
tinely be prepared. All grown samples are single crystals, which exhibit
various colours from yellow (AgGaSy) through red AgGa(S,Se;_;)2 to

black (AgGaSes). Figure 4.2 show the absorption edge of the resulting
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crystals.

4.1.1 Crystal structure and mechanical properties

X-ray diffraction (XRD) patterns (fig. 4.1) show that the substitution-
related diffraction peaks, e.g. [112] plane around 20 ~ 26° or [312]
plane about 260 ~ 52°, are shifted gradually with substitution composi-
tion. From the crystal models used in this study, the S and Se atoms
are located between these atomic planes. The substitution of S with
Se atoms causes the change of interplanar spacing. The peak from
[312] planes is found to achieve a minimum peak height when S and
Se are 50% occupied. The S and Se atoms randomly occupy the crys-
tallographic sites between the [312] planes, which cause a reduction in
structural factor. The lattice parameters of AgGa(S,Se; ,)o crystals
vary linearly with x by @ = b= (5.99 — 0.55z) A, ¢ = (10.87 — 0.57x) A.
This also generates a linear dependence of the cell volume on x with:
V = (387.88 — 54.502) A%

We summarize the calculated lattice properties of five crystals in Table
4.3 and Table 4.2 . Note that the tetrahedral coordination of .S and/or

Se atoms can be distorted by the presence of two types of metal-S
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and /or metal-Se bonds. The average bond length is calculated to be
Ga—S(2.17A—2.154), Ga—Se(2.30A—2.26A), Ag—S(2.64A—2.594),
and Ag — Se(2.70A — 2.65A). These results agree with the notion that
stronger bonding between (Ag, Ga) and (S, Se) atoms leads to a shorter
bond length in AgGa(S,Se;_,)s crystals with increasing S (x) compo-
sition. The calculated structural parameters are in good agreement
with experimental values of AgGaSes, reported by Jaffe at el [49, 50]
and this work. The slight underestimate of the lattice constants is
attributed to the intrinsic nature of density functional theory (DFT).
Our calculated structures of AgGa(S;Se;_,)s appear to be more dis-
torted than the observed structure, which reflect in a larger value of the
bond-length mismatch parameter « (table 4.3). The calculated values
of AgGa(S,Se; ,)s crystals are about 0.3 with the supercell-models.
The u-parameters yielded from the supercell-models are consistently
higher than those with the single-unit-cell-models (about 0.29) and the
experimental values of AgGa(S,;Se;_,)q, reported by Jaffe at el (about
0.27). In Table 4.3, we also present the calculated bandgap for the
AgGa(S,Se; ;)2 crystals. The calculated bandgap show in Figure 4.3
is found to be proportional to the composition of S but inversely pro-

portional to the cell-volume.
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4.1: X-ray powder diffraction of the NLO crystals AgGa(S,Sei_,)2. It is shown
that the XRD peaks shift with S composition. A minimum peak height at [312] is ob-
served when the S and Se was half substitution in the NLO crystals AgGa(S,;Se;—, ).
From the DFT calculations, the equation-of-state parameters such as
the bulk modulus and its pressure derivative can be deduced. The re-
sults are also summarized in Table 4.3. The bulk modulus for AgGaS,
is about 9.11 GPa. It is decreased to 8.15 GPa for AgGa(S,;Se;1_;)2 and
7.31 GPa for AgGaSey. This tendency is consistent with the trend of
a decreasing bonding strength (larger unit cell volume) and a narrower

band gap.
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4.1.2 Electronic structures, density of states, and optical spec-

trum

In Fig. 4.2, absorption spectra measured on single crystal AgGa(S,Se;_;)s
in visible light range are shown. The absorption edge is found to in-
crease from 1.7 eV to 2.64 eV with the composition of Sulfur. Pho-
toluminescence (PL) spectra (fig. 4.3) reveal a similar trend of x- de-
pendence. From PL measurements at room temperature, the band
gap values of AgGa(S,Sey ;)9 crystals can be fitted to Fpp(x) =
(1.7640.65z)eV. The experimental data taken from Matsushita at el[3]
and ours lie between the calculated band-gap values with the single-
unit-cell model and the supercell model. The resulting bandgap of
AgGa(S;Sei_;)2 can be tuned linearly in a wide spectral range by ad-
justing substitution composition. Furthermore, these crystals are all
direct band-gap (see Figure 4.4) with potential applications as efficient
absorber or photon emitter.

To gain more insight into the calculated optical properties we further
studied the PDOS and LDOS spectra of these crystals. The calculated
PDOS for AgGa(S,Se;_,)s are presented in Fig. 4.5.  We found that

the valence band maximums (VBM) of AgGa(S,Se;_, )9 is mainly con-
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4.2: Absorption edge measurements of the NLO crystals AgGa(S,Se;—z)s.

tributed by the (3)p-orbital of S and (4)p-orbital of Se atoms. However
the roles played by S or Se atoms at the band edges can not be dis-
tinguished. Their contribution to the total density of states is a simple
weighted summation over S and Se compositions (see fig. 4.5(f)). The
substitution effect of the S or Se in AgGa(S,Se;_;)s crystal mainly
shows up via the influences of cell-volume change. Based on this find-
ing, we are expected to see some correlated behaviors such as a lin-
ear variation of = in AgGa(S,Se1 ;)9 shall cause a linear compression

in cell volume, the band gap shall increase linearly, and the second-

108



6.0

cell 1x1x1 & LDA

cell 1x1x1 & GGA
supercell 2x2x1 & GGA
PL(10K): this work

PL(77K): H. Matsushita”

45 -

Sopen

A A
o e

0.0 1 1 1 1 1 L 1 1 1
0 25 50 75 100

S, mol%

» P
o)

4.3: The first-principles calculated bandgaps and photo-luminescence measure-
ments of the NLO crystals AgGa(S,Se; +)2. (¥): ref.[3]

order NLO susceptibility, x?, shall decrease with the cubic power of
bandgap [4]. We also test the concept by performing first-principles
calculation on a series of artificial structures prepared by expanding
the cell volume of AgGaS; and compressing that of AgGaSe;. The cal-
culated results clearly show that the similar tendency on the band gap
and the related optical properties. This finding agrees with an empiri-
cal rule proposed by Vegard, which states that the change of material

properties caused by substitution can be calculated by simply taking
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4.4: Band structures of the NLO crystals AgGa(S,Se1_z)2

a composition-weighted average of the pure substances, here are the

AgGaS; and AgGaSey [112, 113].

Our FTIR measurements show that the long wavelength limit of the
transparent range of the crystals exhibits a similar dependence on sub-

stitution composition. Crystal AgGaSs has an infrared cut-off wave-
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length at (~ 12um), which is shorter than the cut-off value of AgGaSe,
(~ 18um). The infrared absorption edge of AgGa(S,Se;_,)s with
x=0.25, 0.5, 0.75 lies between ~ 13um— ~ 15um. This result is rea-
sonable in view of the fact that Se atom is heavier than S and the
infrared absorption edge is dominated by the stretching modes of the

S, Se-metal bonds.

4.1.3 Second-order nonlinear optical susceptibilities

It is well known that second-order nonlinear optical susceptibility is
much more sensitive to crystal structure than linear optical suscepti-
bility. We therefore calculate second-order nonlinear susceptibilities in
order to learn more about the substitution-induced distortion. The re-
sults are summarized in the end of Table 4.3 and Table 4.2. To avoid
unnecessary complication from dispersion and resonant effects, we use
Eq. (2.29) to calculate the static second-harmonic susceptibility (the
zero-frequency limit) of the AgGa(S,;Se;—,)2 crystals. For chalcopy-
rites, only two independent components, the 123 and 312 components,
of x? exist, where 1, 2, and 3 refer to the x, y, and z directions along

the cubic axes, respectively [114]. However for the case with input
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photon frequency far below the material absorption edge, these two
components are essentially equal according to the Kleinman symmetry.
For these materials, the calculated X%)?) is negative with a magnitude
lying between -22.07pm/V and -51.21pm/V for AgGa(S,Se1_,)s with
the supercell model. No any band-gap correction scheme was employed.
These X%)g values agree very with the experimental results of AgGaS;
and AgGaSey[57]. With the single-unit-cell model, the calculated X%)g
ranges from -47.07pm/V to -140.411pm/V with different x. These val-
ues are about two times larger than the calculated ones with the super-
cell model. Note that the nonlinearity of material is inversely propor-
tional to the cubic power of the bandgap. We use this simple scaling
rule to remove bandgap influence on the second-order nonlinearity. The
result is presented in Fig. 4.6. Here AgGaSs is used as the reference
and the cubic power scaling rule is employed to predict the optical
nonlinearity of other crystals. This is labeled as the scaled Xg)?, value
(filled symbols) and is compared to the first-principles calculation re-
sults (open symbols) with the single-unit-cell model. As it is shown in
Fig. 4.6 that the deviation can be as large as 20% at x=0.25. The dif-

ference is most likely originated from the transition moment products,

which are known to be sensitive to the detailed arrangement of unit
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cell.

4.2 Innovative Wide Bandgap Materials: the Ternary

Nitrides, and their Optical properties

In this section, structural properties and the fundamental electronic
and optical properties of the AIBIV N, (A1'=Be, Mg; B!V=C, Si, Ge)

compounds are presented.

The aim of our work is to use the ab initio method to calculate elec-
tronics and optical properties of A//B!V' N, (Al = Be, Mg, B!V =
C, Si, Ge) ternary compounds, and to determine their prospects for ap-

plications.

4.2.1 Hexagonal and Tetragonal Ternary Nitrides

In Table 4.3(“: Ref. [115, 116, 117, 118, 119]) , six compounds were

considered. The parameter n in Berium ternary nitrides increases as the
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B-site cation goes from Carbon to Germanium. However, the variation

in parameter 7 is not monotonic in Magnesium ternary nitrides.

4.2.2 Electronic and optical properties

Band structures and optical properties of A BV N, (A=Be, Mg;
BIV=C, Si, Ge) compounds were calculated for the stable designed
phase, chalcopyrite, by the Linear Augmented Slater-Type Orbitals
(LASTO) method.[51, 52, 53, 54, 55| The self-consistent procedure was
performed on a grid of 1000 k-points uniformly distributed in the irre-
ducible tetragonal BZ. The band structures obtained with the LASTO
method are almost identical to those obtained with the WIFEN2K

package. However, the LASTO method is more efficient and allows
(2)

the computation of x,;.

(—2w: —w,-w).

Figure 4.7 shows the electronic band structures for A BTV N, (A =Be,

Mg; B!V=C, Si, Ge) obtained by using the LASTO package. The elec-
tronic band structures of both chalcopyrite and orthorhombic ZnGeNy

are also calculated in Fig. 4.8, and are compared with Fig. 4.7. Figure
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4.9 shows the corresponding projected density of states (PDOS). The
calculated bandgaps vary from 2.68 eV (BeGeNs) to 4.24 eV (M gC N,),
which are listed in the first row in Table 4.4. Because of the underesti-
mation in bandgap in the DFT scheme, these results should be adjusted

to the higher values, from ~ 4 eV to ~ 6 eV.

Figures 4.11 and 4.12 show the frequency-dependent second-order opti-
cal susceptibilities of A" BIY N, compounds. It is found that BeGeNs
has the largest value among these chalcopyrite ternary nitrides. These
frequency-dependent X,E;?Z and Xg:)y oscillate violently around band-
edges, especially for BeGeN, and M gGeN,. Besides, the nonvanishing

static X%)Z and X,(Zi)y are shown in the forth and fifth columns, respec-

tively in Table 4.4. The magnitudes of X:%)z of BeGeNy and M gGeN,
are significant, i.e. 18.45 pm/V and 16.78 pm/V, respectively. This can
be attributed to the smaller bandgaps in these ABN; compounds. How-
ever, the lager bandgap M gC'N, has a similar X%)z, ie. 16.19 pm/V. It
implies that M gC' N, has larger oscillator strengths. We also calculated

the frequency-dependent X%)Z for ZnGeN, for both 1-42d and Pna2l

115



(2)

structures, which are shown in Fig. 4.13. The static yy,. and Xf)

. are
6.33 pm/V and 13.40 pm/V, respectively (see Table 4.4). They are
smaller than those values in chalcopyrite A/ B’V N, compounds, and
are smaller than the Xégy)z and X,gr)y of chalcopyrite ZnGeN, (16.13 pm/V
and 23.69 pm/V). However, the bandgaps (1.54 eV for 1-42d and 1.66
eV for Pna2l) of ZnGeN, are smaller than those of ATTBV N, com-

pounds that could limit their applications in ultra-violet range.
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# 4.1: Structural parameters, bond-lengths, and bulk modulus of the NLO crystals
AgGa(S,Se1—,)a. The calculated values are obtained via first-principles calculation

with the supercell model.

=0.00 | z=0.25 | z=0.50 | z=0.75 | z=1.00

a(A)(exp.) 5.97 5.92 5.86 5.80 5.74
a(A)(calc.) 5.87 5.89 5.77 5.66 5.63
c(A)(exp.) 10.88 | 10.73 | 10.57 | 10.42 |10.26
c(A)(calc.) 10.64 | 10.60 | 10.24 | 10.09 | 10.02
Ga — S(A)(calc.) 2.17 2.14 2.14 2.15

Ga — Se(calc.) 230 220 227 |2.26

Ag — S(A)(calc.) 2.64 2.60 2.59 2.59

Ag — S(A)e(cale.) | 2.70 2.68 2.67 2.65

n(exp.) 1.79 1.80 1.80 1.81 1.82
n(calc.) 1.81 1.87 1.84 1.85 1.84
u[S](cale.) 0.32 0.32 0.32 0.32
u[Se](calc.) 0.31 0.31 0.31 0.31

B,(GPa)(calc.) | 731 |771 |815 [864 |O.11

Xh(pm/V)(cale.) | -51.21 | -43.31 | -32.14 | -26.08 | -22.07
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& 4.2: Structural parameters and bond-lengths of the NLO crystals AgGa(S,Sei—_,)a,

which are obtained via first-principles calculation with the single-unit-cell model.

=0.00 | x=0.25 | x=0.50 | =0.75 | x=1.00

a(A) 5.87 5.89 5.81 5.73 5.63
c(A) 10.78 | 10.32 |10.25 |10.15 |10.17
Ga — S(A) 2.34 2.30 2.29 2.31
Ga — Se(A) 2.44 2.43 2.41 2.40

Ag — S(A) 2.61 2.57 2.55 2.58
Ag — Se(A) 2.67 2.65 2.63 2.65

n 1.81 1.79 1.78 1.75 1.84
u[S] 0.29 0.29 0.29 0.29
u[Se] 0.28 0.28 0.28 0.29

X (pm/V)(cale.) | -140.41 | -107.03 | -67.90 | -54.22 | -47.07
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4.6: The first-principles calculation of the second-harmonic susceptibility v and
the scaled values of x® of the NLO crystals AgGa(S,Sey_,)2. The scaled x? values

are estimated from that of the AgGaS; with a cubic power of £,
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% 4.3: The structural parameters of the NLO crystals AY B!V N,

b(A)

Al — N(A)

B — N(A)

n u
BeCN, 3.710 7.072 1.7104 14957 0.98 0.47
BeSiN, 4.100 8.364 2.1681 15320 1.02 0.62
BeGeN, 4.250 9.320 2.2877 1.6446 110 0.62
MgCN, 4.110 7.562 1.9181 15800 0.92 0.51
MgSiN, 4.602 7.912 21150 17280 0.86 0.52
MgGeN, 4.690 9.890 2.2399 19228 1.05 0.49
BesiNge/ 119 4.073 8.164 1.00
BeSiNy, Pna217e 1151 1939 5,607 4.639

BeSiNy, Pna217i M0y 977 5747 4674

BeGieN? 4.225 8.531 0.98
BeGeNy,Pna217 115 5105 5.856 4.803

ZnGeN, 4.523 8.608 2.0388 1.8272 0.95 0.45
ZnGeNy, Pna2l 5.384 6.379 5.144

ZnGeNg/ D) 4.615 8.902 0.96
ZnGeNy, Pna217¢119 5402 6.351 5.149

ZnGeNg, Pna217si M7 5518 6.372 5.174

ZnGeNy Pna21 M8 5500 6440 5.140

ZnGeNy Prna2 09 5454 6441 5.194

ZnCeNy, Pna2 i 5565 6426 5.191
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4.7: Electronoc band-structures of various chalcopyrite A B!V N, (A1=Be, Mg;
BTV=C, Si, Ge) with sapce group symmetry 1-42d (no. 122). They are (a) BeC Ny;

(b) BeSiNy; (¢) BeGeNy; (d) MgC Ny; (e) MgSiNy; and (f) MgGeNs.
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4.8: The band-structures of (a) chalcopyrite ZnGeN, and (b) orthorhombic

ZnGeNs.

% 4.4: The calculated bandgap values and optical susceptibilities in zero frequency

of the NLO crystals A B!V Ny by using first-principle calculation.

E,eV x5 ) X2, x9,

BeC' N, 3.90 1.61 1.64 1249 12.62 this work
BeSiN, 3.67 1.55 1.56 6.45 6.47 this work
BeGeN, 2.68 1.70 1.70 18.45 15.02 this work
MgC Ny 4.24 2.02 223 16.19 15.07 this work
M gSiN, 3.79 154 1.59 839 7.68 this work
MgGeN, 3.33 1.62 1.68 16.78 15.24 this work
ZnGeN, 1.54 16.13  23.69 this work
ZnGeNy,Pna2l 1.66 6.33 13.40 this work
ZnGeNy,Pna2l  1.67 Ref. [115]
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4.9: Density of State of various chalcopyrite A B!V N, (A!=Be, Mg; B!V=C, Si,
Ge) with sapce group symmetry [-42d (no. 33). They are (a)BeCNy; (b)BeSiNy;

(¢c)BeGeNy; (d)MgC Ny; (€)M gSiNy; and (f)M gGeNy;.
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(a) BeCN, (1-42d)
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4.10: Dielectric functions of various tetragonal A/ B!V N, (A=Be, Mg; B!V=C,
Si, Ge) with sapce group symmetry [-42d (no. 122). They are (a) BeC'Ny; (b) BeSiNy;

(¢c)BeGeNy; (d)MgC Ny; (€)M gSiNy; and (f)M gGeNy;.
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4.11: Frequency-dependent second order nonlinear susceptibilities of various tetrag-
onal A”"BV N, (A""=Be, Mg; B'V=C, Si, Ge) with sapce group symmetry I-42d
(no. 122). They are (a)Total X;?Z(—Qw;w,w) responses; (b)Totally imaginary

X;(,;?Z(—2w; w,w) responses; (c)Totally real X%L(—Qw;w,w) responses;
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4.12: Frequency-dependent second order nonlinear susceptibilities of various tetrag-
onal A”"BV N, (A""=Be, Mg; B'V=C, Si, Ge) with sapce group symmetry I-42d
(no. 122). They are (a)Total X,(Zi)y(—Qw;w,w) responses; (b)Totally imaginary

ch)y(—2w; w,w) responses; (c)Totally real ngw)y(—Qw;w,w) responses.
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ties for both structures I-42d and Pna2l.
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Chapter 5

Conclusion

The optoelectronic properties of the rhombohedral ternary halides (ABX3
(A=Cs, Rb, B=CGe, X=Cl, Br, 1)), the wide-bandgap ternary nitrides(AZ BTV N,
(Al = Be, Mg, BV = C, Si,Ge)), and chalcopyrite AgGaS,, AgGaSes,,

and AgGa(S,Se; ;)2 have been systematically studied. Their microstruc-

tures, electronic structures, linear- and nonlinear-optical properties of

the crystals with two main polyhedron categories are examined in this

study by using both the first principles calculation and the experimen-

tal methods.

First of all, direct effects of structuraal distortion and electronic prop-

erties for linear and second-order optical response in CsGeX3 based
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on first-principles electronic structure calculations are presented. A
response formalism that is free of any unphysical divergences are em-
ployed at zero frequency, we obtain reasonable agreement with exper-
iment for ng)z(w; w,0) in the low-frequency regime. The SHG suscep-
tibility has been presented and it shows important differences from
other theoretical calculations. The lack of experimental data, as well
as its contradictory nature, prevents any conclusive comparison with
experiment over a large energy range. The structural deformed factors,
Aa, dg., dx are proposed to describe the degree of the distortion from
an ideal perovskite structure. Aa and dg. increase while dx decrease
when the halide anions are changed from Cl (3.67eV) to I (1.53eV).
The direct structural distortion effect on these rhombohedral CGXs
are analysed via the first-principles calculations. The dielectric func-
tion and the second harmonic generation response coefficient behave in
the same manner as A« and dg.. The direct bandgaps, Fq, of CsGeX3
all occur at the R-point, AEg. The bandgap values of CGX become
smaller, i.e. ESYC > ESYP > ESCT as the Aa and dg, increase, i.e.
ds¢ < dSOP < dSGT. Partial density of states (PDOS) analysis reveals

that the valence band maximun (VBM) and conduction band minimum

(CBM) are mainly contributed from the p-orbitals of germanium.
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Spesies-projected contributions to Xff;)g(ﬁ, F) in CGX are affected by
both the strucrtural distortion and the electronic band structures. The
projection technique successfully differentiated the electronic and struc-

(2)
ijk

tural contributions. The magnitudes of x.; are in agreement with some
reported experiment near the band gap. In summary, we found that
the lattice distortion parameters play key roles in determining the lin-
ear and nonlinear optical responses of CGX crystals.

According to the powder X-ray diffraction pattern and powder SHG re-
sults, an innovative infrared nonlinear optical crystal C'sGeBrs, which
was characterized as a rhombohedral crystal structure, was synthesized.
Ab initio calculations on C'sGeBrs were also carried out to analyze the
related electronic and optical properties. Space group symmetry of
rhombohedral CsGeBrs was found to be R3m (No. 160) and had no
inversion center. The reflection powder second harmonic generation
measurement of CGBr also showed that its nonlinear optical efficiency
was larger than that of rhombohedral C'sGeCl3 by about 1.62 times

and KDP by about 9.63 times. Saturated PSHG integration results of

increasing powder particle sizes revealed that rhombohedral C'sGeBr;
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was phase-matchable. The infrared transparent spectrum of rhombohe-
dral C'sGeBrs was extended to more than 22.5um. The rhombohedral
CsGeBrs can be applied to infrared region as a potential nonlinear op-

tical element.

Besides, hydrated rubidium Germanium chloride has been synthesized.
[ts single crystal with size of 3 x 2 x 1 em? is grown by slow evaporation
in aqueous solution. The intensity of second harmonic generation effect
is about one third of that of KDP, and is also phase-matchable. In-
frared spectra, absorption-edge and Raman measurements indicat that
the RbGeCl; - tH50 crystal (HRGC) is transparent in most of the IR
region, and the transparent region ranges from 0.31 to 30.84 um. The
HRGC’s band gap is estimated to be 3.84 eV. These results shows that

HRGC can potentially be used as a new NLO crystal in the IR region.

Furthermore, working on another important category of materials, I
have reported the results of the first principles calculations for the elec-
tronic properties, first- and second-order susceptibilities of the A BTV N,

(AT=Be, Mg; B'V=C, Si, Ge) compounds with chalcopyrite structure
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using the Linear Augmented Slater-Type Orbitals (LASTO) method.
The second-order optical susceptibilities as functions of frequency for
ATBV N, are also presented. BeGeN, has the lowest bandgap value
2.68eV and the highest nonlinear optical responses, X(fy)z:18.45pm /V.
Our electronic band structure and density of states (PDOS) analysis re-
veal that the underestimate bandgaps of these chalcopyrite A’ BTV N,
are wide enough (from 2.68eV to 4.24eV), and all locate at the I'-point.
Different from the other A BV N, compounds, very heavy effective
masses for highest occupied bands in M ¢SiNy and M gGeN,, are found.
Our calculation results show that this new category of wide-bandgap

ternary nitrides has potential applications in optoelectronics.

In final part, the electronic structures, optical and bulk properties of
tetragonal nonlinear optical crystals, AgGa(S,Se; ,)o (x=0.0, 0.25, 0.5,
0.75, and 1.0), have been analyzed theoretically with first-principles cal-
culation. In summary, the structural, electronic and optical properties
of tetragonal nonlinear optical crystals, AgGa(S,Se1—;)2 (x=0.0, 0.25,
0.5, 0.75, and 1.0), have been investigated theoretically and experi-

mentally to reveal the cation substitution effect. The bond lengths of

133



Ag— S, Ag— Se, Ga— S, and Ga — Se are found to vary with the sub-
stitution composition, but the bond length mismatch parameter u does
not change. We found the major influence of cation substitution is to
introduce cell volume changes. PDOS analysis shows that the valence
band maximums (VBM) of AgGa(S,Se;_,)2 is mainly contributed by
the (3)p-orbital of S and (4)p-orbital of Se atoms. Their contribution
to the total density of states is a simple weighted summation over S and
Se compositions. The CBM and VBM are relatively shifted with the
substitution concentration and the fundamental bandgap therefore re-
duces accordingly. The second harmonic generation coefficients X%)g are
also found to change with substitution. The substitution dependence
can be ascribed to mainly from the bandgap change and minor contri-
bution from the transition moment products. Based on our theoretical
and experimental results,these materials could be useful for linear as
well as nonlinear optical applications. We can choose the single-unit-

cell model perform the other analysis instead of the supercell one in

order to save the computation cost.
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Chapter 6

Perspectives

Based on the prevuious studies and developments, some new classes of
materials and their optoelectronic properies can be proposed and ana-
lyzed by using the first principles calculations for the electronic prop-
erties, first- and second-order susceptibilities.

First, the efficiency of numerical simulating optoelectronic properties
on the nano-structures is still under-developed. There are a lot of in-
teresting research topic in these realm, e.g., electronic band structure
behavior of bilayer graphene with an external field.

Second, analyzing tools on some intrinsic electronic properties, e.g. the

Auger recombination rates in nitride devices, the thermoelectric coeffi-
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cients in some electronic cooling devices ..., etc, can be developed from
first-principles density-functional-and many-body-perturbation theory.
Third, we can applying the understanding on material design in this
study to the green energy materials, e.g., innovative solar cell materials,
the hydrogen storage materials with more efficiency, ..., etc.

Forth, the analysis tools on the higher order susceptibilities of optical
materials can be developed.

Finally, the updated phonon packages are not good enough. The useful
and suitable phonon and, furthermore, electron-phonon analysis tools
for both pseudopotential and full-potential packages can be go further

in the following days.
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Appendix A

Acronym

BZ the Brillouin-Zone

CGB CsGeBrs, Cesium Germanium Bromide

CGC CsGeCl3, Cesium Germanium Chloride

CGI CsGels, Cesium Germanium lodide

CGX CsGeX3, X=CI, Br, or I, Cesium Germanium Halides
CASTEP CAmbridge Serial Total Energy Package

ABINIT ab initio; ABINIT is a package whose main program

allows one to find the total energy, charge density and electronic
structure of systems made of electrons and nuclei (molecules

and periodic solids) within Density Functional Theory (DFT),

153



using pseudopotentials and a planewave basis

SHG : Second Harmonic Generation

PSHG . Powder Secon Harmonic Generation

PDOS . Partial or projected density of states

PPP . the planewave basis set in planewave pseudopotential scheme
LDOS : Local density of states

MME : the momentum matrix element

NLO . Non-linear Optics or Non-linear Optical

LCAO :  Linear Combination of Atomic Orbitals

LASTO : the Linear Augmented Slater-Type Orbitals method
DFT . Density Functional Theory

TDOS . Total density of states
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Appendix B

Notation

ab

X{'(—w;w) : the linear optical susceptibility

fi . the Fermi occupation factor

fn . = fm — fn, where n and m label energy bands

k : denote the wave vectors in the Brillouin zone

Wi (k) : = wp(k) —wy(k) denote the frequency differences

T'mn . are the dipole matrix elements

A : denotes the constant shift used in the ’scissors approximation’

to correct the energy band gap difference caused by the
local density approximation
Vrnn . the velocity matrix elements via 7, = Y/ (iwWnm)

Ome : =1, if band m denotes one of the conduction bands
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rhomb
dGe

rhomb
dX

Goldschmidt tolerance factor

the deviation percentage of lattice angles in comparison

to the ideal perovskite structure.

the displacement percentage of the smaller B-site cation,
Germanium, displaces along the diagonal axis from the

cell center to the corner in a perovskite structure

the displacement percentage of the anion, halides, displaces
from the face center to the center in a perovskite structure

an internal tetrahedral distortion parameter in the chalcopyrite
structure with respect to the zinc-blende cubic structure, can
be used as a measure of bond-length mismatch

a structural tetragonal distortion parameter of the chalcopyrite
structure with respect to the zinc-blende cubic structure, is the
ratio lattice of c-axisand a-axis, n = ¢/2a, which is not

always =1.

the energy band gap

be the self-consistent wave function of the crystal

at the n-th band and k-th point in the Brillouin-Zone (BZ)

U, (7) can be decomposed into a linear
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ol

nk,lm

(B)
hnkJ

Je
Jo

ply(k, A7Y)

combination of the atomic orbitals of the [-th orbital i-th atom
denotes the projection coefficients of [, W,(7) - @}2*(?)(:11/
Thea fraction of [-th orbital of the 3-species contributes

to the population in W, (7)

wavelength

is the absorption coefficient and is related to

the imaginary part of the dielectric function by [99]
reperesented the Fermi distribution of the conduction band ¢
reperesented the Fermi distribution of the valence band v
denoted the momentum matrix element (MME, in unit of A1)
from the conduction band ¢ to the valence band v

at the k point of the BZ

the total second-harmonic intensity

a crystal plate with thickness

the dielectric function

is the intensity of the incident fundamental beam

are the indices of refraction of the crystal plate in

the fifferent frequencies

the effective nonlinearity of the crystal plate
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(n)
ijk

the n-th order nonlinear susceptibility of the crystal in i-, j-,
and k-components

denotes the averaged particle size

is the coherent length of crystalline powders

the square of the effective nonlinearity averaged over

the orientation distribution of crystalline powders

is the phase-matching length of crystalline powders

is the phase matching angle

denotes the birefringence of material at the second-harmonic

wavelength
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