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Abstract

Mixed-anion compounds, which have two or more different anions in a structure, have
drawn a considerable attention in the inorganic solid-state science field because the coexistence
of the different anionic characteristics such as oxidation numbers, electronegativity, ionic radii,
and polarizability can induce unprecedented structures and chemical/physical properties
inaccessible in traditional single-anion compounds. However, it is usually very difficult to
stabilize mixed-anion compounds by using conventional solid-state reactions, and even if new
phases could be obtained, the crystal structures, most of which are complex compared with
those of single-anion compounds, could not be solved easily. Flux crystal growth method is a
transitional but useful approach to obtain mixed-anion compounds including oxychalcogenide,
oxyhalide, and chalcohalide phases. In addition, single crystals grown out of flux can readily
allows access to the strcture determination. Although  there have been many reports on flux
crystal growth of mixed-anion compounds, such examples are very few tcompared with those
of single-anion compounds. Therefore, further studies using the flux method are needed to
deepen our understanding of mixed-anion compounds.

It is well known that Ga/Ge-based compounds with d'° electronic configuration possess
wide optical band gaps between the valence band maximum and conduction band minimum,
which afford interesting optical properties including photoluminescence, photocatalytic
activity, and nonlinear optical responses. Mixing multiple anions in these wide-gap
semiconductors can alter the band structure, especially the valence band mamixum composed
of anions. Therefore, the anion-directed band gap engineering can be expected to greatly
modify the optical properties of the trandisional single-anion compounds. This study has
explored new Ga/Ge-based oxysulfide compounds using molten halide salts, resulting in the
discoveries of two oxysulfides and an oxide, namely, La3Ga3Ge2S3010, Las(GaS20:2)3, and

Ce2CaMg2GesOrz2. The syntheses, crystal structures, and optical properties have been discussed.



Chapter 1 introduces the general background including the mixed-anion and Ga/Ge-
based compounds, their structures, and physical properties.

Chapter 2 mainly presents the experimental techniques used in this research.

Chapter 3 illustrates the mixed-anion compound of LazGazGe2S3010, which crystallized
in the hexagonal non-centrosymmetric space group P-62¢ with lattice constants of @ = b =
10.1406(5) A and ¢ = 18.1645(9) A. Non-centrosymmetric chalcogenide-based compounds
usually have been exploited as infrared nonlinear optical materials but never been studied for
the ultraviolet application due to the high energy level of chalcogen anions leading to band gap
narrowing. However, the large polarizability of chalcogenide ions is beneficial to conversion
efficiency of second harmonic generation (SHG), and thus mixing chalcogenide ions with the
large polarizabilities and oxide ion with short abosorption cutoff edges in a structure can be a
useful approach for making chalcogenide-based compunds ultraviolet nonliniear optical
materials with strong SHG response. LazGazGe2S3010 exhibits an exceptionally wide band gap
of 4.70 eV, compared with those of early reported oxychalcogenide compounds. This mainly
results from the the unique anion-ordered frameworks comprising 1D '.[(Ga3/5Ge2/5)35303]
triangular tubes and 0D (Ga3/5Gez/5)207 dimers of corner-sharing (Ga/Ge)S202 and (Ga/Ge)O4
tetrahedra, respectively. SHG measurements revealed that La3GazGe2S3O10 was phase
matchable with twice the SHG response of KH2PO4 benchmark compund. The results of
theoretical calculations suggest that the strong SHG response is mainly attributable to the S-3p
and O-2p orbitals in the occupied states. The anion-directed band-gap engineering may give
insights into the application of nonlinear optical oxychalcogenides in the ultraviolet regions.

Chapter 4 presents a new germanium based oxysulfide single crystal Las(GeS202)3,
which could be obtained by the flux growth method using a BaCl2-CaCl: eutectic mixture. The
crystal structure was determined by the single-crystal X-ray diffraction analysis. Las(GeS202)3
crystallizes in the centrosymmetric space group R-3 with lattice constants of @ = b =16.8283(3)

A and ¢ = 8.4140(2) A. The structure of Las(GeS202)s is featured with a complex three-
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dimensional anion order and composed of unusual GeS20:> tetrahedra and three types of La-
centered polyhedra. The GeS20: tetrahedra form a triangular arrangement around a columnar
structure of alternating face-sharing LaOi2 and LaS¢Os polyhedra. The structure of
La4(GeS202)s is like that of the apatite germanate Lao 33(GeO4)sO2, which features face-sharing
LaO9 columns surrounded by GeOs tetrahedra. The combination of UV—vis absorption
measurements and first-principles calculations revealed the existence of an indirect optical
band gap (Eg = 3.67 eV) between the valence band maximum composed of S 3p orbitals and
the conduction band minimum composed of La-3d, La-4f, S-3p, and Ge-4s orbitals.

Chapter 5 shows a new germanate garnet single crystal Ce2CaMg2GesO12, which was
synthesized via flux growth method using a BaCl2-CaClz eutectic mixture. The initial target
phase was a Ge-based oxysulfide with Ce atoms, but the new garnet phase was obtained by
reaction with a MgO crucible. Single-crystal X-ray diffraction analysis revealed that
Ce2CaMgaGesOi2 crystallized in a cubic garnet-type structure with lattice parameters of a =
12.5487(3) A in the space group /a-3d. The chemical formula can be expressed as the common
garnet formula of A3B2C3012, where Ce/Ca, Mg, and Ge occupy the A, B, and C sites,
respectively. A UV-Vis spectroscopy measurement on the germanate garnet exhibited a clear
absorption edge corresponding to a band gap of 2.21 eV (A = 561 nm). First-principles
calculations indicated that the valence band maximum was composed of Ce 4/ bands, whereas
the conduction band minimum mainly consisted of Ce 5d bands. These findings explain the
observed absorption edge through the Ce 4f to 5d absorption. Photoluminescence emission
spectra exhibited a very broad peak centered at 600 nm, corresponding to transition from the
lowest energy d level to the 4flevels.

Chapter 6 presents the general conclusion and future prospects based on this work.

Keywords: Mixed-anion, Ga/Ga-based compound, Flux growth method, Optical property.
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Chapter 1. Introduction

1.1. Mixed-anion compounds

Mixed-anion compounds are groups of functional solid-state materials with a variety of
new characteristics that has been under explored. They contain more than one kind of anionic
species, providing interesting basic functions for seeking new materials.!* When looking at the
local structure of mixed-anion compounds, it is easy to find the bonding of metallic cationic
center with more than one anionic ligand forming heteroleptic coordination geometry, which
is the main diffenernce from single anionic species. Different anionic properties, such as charge,
ionic radius, electronegativity and polarizability, >® may add a new dimension to the control
and adjustment of the electronic and atomic structure of materials, which may support
phenomena that cannot be achieved by single anion.

This anionic directed research is still in the early stage, where there is much untapped
space and brings new opportunities and chanllenges in material science. The main target in the
literature part of this thesis is to summarize mixed-anion compound groups, compare the

physical and chemical properties of similar compounds and variations across groups.
1.2. Classes and subgroups

This thesis focuses on mixed-anion compouds which contains oxygen and one type of
another anionic species. These can be further devided into subgroups which the names are
derived from the latter anionic species besides oxygen. For example, oxysulfide is a subgroup

of oxychalcogenide.



1.2.1. Oxychalcogenides

Oxychalcogenides consist of both oxygen and at least one chalcogen anions from group
16 (S, Se, and Te). Oxysulfides are the main points of this thesis. Oxychalcogenides have a
wide range of conductive properties from nearly insulator to metallic conduction. Zn-based
oxysulfides exhibit excellent ionic conductivity with carrier mobility as high as 40 cm?V-'s!.”
The alteration of distinct layers in oxysulfides result in the tunability of conductivity.
Oxychalcogenides exhibit a wide optical transparent window from deep ultra-violet (DUV) to
mid-infrared regions.® The high conduction band offset offers the possibility of tunable band
gap, which is impossible for single anionic species. The low-dimensionality structure with

ionic and covalent bonding also promotes the applications in thermoelectric fields.”!”

1.2.1.1 Oxysulfide

Oxysulfides are rare in nature due to the unstability of sulfides toward oxidation. The
most reported oxysulfides are synthetic. The competition between sulfide and sulfate should

be also concerned for designing the synthetic route.

To the best of our knowledge, the first oxysulfide was CexOyS: reported by Mosander
in 1827 as the production of the sulfidation of Ce203 to Ce2Ss3. The first crystalline oxysulfide
was LaxO2S by Pitha et al. in 1947. Since this discovery, the series of Ln202S (Ln = lanthanide
elements) was developed. !'"!* Later, a lot of quaternary oxysulfides consisting of lanthanides
and transition metal elements were synthesized. These compounds, in which oxygen atoms are
always connected only to the lanthanide and sulfur only coordinated with the transition metal
elements, exhibit a special selective bonding manner. This selective bonding can be explained
by the HSAB rule, because sulfur anions are thought to be more polarizable than oxygen anions,
which results in different anionic ordering. The lamellar preformed structures by the selective

bonding can be extended to any oxysulfides if one of the anions prefers to bind to one of the
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metal elements and vice versa. However, if no such order is present in the structure, the
oxysulfides will exhibit unselective bonding manner. In order to illustrate the difference
between selective/unselective bonding, we use quaternary oxysulfides of Ln2Ti2S20s and

14,15

LasTi30s8S4 as examples. Ln2Ti2S20s crystallizes in Ruddlesden-Popper structure

containing [Ln2S2]** and [Ti20s]*" layers in selective bonding manner, while LasTi305S4 -
doesn’t show any selective bonding, leading to heteroleptic coordination environment around
the metal atoms. Another example is the La-Ga-based oxysulfides, in which La3.33Gas02S12 is
in selective bonding manner as well La;GaOSs is in unselective bonding manner.'®!” The
comparisons of strucutres of the above oxysulfides are shown in Figure 1.1. Quinary
oxysulfides also exist, and most of them have layered structure with selective bonding manner.
The reported oxysulfides are summarized in Table 1.1. Because of the low toxicity and earth-

abundant elements, oxysulfides have become promising materials with multifunctional

properties.

(b)

- [Sm,S;]**

[Ti,0s]*

(d)

" SALEALE:

AL WAL

o0 06 09 60 09 ¢
i AR, & 3
B A WAL

Figure 1.1. Various oxysulfides structures. (a) Sm2Ti2OsS2 and (c) Las33GasO2S12 exhibit
selective bonding, while (b) La4Ti30sS4 and (d) LazGaOSs show different unselective bonding.
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Table 1.1. Some oxysulfides and their structure.

Chemical Chemical
Space group Ref. Space group Ref.
formula formula
anTizossz
(Ln = Pr, Nd, 14/mmm 14 LaGaOS,a P21ab 38
Sm)
LasTi308S4 C2/m 15 LaGaOS,p Pmca 39
LaGTi205S§; P21/m 15 La3GaS5O Pnma 17
La]4TigO4S33 C2/m 18 La3,33GaGSqu P421m 16
LagTi1004SZ4 P4/mmm 19 CC4G320455 14/mmm 40
LnsGa; 330434
Laonil 106844 Pmmn 20 P4/mmm 38
(Ln=La, Ce)
LnsGay04Ss
Nd;6Tis017S17 14/m 21 (Ln = Pr, Nd, Pbca 41
Sm)
LnsV507Ss
(Ln = La, Ce, Pmnm 22 LasIn;03So Pbcm 42
Pr, Nd)
LaCI‘082 Pbnm 23 Laloln606817 Immm 43
LI’ICI‘OSZ Ln4Sn204S<,
(Ln=Ce, Pr, B2/m 24 (Ln="La, Ce, Pbnm 41
Nd, Sm) Pr, Nd)
LnsGe;504Ss
LasMnOSs P6smc 25 (Ln = La, Ce, Pbca 41

Pr, Nd)




Ln2F620332
(Ln=La, Ce, 14/mmm 26 LasAs,04S5 14/mmm 40
Pr)
LnCuOS
(Ln :La, PI', P4/nmm 27 La6Sb4OIZS3 I41/amd 44
Nd, Sm)
LasCu04S; Imma 28 NdSbOS; P4/nmm 45
BiCuOS P4/nmm 29 CaSb;0010Se C2/c 46
La;Nb;OsS, Pnnm 30 CaCoOS P63mc 47
La3M0582
1A/mmm 31 BaCoOS Cmcm 47
(M =Nb, Ta)
Ce3NbO4S; Pbam 32 CaZnOS P63mc 48
Ln3NbO4S3
Pn2a 33,34 BaZnOS Cmcem 49
(Ln=Sm, Gd)
LIlzTEl30gSz
Pnnm 35, 36 SrZn,0S, Pmn2, 50
(Ln=La, Sm)
LaAgOS P4/nmm 37 SI‘GCdzsbés1oo7 Cm 51

Optical properties. Many oxides have wide band gaps and transparent optical
windows. Non-oxygen anions with lower electronegativity against oxygen in semiconductors
will raise the valence-band maximum (VBM) and narrow the band gap, affording the

applications from DUV to mid-infrared regions. When less electronegativity chalcogenide



anions (S, Se, Te) substitute the oxygen anions, the non-oxygen p orbitals with high energy

push the valence band to conduction band and allow for the visible-light or infrared absorption.

This strategy is of particular significance for seeking novel photocatalyst which can
split water under solar irradiation. One limitation of oxides with a narrow band gap (<3 eV) is
that, the conduction band minimum (CBM) will become more positive than the water reduction
potential. In order to overcome this problem, various oxysulfides have been designed and
shown water splitting performance. La-Ga-based oxysulfides LaGaS20 and La3GaSsO were
characterized as photocatalysts for water oxidation and reduction.’> LasGaSsO exhibited to
split water under visible irradiation (A > 420 nm), while LaGaS20O produced photocurrent under
ultraviolet light (A > 290 nm), because La3GaSsO has a higher VBM than LaGaS20. Y2Ti205S2
with narrow bang gap (Eg = 1.9 eV) achieved the overall water-splitting reaction under solar

irradiation, which extends the range of promising materials for solar energy conversion.>

Metal oxysulfides are also investigated for non-linear optical (NLO) materials due to
the wide transparency and large NLO efficiency. For single anion metal sulfides, their second
harmonic generation (SHG) coefficiency and birefringence are usually significantly higher
than single metal oxides, while the band gap and laser damage threshold (LDT) are lower than
those of oxides. Recently, metal oxysulfides are reported to be promising NLO materials,
which high SHG property, fine tunable band gap, good birefringence and LDT can be stabilized
in one structure. SrZn2S20 exhibits twice of SHG coefficiency to that of benchmark potassium
dihydrogen phosphate (KDP) in the phase-matchable manner. SreCd2SbeS1007 shows strong
SHG response of 4 times of benchmark AgGaS: in the infrared region with SHG active building
block units SbS40 pyramids in the structure. Although strong SHG properties have been
detected in these oxysulfides, their band gaps are narrower than 4.0 eV, which limits the
applications in the UV regions. Therefore, It is still a great challenge to push the opto-

transparent window of the oxysulfide phase to the fourth or sixth harmonic generation
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wavelength of the Nd:YAG laser while maintaining a high SHG coefficient and appropriate
birefringence. In this thesis, we report a new UV NLO oxysulfide LazGazGe2S3010, which
exhibits an exceptionally wide band gap (Eg =4.70 eV) and a phase-matchable SHG response

of twice KDP.

Superconductivity. Studies of superconductivity in oxysulfides have been conducted
in the past decades. The superconducting performance comes from the layered structure as the
electron carrier transportation path.* The discovery of LaOFeAs superconductor with FeAs
layers provides the guidelines in seeking new oxysulfide materials with similar layered
structure. With the utilization of high-pressure synthesis and substituting non-magnetic
elements with magnetic species, more and more oxysulfides with excellent superconductivity

performance have benn reported.

One bulk superconductor is a ternary oxysulfide Bi4O4S3, which exhibits Tc = 4.4 K
under magnetization measuremnets. The structure of Bi4O4S3 consists of alternatin layers of
Bi20z2, Bi2S2, and SO4. The BiS: layers are regarded as the induction of superconductivity by
the hybridization of Bi-6p and S-3p orbitals.>® Another example is the oxysulfide LnOBiS2 (Ln
= La, Ce, Pr, Nd) featuring from the BiS: double layers stacked with a blocking LnO layer.
The superconducting property can be enhanced by cationic or anionic substitution accompanied

with phase transition from monoclinic to tetragonal.

Electrochemistry. The electromechimal performance of oxysulfides have been
discussed due to the redox reactions with transition metals. LixTiOyS; thin film was studied as
cathodes in solid-state lithium-ion battery.>® For anode applications, TiO2@MoQyS; composite
was reported.’’ The hybridation of molybdenum oxysulfide was supposed to improve the

electronic conductivivity of the hybrid material.



1.2.1.2 Oxyselenides & oxytellurides

Similar to oxysulfides, oxyselenides also exhibit interesting properties. These include
layered structure and the possibility of preparing rare cationic coordination environments, offen
with low oxidation states. A large amount ox oxyselenides have similar structures to the
superconducting chalcogenides. A typical case is oxyselenide superconductor LaOBiSez,

which T = 2.6 K has been reported.>®

The synthesis of oxyselenides must also be more carefully, especially in ambient
atmosphere. In the synthesis, we should avoid the oxidation of selenium and selenide to higher
oxidation state. In addition, selenium is toxic and will volatize above 685 °C, therefore, low

heating rate and low temperature stay should be used to protect the reaction tubes or chambers.

The most investigated oxyselenides is BiOCuSe, which crystallizes in alternative
conductive (CuzSe2)* and insulating (Bi202)** layered structure along the ¢ axis, as shown in
Figure 1.2.%%0 Therefore, the high carrier mobility along the a-b plane is expected due to the
anisotropy. Due to the low thermal conductivity of oxyselenides, BiOCuSe has a much greater
thermoelectric value (ZT) than other oxides. The thermoelectric property can be futher

enhanced by the hole doping with Ba, because the electrical transport property is improved.



a

¢ ¢ ¢ ¢ e @Bl
¢ Cu
- [CuSe;]* @o

W (81,0,

Se

Figure 1.2. Crystal structure of BiOCuSe, which shows alternative conductive (Cu2Se2)*” and

insulating (Bi202)*" layers.

The optical band gap for Bi-based oxyselenides varies from 0.8 to 2.0 eV.%! The band
gap engineering can be achieved by Se substitution with S, which the optical band gap increases
to 2.8 to 3.1 eV for BiOCuSixSex.%? The study of first-principles calculation indicates that
[CuzSe2]* with the antibonding states affects most to the band gap. The results show that the

* restricts the hole carriers to the [Cu2Se2]* layer, resulting in

insulating layer [La202]?
significant two-dimensional characteristics. This band gap engineering feature makes

oxychalcogenides promising candidates for the applications of p-type semiconductors.

The physical properties of oxyselenides can also be enhanced by doping. Ba and Na
substitution have been reported to improve BiOCuSe carrier concentration significantly.%® The
ferromagnetic-antiferromagnetic transition temperature for SraMn30O7.5 can be tuned by the F

or O de-intercalation.’* The selected oxyselenides and the properties are listed in Table 1.2.

Table 1.2. Some oxyselenidesand and their properties.



Chemical formula Conductivity [c] Optical band gap [Eg] Ref.
(S/cm) (eV)
CaOFeSe 6.6%107 1.8 65
LaOCuSixSex / 2.8-3.1 60
La202CdSe2 Very small 33 66
Bi202Se / 1.4 67
BiOCuSe 1.12 0.8 68
BiixLaxOCuSe 10-60 0.2-1.2 69
B11.xMgxOCuSe 32 0.9 70

Oxytellurides exhibit similar behaviors as oxyselenides in electrical and thermoelectric
properties. The Te substitution of Se in BiOCuCh results in increased electrical conductivity
and decreased thermal conductivity. Therefore, BiOCuTe exhibits improved thermoelectric
property than BiOCuSe. Bi2O2Te also shows attractive thermal conductivity (0.91 Wm™'K™!).”!

The research of oxytellurides is not well investigated as oxyselenides and still going on.

1.2.2. Oxynitrides & Oxypnictides

Oxynitrides are a relatively new class of functional materials, which may exhibit the
features of both oxides and nitrides. Oxynitrides have been reported as insulators or
semiconductors, because they show the properties of carrier concentrations of 103 — 10% ¢m™
and Hall mobilities of up to 200 cm?V-'s!.72>73 Interesting applications of oxynitrides includes
oxynitrides glasses, thin films, and photocatalysts. High corrosion resistance, electrical
conductivity, elastic modulus, and tenacity after the combination of oxides and nitrides make

oxynitrides appealing to researchers.’">
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Oxynitrides are of great interest in the filed of photocatalystic processes because of
their narrow band gap leading to activity in the visible light-driven water splitting for hydrogen
and oxygen evolution. Common oxynitrides contains metals such as Ti, Nb, Zr, Ga, and Ta.
The typical example is d’-type TaON-based oxynitride photocatalysts. TaON was reported to
photocatalytically evolve H2 and Oz from aqueous solutions because of the suitable bandgap
and corrosion stability up to 510 nm visible light region. The structure of TaON crystalizes in
monoclinic phase with Ta hepta-coordinated with O and N anions, as shown in Figure 1.3. The
available wavelength was expanded to 600 nm by using a solid solution of LaTaON2 and

LaMg23Tai130s forming the LaMg13Ta2302N oxynitride perovskite.’

C

Figure 1.3. Crystal structure of TaON viewing from b axis. Ta atoms are hepta-coordinated
with O and N atoms.

Oxytrides also exhibit other interesting performance. Lithium phosphorus oxynitride

LiPON exhibits high ionic conductivity and is utilized as electrolyte for Li-ion battery.”’
11



EuNbO2N and EuWON: have perovskite structures and have been reported as ferromagnetic

materials.”®” The oxynitrides and their properties are summarized in Table 1.3.

Table 1.3. Some oxynitrides and their properties.

Conductivit Optical band gap [E
Chemical formula onductivity [o] P gap [Ee] Ref.
(S/cm) (eV)

LiOPN 3.8%101° - 1.67%10° / 77
CaTaO2N / 2.43 80
SiOxNy:H 4.5%10°3 2.3 81

ZnON 0.1 32 82
ZnSnON 2.3*%10° 3.2 75

REHfO2N (RE = La,
1.0%¥1071° 34 83
Nd, Sm)
LaTiO2N / 2.1 84

Oxypnictides consists of both oxygen and heavier pnictogen (P, As, and Sb) anions.
Over 300 oxypnictides have been reported. The synthesis of bulk oxypnictides usually requires
extreme conditions under high temperature or high pressure. The typical structural feature of
oxypnictides is the alternating layers. Polyatomic anions pnictates are always formed as the
results of the coexistence of both oxygen and pnictogen, such as phosphates, arsenates, and
antimonates (PnO4>", Pn = P, As, and Sb). The structre-property relationships of layered d-
metal oxynitrides have been investigated by the inter- and intra- layers in the structure, which
selects cations for interlayers and pnictide ions for intralayers. Most usual structures of
oxypnictides include fluorite, or antifluorite type layered structures, as shown in Figure 1.4 of

two typical oxypnictide structures and common crystallographic sites for species to occupy.
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Figure 1.4. Oxypnictide ZrSiCuAs (left) and Sr2Mn3Sb20: (right) structures, which show

crystallographic sites for species to occupy.®

The oxide and pnictide layers in oxypnictides are quite different electronically in terms
of their electronic properties. The difference depends on the cationic size in the structure, which
is due to the different distances between the metal and the pnictogen atoms. Therefore, the

pnictide anions may be more or less involved in bongding with metals.

Oxypnictides have similar layered structure to that of oxysulfides, examples are two
mixed-anion compounds LaOCuCh (Ch = chalcogen) and LaOTMPn (TM = divalent transition
metal, Pn = pnictogen). La*" and Cu™/TM?" indicate that lanthanum layer has more positive
charge than copper or divalent TM layer. The CuCh and TMPn layer between the oxide layers
are regareded as transportation path for hole carriers. The formations of LaO, CuCh, and TMPn
layers can be explained by the Hard-Soft-Acid-Base (HSAB) theory. According to HSAB
theory, hard acid (La) is inclined to connected with hard base (O), while soft acid (Cu, TM)
tends to be coordinated with soft base (Ch, Pn). LaOFeP and LaONiP are isostructural to the
above phase and exhibit superconductivity.®® Oxypnictides also have promising performance,

such as electric, ferromagnetic, ferroelectric properties, as the relative oxychalcogenides.
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Doping and substitution have been induced for higher superconducting temperatures, for
example, BaOTi2Sb2 increased the superconducting transition temperature by Na substitution.
SmOFeAs has been reported to exhibit Tc = 55 k after fluorine doping, which is one of the
highest superconducting transition temperatures. A selection of oxypnictides and their physical

performance is listed in Table 1.4.

Table 1.4. Some oxypnictides and their properties.

. Conductivity [o]
Chemical formula [Te] (K) Ref.
(S/cm)
Ba:Ti2Cr20As4 23 / 87
GdFeAsO ~1.0 53.5 88
LaFeOixFxAs 0-3.33 43 87
LaNiOP 0.83 3 89
LaNiOAs 0.29 24 90

1.2.3. Oxyhalides

Oxyhalides are mixed-anion compounds consisting of oxygen and one or more halogen
atoms (F, CI, Br, I). Most metal elements have been reported to form oxyhalides except alkali
metals. Some of the oxyhalides even include nitrogen, phophorus, and sulfur forming more

complicated heteroleptic coordination environment.

Oxyhalides have attracted more and more attention in various research fields, including
photocatalyst, optoelectronicity, and electrochemistry. Oxyfluorides are an emerging group of
high-capacity cathode materials. The cathode cyclability can be significantly enhanced by

oxygen substitution in pure halides. Complex electrochemical reactions can be attributed to the
14



cycling in mixed-anion compounds, whose electrochemical performance are improved by
substitution. For instance, FeOxF2x exhibits improved electrical conductivity than the FeO or
FeF: due to the higher oxidation state of Fe.”! Oxyfluorides also act act as fluorinating agents,

which reacts strongly with water and phosphorus, such as SeOFa.

Especially, bismuth oxyhalides (BiOX, X = Cl, Br, and I) have been studied
comprehensively.”? The crystal structure of BiOX consists of slabs of [X-Bi-O-Bi-X] layers
combined via van der Waals forces, which form a tetragonal matlockite crystal structure, as
depicted in Figure 1.5. Each bismuth atom is surrounded by four oxygen atoms and four
halogen atoms in a decahedral coordination environment. Excellent properties, such as optical
and electric, are generated from the synergistic effect of van der Waals interaction among the

atomic layers and covalent bonding among the cation and surrounded anions.

C

' Bi

®o

Figure 1.5. Crystal system of BiOX (X = F, Cl, Br, I) with slabs of [X-Bi-O-Bi-X] layers
15



stacked along the c axis.

The examples of oxyhalide compounds and their properties are listed in Table 1.5.

Table 1.5. Some oxyhalides and their properties.

Conductivit Optical band E
Chemical formula onductivity [o] ptical band gap [Ex] Ref.
(S/cm) (eV)
Sr2RuOsF2 0.024 / 93
SI'FGO}—XFX / 24 94
NdNiOs-xFx 0.0001 2.1 95
BiOCI: 3.4
BiOX (X =Cl, Br, I) BiOBr: 2.8 92
BiOI: 1.8

1.3. d' transition metal elements

Benefiting from the high optical performances, metal oxychalcogenides with d'°
transition metal are highly promising materials for NLO, photocatalysis, and
photoluminescence. D' transition cations (In**, Ga**, Ge*", Sn*"...) are preferential options for
designing novel functional materials due to the heteroleptic or homoleptic coordination
environment around the metal center, which is regarded as the functional building block units
for those oxychalcogenides. The optical properties of typical d'® transition metal
oxychalcogenides or oxides are stated in this part based on the local coordination structures

and the band structures.

1.3.1. Effects of coordination structures

Alkaline earth metal and gallium-based oxides MGa204 (M = Mg, Sr, Ba) exhibit
different photocatalytic activity for water splitting under UV irradiation, in which MgGaxO4
has negligible photocatalytic property but SrGa204 and BaGa204 show remarkable evolution
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of H2 and O: from water splitting. The differences in the crystal structures result in the
photocatalytic activity. MgGa2O4 crystalizes in cubic structure and contains GaOs octahedra,
which is nearly free from the distortion around Ga** cation and the dipole moment is 0. SrGa204
and BaGa204 have monoclinic and hexagonal structures, and both consist of GaOs tetrahedra
as the photocatalytic fundamental units. The distorted GaOs tetrahedra have large dipole
moments (0.80, 1.2, and 1.2 D for SrGa204, 1.70, 1.11, and 2.58 for BaGa204). The comparison
between structures, photocatalytic properties and dipole of MGa204 is shown in Figure 1.6. It
is noteworthy that distorted MGa204 (M = Sr, Ba) with a dipole moment has photocatalytic

activity, while the activity of MgGa204 without distortion is negligible.”**8

(b)
C
@® Mg/Sr
© Ga
®o0
Ga octahedron Ga tetrahedron

Figure 1.6. Crystal structures of MGa204 (a: M = Mg, b: M = Sr) and the geometry of involved
octahedral GaOs and tetrahedral GaOa4.

Highly polarizable mixed-anion structural building block units have been reported as
prospective candicates for optical materials with high performance. The isovalent substitution
of O atoms by chalcogen atoms in the [TMQ4] (TM = transition metal, Q = O or chalcogen
atoms) tetrahedra can form heteroleptic coordination environment, therefore influence the

crystal structure and optical property. Two Sr-Ge-based quaternary oxychalcogenides
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Sr3Ge204Ses and SrGe203S: contain [GeQ4] tetrahedra but have different crystal structures.”
Sr3Ge204Ses crystallizes in non-centrosymmetric spece group R3m consisting of highly
distorted [GeOSes] and [GeOs4] tetrahedra. It exhibits SHG intensity (0.8 times of AgGaS:z) at
infrared region (Eg = 2.96 eV). SrGe203S: crystallizes in centrosymmetric space group P2i/c
with [GeOs3S] tetrahedra in the structure. It shows large birefringence (calculated An = 0.22 -
0.17 from 0.4 to 4.0 um). The optical properties should be attributed to the arrangement of
dipole moments of these structural functional building block units. The SHG intensities of

Ba/Sr-Ge base oxychalcogenides are consistent with the results of those dipole moments.

1.3.2. Effects of electronic structures

MGa204 (M = Mg, Sr) shows different electronic structures via the first-principles
calculation. The valence band of MgGa204 contains O-2p orbitals, while the conduction band
consists of Ga-4s and Ga-4p orbitals. Mg orbitals make no contribution to the valence and
conduction bands, and the calculation gives the band gap of 2.56 eV. For SrGa204, similar
electronic configuration is observed in valence band, while Sr-4s, Sr-4p, and Ga-3d orbitals
dominate the conduction band. The calculated band gap is 2.97 eV. The energy band diagram
and density of state (DOS) is shown in Figure 1.7. The result indicates the influence of

geometric environment of d' cation on the electronic structures.
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Figure 1.7. Energy band diagram and DOS of SrGa20Oa.

In the d' oxychalcogenides with heteroleptic coordinations, more complicated

hybridized orbitals can be observed. The electronic band structure of Sr3Ge:04Ses and

SrGe203S:2 is displayed in Figure 1.8. The partial DOS of Sr3Ge204Ses3 clearly shows that, the

maximum of VB is mainly occupied by Se-4p and O-2p orbitals, wihle the Ge-4s and Se-4p

mainly contribute to the minimum of CB. In SrGe203S2, similar electronic configuration is

observed. The top of VB is composed of S-3p and O-2p, while the bottom of CB consists of

Ge-4s and S-3p. The hybridations of electronic orbitals are consistent with the crystal structures

of Sr3Ge204Ses and SrGe203S2: in Sr3Ge204Ses, [GeOSes] and [GeO4] tetrahedra form the

zero-dimensional [Ge204Se3]® units; in SrGe203S2, the conner-shared [GeO3S] form 20
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[Ge203S2]* layers. The theoretical calculations indicate that the mixed-anion [GeOSes] and

[GeOsS] have significant effect on the SHG response and large birefringence mentioned above.
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Figure 1.8. Energy band diagram and DOS of Sr3Ge204Se3; (a) and SrGe203S: (b) and the
geometry features of involved [Ge204Se3]® dimer and [Ge203S2]* layers.

1.4. Non-linear Optics

Non-linear optics (NLO) is the study of the interaction between light and materials, in
which the properties of the medium change because of the external electric field. Different
from the traditional linear optics, the electric polarization of the material has a non-linear
relationship with the external electric field in NLO. The interactions between non-linear
medium and electric filed is weak in nature. In order to observe the NLO effect, the intense
laser excitation is usually required. Franken and co-workers first discovered the NLO second

harmonic generation (SHG) in quartz after the first demonstration of laser work in 1960.
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Nowadays, NLO effect is playing a significant role in various technical fields, such as high-

precision microfabrication, ablative photodecomposition, and semiconductor mask inspection.

1.4.1. NLO in Single Crystals

This part reviews the basic theory of NLO. NLO effect is caused by the change in the
optical performance in the medium induced by light. Therefore, the properties of the NLO

material determines the NLO process.

The optical response of a material to the applied external filed can be described by the

expanding polarization P in terms of the electic filed E as follow

Pi = ZyiVEji(@1) + ZyinPEf(@1)EBx(02) + Xy Ej(w1)Exw2)Elws) + ..., (1.1)

where 5! is the linear polization susceptibility, y;+? and y;x are the second and third order
nonlinear polization susceptibilities. The values of the susceptibilities gradually decreased by
several orders of magnitude. w1, 2, and w3, ... are the angular frequencies under different

external electric filed.

Generally, the intensity of optical frequency electric field of general light source is
small, and the first term in Eq. 1.1 alone is sufficient to describe the linear optical properties of
materials, such as refraction, reflection, birefringence and diffraction. Laser is a kind of light
with extremely strong frequency electric field. The second and third nonlinear terms in the Eq.
1.1 can play important roles and different nonlinear optical phenomena can be observed. In this
case, the polarizability of crystals will no longer be a constant, but a function of the optical
frequency electric field E. Taking the first derivative of the electric polarization intensity P of
the crystal to the optical frequency electric field E, the following can be obtained,

dapP;

= 5y O+ Ty ®E + Ty®EE . (1.2)
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Based on Eq. 1.2, the linear optical property is only related to y;", and the higher order non-
linear polarization term can cause the NLO effect. Among them, the NLO effect caused by the
quadratic term y;#?E is the most significant and most widely used. The quadratic term in Eq.

1.1 can be written as,

where P/ is the nonlinear electric polarization intensity component generated by the
secondary polarization term, and y;x® is the second-order nonlinear polarization coefficient,
o1 and wa,are the angular frequencies of the light, w3= w1 = w2, E; and Ex are the optical
frequency electric field component of incident light. When 3= o1 + 2, the SHG effect is
called sum frequency generation (SFG), and it generates frequency multiplication light; when
03= o1 - 02, the SHG effect is called difference frequency generation (DFG), and the laser
passes through the crystal to create a direct current electric polarization, which is called optical

rectification.

The optical phenomena mentioned above are all NLO effect, which doesn’t obey the

general rules of linear optics.

1.4.2. Second Order NLO Susceptibility

The second order electric polarization intensity Pi) is proportional to the second order
non-linear polarization susceptibility y;?. When o1 = m2= 0, ®3= 01 + ®2 = 20, then Eq. 1.3

1S

Pi(2m) = Zyin P Ej(@)Ex(w) (1.4)

where yi#® = yiix(2w)is second order NLO susceptibility, also known as frequency

multiplication susceptibility di.
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The second order NLO susceptibility is the third order tensor describing the SHG
process, which is a function of three kinds of frequency (w3, ®1, ®2). In general, with a total of
27 independent components, it can only exist in 20 piezoelectric crystal systems with
noncentrosymmetric structure. Only in this way, the second order NLO susceptibilitiy

components are not all zero.

Because the sequence of the two optical frequency electric field components in the NLO
crystal has no effect on the intensity, the jk subscript is symmetric. Therefore, the double

subscripts jk = kj can be replaces by single subscript n, which is

n 1 2 3 4 5 6
jk= ki 11 22 33 23=32 | 31=13 12=21
Xik(20) = Ak (2®) = yin(2e) (1.5)

Therefore, the 27 independent components decrease to 18 independent components of yin.

In 1962, Kleinman found that in the mid-near infrared and visible light region, the
frequency of light was far away from the resonant frequency region of crystal ions. Because
the mass of ions was much larger than that of electrons, ions can not keep up with the periodic
vibration of optical frequency electric field, and the contribution of ion displacement to the
electric polarization intensity of crystal was almost zero. Therefore, the NLO susceptibility
mainly depends on the electron motion, and the polarization free energy of crystal (G) can be

simplified as

G =-1/3 y#(20)EEEx (1.6)

Taking the derivative of G to E, as well as the subscript of E has no relationships with the

sequence of frequency, then
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aEianaEk - anaEkaEi - aEkaEian (17)
Taking Eq. 1.6 into Eq. 1.7 and considering the relationship in Eq. 1.5, we have
Yk = Wiki = Ykij = Yikj = Yjik = Y i (1.8)

The Eq. 1.8 is the Kleinman symmetry. Based on Kleinman symmetry, the 18 independent

components decrease to 10. Therefore, the matrix of i is

X16 X22 X233 X24 X1a X12

En X12 X113 X142 Xis Xie
15 X24 X33 X23 X13 X4

And the second order NLO susceptibility of point groups 422 and 622 in the piezoelectric
crystal system are all zero. Therefore, the NLO effect can only be observed in 18 point groups

among the 32 crystal systems.
1.4.3. Designing Novel UV NLO Single Crystals

Promising NLO single crystals should crystallize in noncentrosymmetric space groups
as a sufficient condition. Towards the creation of novel NCS single crystals containing
functional building block units based on the anionic group theory, several strategies have been
developd, including II-conjuncted systems, second-order Jahn-Teller (SOJT) distorted
transition metal cations with d° electric configurations, stereochemically-active lone-pair

(SCALP) cations, and d'° transition metal cations with local polar displacements.!*-192

The requirements for NLO single crystals which can be used in UV regions are as
following: a wide band gap, excellent SHG coefficients, chemical and thermal stability, phase-
matchability, moderate birefringence, and large size. The most favorable anionic units for UV
crystals are the planar [BOs3]* as well as isoelectronic anions such as [CO3]* and [NO3]*, which
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posseses not only large SHG coefficients but also moderate birefringence. Phosphates with
acentric tetrahedral units are considered as attractive candidates for potential UV application

due to the wide UV transparency and ease to be grown large bulk crystals.

Recently, mixed-anion-directed strategies have attracted growing attention due to the
heteroleptic coordination environment formed by mixed-anion groups, which results in the
more polarized atomic displacement around the building block units and further enhanced SHG
properties. For UV applications, the introduction of halogen elements results in a wider band
gap and stronger SHG intensity, because their higher electronegativity and polarizability than

oxygen atoms.

In contrast, chalcogenide atoms have been underdeveloped for UV applications. Metal
chalcogenides are most investigated as infrared NLO materials due to their lower bond
stretching frequency in IR regions. Single anion metal chalcogenides usually exhibit
significantly strong SHG efficiency and birefringence, while the band gap and laser damage
thresholds are small. Recently, mixed-anion of oxide and chalcogenide is known to be more
promising NLO candidates, which can finely tune the SHG, birefringence, band gap, as well
LDT in one crystal, such as SrZnS:0 (2 x KDP, Eg = 3.89 eV), BaGeSe20 (1.1 x AGS, Eg =
3.18 eV). Although those oxychalcogenides show strong SHG intensities, their band gaps are

too narrow to be applied in UV regions.

1.5. Flux Growth Method

Flux growth utilizes a high-temperature of sinple inorganic compounds, such as BaClo,
NaCl, KI, as the solvent for crystallization, which melt at conventiently low temperatures. The
melting point can be further reduced by the combination of inorganic compounds, which forms
a lower melting eutectic. To be a good flux, the inorganic compound needs to meet the

following criteria, including:
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1. Dissolving a large quantity of the regents,
2. Relatively low melting point,

3. Solubility changed with temperature,

4. Non-volatility and non-toxicity,

5. Unreaction toward the crucible,

6. Easy separation from crystals after growth,

7. Low cost.

During the crystal growth, the solution becomes supersaturated when the reagent dissolves in
a suitable solvent and crystallization occurs. Reducing the total volume of melt solvent by

cooling or evaporation are the common ways to achieving supersaturated.

A large number of oxysulfide single crystals have been obtained flux growth method.
These oxysulfide compounds are obtained incidentally from reactions that are considered to be
oxygen free, usually under vacuum atmosphere. Sinple oxides from the starting materials act
as oxygen agent. Some oxysulfides, however, can be obtained via solid state synthesis.
Comparing with flux growth method, very precise control of the oxygen content is required,
because oxides are of high stability while sulfides usually decompose with the elevated

temperature.

Many oxysulfide single crystals have been grown using alkali chloride fluxes in a sealed
fused silica tube under relatively vacuum environment. For example, SrZn2S20, the first NLO
phase matchable oxysulfide material, was obtained using a eutectic KF-KCI mixture under 900 °C
for several days. AeGeS20 (Ae = Sr, Ba) single crystals were prepared by the mixtures of
starting materials and KI as the molten flux. Some oxyschalcogenide single crystals don’t need
alkali chlorides as flux but the starting materials as the self flux. Sr3Ge204Ses single crystals
were found in the reaction productions on the SrSe, GeSez, Sb2Ses, and Sb203, where SbaSes
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with the lowest melting point (611°C) acts as the flux and facilitates the reaction to take place

at lower temperature.!%>104

1.6. Objectives of this thesis

In this thesis, all compounds were synthesized by flux growth method using alkali
earth metal, rare earth metal, and Ga/Ge based oxides or sulfides in a fused silica tube. Three

series compounds of Ga/Ge-based oxysulfide/oxide single crystals were introduced.

1.6.1. LazGa3zGezS3010

In order to develop novel NLO material for UV applications, mixed-anion directed
strategy was applied to find oxysulfides with NCS structure as well tunable wide band gap.
Here, we report mixed-anion oxysulfide LazGa3Ge2S3010, which that crystallized in the
hexagonal non-centrosymmetric space group P-62c¢, which exhibits phase-matchable SHG
property of twice KDP intensity and a wide band gap of 4.70 eV. The theoretical calculations
indicate that the attractive optical properties are mainly attributed to the S and O orbitals

hybridized with transition metals. The details will be given in Chapter 3.

1.6.2. Las(GeS202)3

A novel germanium based oxysulfide La4(GeS202)3 was obtained by the flux growth
method via a BaClx-CaCl2 mixture, which crystallizes in the centrosymmetric space group R-
3. The structure of Las(GeS202)s3 features from a complex three-dimensional anion order in the
framework, which consists of rarely existed GeS20: tetrahedra and three types of La-centered
polyhedra. The structure of Las(GeS:202)s is of high similarity with apatite germante

Lao33(GeO4)6O2. The UV-vis measurement revealed the optical band gap of 3.67 eV, which is
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well consistent with the first-principles calculations. The details will be discussed in Chapter

4,

1.6.3. Ce;CaMgrGeszO12

A new germanate garnet single crystal Ce2CaMg2GesO12 was grown through a BaCla-
CaClz eutectic mixture, which crystallizes in the centrosymmetric space group la-3d. The
common garnet formula can be descripted as A3B2C3012, where Ce/Ca, Mg, and Ge occupied
the A, B, and C sites, respectively. The combination of UV-vis spectroscopy and first-
principles calculations suggest the band gap of 2.21 eV between the VBM composed of Ce-4f
orbital and the CBM consisting of Ce-5d orbital. The photoluminescene emission spectroscopy
exhibits a peak around 600 nm, which is corresponding to the transition from 5d to 4f energy

level. The discussions will be shown in Chapter 5.
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Chapter 2. Experimental methods

In order to develop new oxysulfide materials for the structure-property research, this
thesis focuses on the flux crystal growth method for the ease to incorporate more than one
anion in the structure. In this work, all the samples were prepared in the fused silica tube under
vacuum. Crystal structures, optical properties, and thermal stabilities were investigated,
through single crystal X-ray diffraction (SCXRD), powder X-ray diffraction (PXRD),
synchrotron X-ray diffraction (SXRD), UV-Vis-NIR diffuse reflectance spectroscopy (UV-

Vis), and thermal gravimetric analysis (TGA).
2.1. Sample synthensis: flux growth method

2.2.1. Flux growth method

In this thesis, all the crystal samples were prepared using flux crystal growth method.
The first step is to weigh stoichiometric reagents and fluxes into the crucible. The top of the
crucible was closed with a cap, then removed the crucible to a sealed silica tube. The above
steps must be operated in glove box, because the precusors were sensitive to the moisture. Then
the silica tube was vacuated to 10 Pa then fused. The fused silica tube was heated at high
temperature for several days. Finally, the producted were washed in distilled water under

sonication, then the single crystals can be collected for the structural analysis.

2.2.2. Solid state synthesis

In this thesis, the polycrystalline samples were prepared using solid state synthesis.
The starting reagents were weighed in a stoichiometric ratio. The mixture was ground,
pelletized, sealed in silica tube under vacuum, and heated for several days. The quality of the
polycrystalline samples was checked by PXRD. Polycrystalline of high purity was used for the

further characterization.
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2.2. X-ray diffraction

2.2.1. Single crystal X-ray diffraction

Structure determination of the single crystals was executed with a Rigaku Xtal.ab mini
II diffractometer (Mo Ko radiation), as shown in Figure 2.1. The raw area detector data frames
were reduced and corrected for absorption effects using the SAINT+ and SADABS programs.
Final unit cell parameters were determined by least-squares refinement taken from the data set.
The initial structural models were performed with the SHELX package, through the OLEX2

GUL!'3

Figure 2.1. The picture of Single crystal X-ray Rigaku XtaLab mini II diffractometer

2.2.2. Powder X-ray diffraction
As an important technique to preliminarily characterize phase of materials, PXRD plays
a significant role for structure research. Room temperature XRD data were collected from
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Desktop X-ray Diffractometer MiniFlex (Rigaku), as shown in Figure 2.2. The machine equips
a graphite monochromator and Cu Ka radiation (2 = 1.5418 A) in 0.2° increments over the
range 5°<26<100° with scanning rate of 5°/min. In this situation, the beam of electrons come

from the Cu-1s orbital.

—_

Rigaku

Figure 2.2. The picture of Powder X-ray Diffractometer MiniFlex (Rigaku)

2.2.3. Synchrotron X-ray diffraction

SXRD is a very crucial technique to analyze materials with unknown phase efficiently
due to their high energy. Synchrotron radiation is generated when charged particles, such as
electrons, are accelerated radially. The high-speed charged particles circulate in ultra-high
vacuum tubes, or storage rings, which is made of certain arrangement of magnets. The scheme

of SXRD is shown in Figure 2.3. The diameter of the storage ring is usually hundreds of meters.
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Figure 2.3. Schematic diagram of a synchrotron storage ring (left) and a picture of BL15XU in
Spring-8(right).

In this thesis, SXRD measurements were caried out at room temperature using a one-
dimensional detector installed on the NIMS BL15XU beamline at Spring-8 in Japan.* The
synchrotron radiation X-rays were monochromatized to a wavelength of 0.65298 A. A glass
capillary tube (0.2 mm in internal diameter) was loaded with the polycrystalline samples. The

diffraction data were analyzed by Rietveld refinement using the RIETAN-FP program.®

2.3. UV-Vis-NIR diffuse reflectance spectroscopy

UV-Vis spectra polycrystalline samples were carried out by a Shimazu UV- 2600
UV-Vis—NIR spectrometer (Figure 2.4) (used in the diffuse reflectance mode) equipped with
an integrating sphere at the range of 220-1200 nm. Deuterium and halogen lamps were used as
sources of UV and visible—NIR light, respectively. The recorded reflectance spectra were

converted into the absorption data via the Kubelka—Munk function.’

44



Figure 2.4. The picture of Shimazu UV- 2600 UV—Vis—NIR spectrometer

2.4. Thermal gravimetric analysis
TGA observes the endothermic or exothermic behaviors when the sample undergoes
phase transitions or chemical reaction. In this thesis, TGA of powder samples were performed

using a Rigaku TG-DTAS8188 system. The sample was loaded in an alumina crucible and heated

up to elevated tempereature. The equipment is shown in Figure 2.5.

45



Figure 2.5. The picture of Rigaku TG-DTA8188 system

2.5. Magnetic properties measurement system (MPMS)

The magnetic properties of all samples were measured by MPMS-XL-7T (Quantum
Design) as shown in Figure 2.6. The temperature dependent magnetic susceptibilities (y) and
field dependent isothermal magnetizations of all prepared samples were measured. The
temperature dependent magnetic susceptibilities (y) were measured under both field cooling
(FC) and zero field cooling (ZFC) conditions in a temperature range 2 to 400 K under an
applied magnetic field of 100 Oe and10 kOe. Initial negative magnetization on some ZFC
curves could be caused by negative trapped fields inside a magnetometer or the sample
insertion procedure.® The field dependence isothermal magnetizations were measured between
+70 kOe and —70 kOe. The ac susceptibility was measured by using MPMS-1T (Quantum

Design). The real parts (y') and imaginary parts (y'") were measured at different frequencies (f)
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and different applied oscillating magnetic fields (Hac).

Figure 2.6. The picture of MPMS-XL system

2.6. Other technologies used in this work.

2.6.1 SHG measurements

The powder SHG measurements were carried out by the Kurtz-Perry method using an
incident laser beam (A = 1064 nm) emitted from a Q-switched Nd:YAG laser.’ Sintered
polycrystalline sample was ground and sieved into distinct particle size ranges (38-55, 55-88,
88-105, 105-155, 155-200 um). The intensities of the frequency-double output emitted from

the sieved samples were KH2PO4 (KDP) was used as a benchmark material.

2.6.2 Photoluminescence (PL) and photoluminescence excitation (PLE) spectra

PL and PLE spectra were recorded at room temperature using a fluorescence

spectrophotometer (Hitachi F-7000).
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Chapter 3. Non-linear Optical Property of LazGazGe2S3010in

Ultraviolet Region

3.1. Introduction

Nowadays, a lot of high technolegues, such as high-precision microfabrication,
semiconductor mask inspection, ablative photodecomposition, request high-power and tightly
focused UV lasers.! Currently, laser sources with required wavelengths below 300 nm in UV
regions depend on excimer lasers, which use corrosive gas halides, such as XeCl, ArF, and KrF.
These excimer lasers have various disadvantages including large volume, high-voltage gas
discharge, and the requirement for regular maintenance, which limits the wide applications.?
All-solid-state UV lasers, which have compacted dimensions and are maintenance-free, have
drawn more and more attention with the combination of NLO single crystals.® The infrared
lasers (typically 1064 nm for Nd:YAG lasers) can be easily converted to a UV frequency
through sum-frequency generation by NLO single crystals. NLO single crystals also improve
quality and power output of the high UV laser beams. Based on Chen’s anionic group theory,’
various novel UV NLO single crystals have been developed, such as B-BaB204 (B-BBO),*¢
KBe>BOsF2 (KBBF),” LiB30s (LBO),? and CsLiBsO10 (CBBO)’. However, there are still some
challenges for practical applications in deep UV regions. The challenges include high SHG
coefficients (d; > dss (KDP) = 0.39 pm/V), wide UV transparency window, moderate
birefringence (An ~0.07 — 0.10 at 1064 nm), thermal and chemical stability, as well large size
single crystals.!” In the past decades, this has prompted scientists to explore new materials.

Various synthetic, theoretical and computational methods are also developed.!!

In order to design novel UV NLO materials with wide optical transparent windows, the
following two types of anionic groups have benn extensively studied based on Chen’s anionic

group theory: IT-conjugated NO3~, CO3*, and BO3*,'>!¢ as well as noncentral tetrahedral units
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with polar atomic shifts, such as SO4*, PO+*, and BO4> 72!, Recently, mixed-anion directed
strategies, which combines more than one kind of anionic species in the structure, have
attracted growing researching interests due to the enhanced optical properties for NLO
materials.?> Heteroleptic coordination environment around the cationic center, which is
regarded as the optical functional building block units, leads to the improvement of polar
atomic displacement in the units and further resulting in the rise of SHG responses. Halogen
elements, which has higher electronegativity and polarizability than oxygen, have been
successfully introduced into the practicable NLO single crystals and been reported of
significant SHG performances and blue shifts in the absoption edges. KBBF-type fluoroborates
AB4O6F (A = NHa, Cs, Na, Rb)* and borate halides AZn2BO3X2 (A = Na, K, Rb, Cs; X =F,
Cl, Br)** as well as KTiPOs-type fluoride sulfate CsSbF2SO4% have been developed and

exhibited improved SHG properties than the model materials.

In contrast, chalcogenide ions (S, Se, Te) have been underexplored for UV applications.?®
This is due to the narrowing of the maximum band gap in their high-energy p orbitals in valance
bands and the low phono energy in chalcogenides, which limits the applications in the visible
or infrared regions.?” There are many reports that mixing chalcogenides and oxide ions in one
structure is a typical approach for finely adjusting the band gap. The S/O ratio of the functional
unit is of great significance to the optical properties. In general, SHG coffcient increases with
elevated S/O ratio, accompanied with narrower band gap. Table 3.1 summarizes some NLO
oxysulfides,?®?° including AGeSe20 (A = Sr, Ba) with GeSe20 tetrahedra (1.1-1.3 x AGS, Eg
~ 3.2 eV),’®! SrZn»S$:0 with ZnS20: tetrahedra (2 x KDP, Eg = 3.89 eV),*? and
Sr6Cd2SbsS1007 with SbS40 and SbSs pyramids (4 x AGS, Eg = 1.89 eV)?*3. Although strong
SHG intensities have been observed in the above oxychalcogenides, they can’t be used in UV

regions due to the narrow band gaps. It still remains a challenge to push the opto-transparent
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window of the oxysulfide phases to the fourth or sixth HG wavelength of the Nd:YAG laser

while maintaining a high SHG coefficient and appropriate birefringence.

Table 3.1. Comparison of the SHG intensities and band gaps of related

Composition SHG intensity Band gap (eV) Ref.
La3GazGe2S3010 2.0 x KDP 4.70 this work
S1Zn,S,0 2.0 x KDP 3.86 32
NajoCd(NO3)4(SO3S)4 4.2 x KDP 3.74 18
BaGeSe,O 1.1 x AGS 3.18 30
SrGeSe,O 1.3 x AGS 32 31
Sr3GesSez04 0.8 x AGS 2.96 29
SrsCdaSbsS1007 4x AGS 1.89 33
Sr4Pb1 5SbsSesOs 0.25x AGS 0.92 28

In order to achieve both high SHG intensity and optical absorption cut-off edge in UV
region in oxysulfide, we developed novel oxygen-rich oxysulfide, which consists of NLO
active mixed-anion functional building block units. In this chapter, we report new UV NLO
oxysulfide La3Ga3Ge2S3010. Comparing with the reported oxychalcogenides, it exhibits an
exceptionally wide band gap of 4.70 eV, while retaining phase-matchable SHG property with
twice intensity to that of KDP. The first-principles calculations reveal the contribution of
(GassGess)207 dimers and '«[(GassGexs)3S303] triangular tubes in the crystal structure.
Anion-directed band gap engineering opens up the extension of oxychalcogenides to potential

UV NLO materials.

3.2. Experimental details of Chapter 3

Reagents. La>S3 (Alfa Aesar, 99%), La20O3 (Rare Metallic, 99.9%), Ga20O3 (Rare Metallic,
99.9%), GeO:2 (Rare Metallic, 99.99%), Ge (High Purity Chemicals, 99.99%), S (High Purity
Chemicals, 99.99%), BaCl, (Rare Metallic, 99.9%), and NaCl (Rare Metallic, 99.99%) were
used as received. Before use, two chlorides were heated overnight in a dry oven at 260°C. All

the raw materials were stored in an argon-filled glove box.
52



Crystal Growth. LazGa3Ge2S3010 single crystals were prepared by BaCl2-NaCl eutectic
flux growth method. LaxS3 (0.5mmol), Ga203 (0.5mmol), GeO: (0.5mmol), BaClz (2.7mmol)
and NaCl (4.0mmol) were placed into an alumina crucible in an Ar-filled glove box, The
crucible was fused in a vacuum of 1Pa and sealed by flame in a quartz tube. The raw material
was heated to 850°C at 5°C/min in muffle furnace for 24 h and cooled to 550°C at 0.08 °C/min.
Finally, the heater was turned off and cooled naturally to room temperature. The product was
washed in sonicated water and extracted from flux. Colorless and transparent LazGazGe2S3010
block crystal was prepared by vacuum filtration.

Solid State Reaction. La3GazGe2S3010 polycrystalline powder samples were synthesized
by stoichiometry ratio of La203 (3 mmol), Ga203 (3 mmol), GeO2 (1 mmol), Ge (3 mmol) and
S (6 mmol). The mixture was thoroughly ground with an agate mortar and pestle, pressed into
pellets, sealed in a molten quartz tube at a vacuum value of 1pa, and then heated in a furnace
at 850°C for 24 h.

Elemental Analysis. Elemental analysis of La3Ga3Ge2S3010 single crystals was
performed by scanning electron microscopy (SEM) and energy dispersive X-ray (EDX)
spectrometer (Oxford Instruments, Swift ED3000). Acceleration voltage was 15 keV.

Single-Crystal Structure Determination. The structure of La3Ga3Ge2S3Oi10 single
crystal was determined by Rigaku XtalLab Mini II diffractometer (Mo Ka radiation). Data
collection covered 100% of reciprocal space 20max = 26.312 and Rint = 2.17% after absorption
correction. Dual-space space algorithm (SHELXT) was used to solve the crystal structure, and
Olex?2 graphical user interface was used to optimize the crystal structure with SHELXT.

Laboratory X-ray Powder Diffraction. LazGa3Ge2S3010 was confirmed to be pure
phase by XRD test using Rigaku Miniflex-600 diffractometer (Cu Ko radiation).

Synchrotron X-ray Powder Diffraction and Rietveld Structure Refinement. SXRD
measurements were made at room temperature using a one-dimensional detector mounted on

the the NIMS BL15XU beamline at SPring-8 in Japan. Synchrotron radiation X-ray was
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monochrome with A wavelength of 0.65298 A. The La3Ga3Ge2S3010 polycrystalline sample
was loaded on a glass capillary with an inner diameter of 0.2 mm. Diffraction data were
collected in increments of 0.003 ° in the range 2-60 ° and analyzed using the Rietveld refined
Rietan-FP program. Figure 3.3 shows the final results of Rietveld refinement on SXRD data
based on a structural model obtained from single-crystal structure analysis. The experimental
results are in good agreement with the calculated results. The final refined crystallization data
are shown in Table 3.2.

Thermal Gravimetric Analysis. Thermogravimetric analysis (TGA) of La3GazGe2S3010
powder samples was performed by Rigaku TG-DTA8188 system in a flowing O2 atmosphere
(1.0 L/min). The samples were loaded into an alumina crucible and heated to 1000°C at
10°C/min.

UV-Vis-NIR Diffuse Reflectance Spectroscopy. The UV-Visible-NIR spectra of
La3Ga3Ge2S3010 were measured by the Shimadzu UV-2600 UV-Visible-NIR spectrometer (for
diffuse reflection mode) in the 220-1200 nm range. Deuterium lamp and halogen lamp served
as ultraviolet and visible-near infrared light sources, respectively. The recorded reflection
spectrum was converted into absorption data by the Kubelka—Munk function.

Powder SHG Measurements. The kurtz-Perry method was used to measure powder SHG
using the incident laser beam emitted by the Q-switched Nd:YAG laser (A = 1064 nm). Sintered
polycrystalline LazGa3Ge2S3010 samples were ground and sieved into different particle size
ranges (38-55, 55-88, 88-105, 105-155, 155-200 um). Using KH2PO4 (KDP) as reference
material, the output intensity of frequency doubling of the sample was observed.

Computational Methods. CASTEP software package was adopted to carry out first-
principles density functional theory (DFT) calculation by plane wave pseudopotential method.
The generalized gradient approximation (GGA) based on the Perdew-Burke-Ernzerhof (PBE)
function was adopted, and the cut-off limit of kinetic energy was set at 880 eV under the norm

conservation pseudpotential. Monkhorst-Pack k-points sampling grid in Brillouin area set to
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2x2x2. The automatic setting of the CASTEP code does not change the convergence conditions
and other parameters when calculating the electronic properties. The orbital electrons of La-
5p%5d'6s%, Ga-4s%4p', Ge-4s*4p?, S-35°3p* and O-25°2p* were treated as valence electrons. The
linear optical and NLO characteristics of 1.3 eV are calculated by using the scissor operator
correction, which are consistent with the band gap observed in the experiment. NLO coefficient
was calculated by length specification formula. In order to study the source of NLO properties
of La3GaszGe2S3010, SHG density method was used.

Calculation of the Distortion Index. The distortion index for GeOs and GeS202
tetrahedra was calculated using the following equation,

n
D= lz <|li - lo|>
n lay

i=1

where /; is the distance between the metal center and the ix surrounding atom, and /lav is

the average bond distance.

3.3. Results and discussion

3.3.1. Crystal Structure.

La3GaszGe2S3010 single crystal was successfully prepared by flux growth method via BaClz-
NaCl mixture (Figure 3.1). The product was washed in sonicated water and extracted from flux.
Colorless and transparent La3Ga3Ge2S3010 block crystals were collected through vacuum
filtration, with typical size of 0.5%0.5%0.8 mm?. Energy dispersive X-ray spectroscopy showed
that the molar ratio of La/Ga/Ge/S was about 3.00/2.91/2.08/3.01(Figure 3.2), which was in
good agreement with the chemical composition determined by single crystal structure analysis
(CCDC Library No. 2110485)**. Polycrystalline powder samples can be synthesized as single
phase using a conventional high-temperature reaction, with purity refined by Rietveld, using

synchrotron powder X-ray diffraction data (Figure 3.3, Table 3.2).
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Figure 3.1. Photographs of single crystals of LazGa3Ge2S3010on a Imm-grid glass plate.
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Figure 3.2. EDX analysis of La3sGa3Ge2S3010. The EDX analysis indicates that the molar
ratio of La/Ga/Ge/S is 3.00/2.91/2.08/3.01, which is consistent with the result of single-crystal

structure analysis.
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Figure 3.3. Synchrotron X-ray powder diffraction pattern collected from LazGazGe2S3010
at room temperature. Rietveld refinements were performed using the SXRD data based on the
structure model determined by single-crystal structure analysis. Obtained, calculated, and
difference are presented by cross marks, upper solid lines, and bottom solid lines, respectively.

The vertical lines represent the expected Bragg peak positions.

Table 3.2. Atomic Coordinates and Isotropic Displacement Parameters Refined against

the SXRD Data Collected from La3Ga3Ge2S3010 at room temperature.

atom site X y z occupancy Bequ/ A2
La 6h 0.62002(6)  0.64252(7) 1/4 | 0.54(2)
Gal 4f 23 13 20.01280(24) 0.588 0.173)
Gel 4f 2/3 1/3 -0.01280 0.412 0.17
Ga2 62 0.81068(12) 0 12 0.608 0.71 2)
Ge2 6g 0.81068 0 1/2 0.392 0.71
S 6h 0.69133)  0.01153) 3/4 | 1.00(7)
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o1 2¢ 2/3 173 -1/4 1 1.6(3)
02 6g 0.8244(5) 0.8244(5) 12 1 0.4(1)

02 12i 0.6563(4) 0.4948(4) 0.0302(5) 1 0.5(1)

The space group is P-62c (No. 190) with a = b =10.12071 (1) A and ¢ = 7.48940 (1) A.
The R factors are Rwp =2.35 %, Rs = 1.87 %, and Rr = 1.97 %. All site occupancies were fixed
to values obtained from the single-crystal structure analysis. Coordinates and Biso values for

Gal/Gel and Ga2/Ge2 are independently constrained to the same values.

La3Ga3Ge2S3010 crystallizes in a noncentrosymmetric hexagonal space group P-62c
(No.190) with lattice constants a = 10.1406(5) A, ¢ = 18.1645(9) A. Ga/Ge (= M) site order
has not been confirmed by structural refinement. This shows that Ga and Ge atoms are
randomly distributed to the Wycoff position 4/ and 6g in a 3:2 ratio. The asymmetric unit
contains one La (6/), two M (4f and 6g), one S (64), and three O sites (2¢, 6g, and 12i) (Table
3.3-3.5). The crystal structure of La3zGa3Ge2S3010 1s shown in Figure 4, as well as the local
coordination environment around the metal center. LazGa3Ge2S3010 crystallizes to form a
unique three-dimensional structure, which is characterized by the coexistence of homoleptic
and heteroleptic Ga/Ge coordination environments. The M1 atom at the 4f site tetrahehrally
coordinates with four O atoms at dwi-o1 = 1.7706(10) A and dmi-os = 1.736(5) A (x3),
indicating that tetrahedrons are uniaxially compressed along the c-axis (Table 3.6). The two
M10O4 tetrahedra form a separate dimer (M1)207, with O1 vertices shared. The M2 atom has
tetrahedral coordination of two S and two O atoms at dmz-s =2.2655(16) A (x2) and dmz-02 =
1.859(3) A (x2), respectively (Table S5). Compared with M104 tetrahedron (D = 0.0089),
M2S202 tetrahedron shows a larger distortion index* (D = 0.1005). The three M2S:02
tetrahedra are connected by two common oxygen vertices to form a ternary ring M23S¢03 in
the ab plane, which in turn shares two common sulfur vertices with its adjacent ternary ring
along the c-axis to form a triangular tube 'x[M23S303]. M104 and M2S:0:> tetrahedra are

separated by LaS20s square antiprisms (dra-s ~ 3.2275 A and dra.0 ~ 2.5257 A on average), and
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each tetrahedron has three common O atoms along the c-axis. In M104, M2S202, and LaS20¢

polyhedra, the bond length between the metal and anion is consistent with the expected bond

length for the sum of the ionic radii of each element*®. However, the bond valence sum (BVS)*’

calculation of Ga and Ge sites suggests that there may be an ordered relationship between

Ga/Ge site. Ga/Ge disordered model using single crystal structure analysis, obtained BVS of

M1 and M2 sites are 3.91 and 3.07, inconsistent with the expected oxidation number

respectively, while cationic ordered model Ga at 6g and Ge at 4f results in a more reasonable

BVS of 2.95 for Ga and 4.02 for Ge. At this point, we cannot determine whether ordered

La3Ga3Ge2S3010 has occurred because refinement of the ordered model using single-crystal X-

ray diffraction data is unstable.
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Figure 3.4. (a) Side and (b) top views of the crystal structure of La3Ga3Ge2S3010, which

possesses triangular tubes and isolated dimers composed of (Ga/Ge)S202 and GaOs4 building

blocks, respectively. (¢) Local coordination environments around M1, M2, and La sites.



Table 3.3. Results of Structure Refinement of LazGazGe2S3010 Using Single-Crystal XRD

Data.
Formula La3Ga3Ge2S3010
Formula weight 1027.25
Radiation Mo Ko ( 2=0.71073A)
T(K) 296
Crystal system Hexagonal
Space group P-62c
a(A) 10.1406(5)
b (A) 10.1406(5)
N 7.5021(4)
V (A%) 668.10(7)
Z 2
Dearc (g/cm?) 5.106
Fooo 912
no. of measured reflns 1432
no. of unique reflns 470
no. of observed reflns (F? > 26(F?)) 461
Rint (%) 1.83
R[F?* > 26(F*)|/wR(F*) (%) 1.81/4.07
GoF 1.061

Table 3.4. Structural Parameters for the Single Crystal of LazGa3Ge2S3010.

atom site X y z occupancy Uisol A2
La 6h 0.61967(7)  0.64211(6) 1/4 1 0.0075(2)
Gal 4f 2/3 1/3 -0.01398(13) 0.588 0.0033(3)
Gel 4f 2/3 1/3 -0.01398 0.412 0.0030
Ga2 6g 0.81051(12) 0 12 0.608 0.0073(3)
Ge2 6g 0.81051 0 172 0.392 0.0073
S 6h 0.6918(3) 0.0123(3) 3/4 1 0.0101(6)
o1 2c 2/3 1/3 -1/4 1 0.029(4)
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02 6g 0.8235(7)  0.8235(7) 12 1 0.0111(17)

03 12i 0.6551(6)  0.4949(6)  0.0327(7) 1 0.0117(11)

Table 3.5. Anisotropic Displacement Parameters Uij (A?) for LazGa3Ge2S3O1o.

atom Un U Uss Uz Uis U
La 0.0113(3) 0.0048(3) 0.0057(3) 0 0 0.0036(3)
Gal 0.0023(4)  0.0023(4)  0.0051(6) 0 0 0.0012(2)
Gel 0.00234)  0.0023(4)  0.0051(6) 0 0 0.0012(2)
Ga2 0.0064(5)  0.0051(5)  0.0099(5)  -0.0004(3)  -0.00018(16)  0.0025(3)
Ge2 0.0064(5)  0.0051(5)  0.0099(5)  -0.0004(3)  -0.00018(16)  0.0025(3)
S 0.0076(14)  0.0150(15)  0.0088(13) 0 0 0.0064(12)
o1 0.042(7) 0.042(7) 0.005(6) 0 0 0.021(3)
02 0.006(3) 0.006(3) 0.018(4)  -0.0006(12)  0.0006(12) 0.001(3)
03 0.016(3) 0.010(3) 0.015(2)  -0.0017(19)  0.001(2) 0.011(2)

Table 3.6. Selected Interatomic Distances (A) and Bond Angles (°) of LazGa3Ge2S3Oo.

Bond Bond le (°) Bond le (°)
ond angle (° ond angle
distance(A) ¢ s
La-O3x2 2.356(5) 03-La-03 87.6(3) 02-La-Sx2 135.82(10)
La-O3x2 2.506(5) 03-La-0O3x2 71.8(2) 0O3-La-Sx2 132.77(13)
La-02x2 2.715(5) 03-La-03x2 149.3(2) 0O3-La-Sx2 76.71(13)
La-S 3.211(3) 03-La-03 115.6(2) 02-La-Sx2 66.44(6)
La-S 3.244(2) 03-La-02x2 126.99(14) S-La-S 130.91(7)
(Ga/Ge)1- 03-Ga/Gel -
1.736(5) 03-La-02x2 69.25(15) 116.04(12)
03x3 03x3
03-Ga/Gel-
(Ga/Ge)1-01 1.7706(10) 03-La-02x2 141.47(15) 01x3 101.63(18)
X
(Ga/Ge)2-
02 1.859(3) 03-La-02x2 67.25(15) 02-Ga/Ge2-02 113.0(4)
X
02-Ga/Ge2-
(Ga/Ge)2-Sx2 2.2655(16) 02-La-02 87.4(2) S 110.39(11)
X
0O3-La-Sx2 74.97(13) 02-Ga/Ge2- 105.59(11)
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Sx2

03-La-Sx2 77.72(12) S-Ga/Ge2-S 112.04(12)

The crystal structure of LazGazGe2S3010 can be regarded as a derivative of A3B3C2013 (A=
K, Rb; B =Nb, Ta, U; C = Si, Ge) in the same hexagonal space group (Figure 3.5)%. Here, sites
B and C correspond to sites M2 and M1 of LazGa3Ge2S3010. Oxysulfide phase and related
oxide analogues adopt a common framework consisting of tetrahedral dimers and triangulated
tubes. However, the B site in the oxide is in a nearly ideal octahedral coordination with the
oxygen atom. Thus, the C207 dimer in these oxides and the '[B3O12] triangulated tubes are
connected by a common oxygen vertex. In LazGazGe2S3010, the asymmetric ',[M23S303]
triangulated tube composed of highly distorted (Ga/Ge)S20: tetrahedra will play an important

role in the high SHG response.
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Figure 3.5. Schematic views of the crystal structure and local coordination environments
around Nb/Si centers of K3Nb3Si2013, which possesses triangular tubes and isolated dimers

composed of NbOs and SiO4 building blocks, respectively.

3.3.2. Thermal Stability of La;Ga3Ge2S3010.
The thermal stability of LazGazGe2S30101n a flowing oxygen atmosphere was studied using

thermogravimetric and differential thermal analysis (TGA) measurements of powder samples
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(Figure 3.6). At 800°C, the TG curve remained largely unchanged, but further heating to
1200°C resulted in a rapid increase in weight of about 3.5% at 950°C and only a small increase
at 880°C. These behaviors are caused by the decomposition of the oxysulfide phase, as

confirmed by XRD analysis after TG testing.
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Figure 3.6. Thermogravimetric (TG) and differential thermal analysis (DTA) curves of

La3GaszGe2S3010 in O2 gas atmosphere. The DTA curves exhibited two exothermic peaks
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and an endothermic peak corresponding to the anomalies observed in the TG curves,

suggesting that complex decomposition processes take place.

3.3.3. UV-Vis Spectrum of La3;Ga3Ge2S301o.

The UV-Vis diffuse reflectance and absorption spectra of LazGazGe2S3010 are shown
in Figure 3.7. These spectra have a UV cutoff edge of nearly 250 nm and a wide band gap of
4.70 eV. This band gap is very large compared to the reported NLO oxychalcogenide
compound and also differs from these typical semiconductor oxides such as f-Ga203 and
rutile GeO2 (e.g. ~ 4.7eV),** which is much wider than the oxide analogue of
K3Ta3Si2013(e.g. = 4.2 eV)*!. One possible reason for the larger oxysulfide band gap in this
study is that all sulfur atoms share a metal center with oxygen atoms, which inhibits upward
movement of the maximum valence band (VBM), which is occupied by the S-3p orbital
compared to the full sulfide coordination. However, the existence of large band gap energy
cannot be explained only by considering the heteroleptic coordination environment. In fact,
the optical band gap of reported NLO oxychalcogenide compounds is less than 4 ev, and
most of them have building blocks containing O and Q anions. Another important
consideration is the molar ratio in the LazGa3Ge2S3010, which is much higher than other
NLO oxychalcogenides. The oxygen-rich concentration not only weakens the interaction
between metal centers, but it also stabilizes the all-oxide coordinated environment

(Ga/Ge)Os4 to improve UV transparency.
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Figure 3.7. UV-Vis diffuse reflectance and absorption spectra of LazGa3Ge2S30Oio.

3.3.4. Non-linear Optical Property of La;Ga3Ge2S301o.

According to the Kurtz-Perry method, the SHG response of LazGazGe2S3010 was
measured at A = 1064 nm, using KDP as reference. Figure 3.8 shows the variation curve
of SHG intensity of LazGa3Ge2S3010 powder with particle size. In the region with small
particle size, the SHG strength of LazGa3Ge2S3010 increases with the increase of particle
size, and reaches a plateau in the region larger than 125 mm. These behaviors indicate that
La3GaszGe2S3010 satisfies the type-I phase matching condition. The SHG strength of
La3GaszGe2S3010 1s 2.0 times that of the reference KDP in the particle size range of

150—200 pm. The observed intensity of SHG is comparable to SrZn2S20, which contains

more sulfur atoms per formula unit.
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Figure 3.8. Plot of SHG intensity vs particle size at AL = 1064 nm. The solid curves are

drawn as guides to the eyes.

3.3.5. Theoretical Calculation.

In order to better understand the relationship between electronic structure and optical
properties, the plane wave pseudopotential method was used to perform first-principles
calculations. Since it is not possible to directly calculate the mixed occupancy of Ga/Ge sites
using first-principles calculations, a model with Ga/Ge atoms at the 6g/4f site, the possible
ordered model discussed earlier, is used. Figure 3.9 shows the calculated total and partial
state densities (DOS) and band structure of LazGa3Ge2S3010. The band structure shows that
the oxide sulfide phase is an indirect band gap semiconductor, Eg = 3.10 eV, less than the
experimental value of UV-Vis spectrum. DFT calculations tend to underestimate band gaps
due to the discontinuity of the exchange correlation energy. Part of DOS shows that La-5d

and Ga-4s, p orbitals mainly occupy the minimum conduction band orbital (CBM). VBM is
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mainly composed of S-3p and O-2p orbitals. The S-3p orbitals dominate in the high energy

region, while the O-2p orbitals dominate in the low energy region, which is common in

oxysulfide.
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Figure 3.9. Partial and total density of states (right) and the band structure (left) of

LazGasGe2S30i0.

For the space group P-62¢, only two non-zero SHG coefficients dis and d22 are allowed
due to Kleiman symmetry. The calculated SHG coefficient of LazGa3Ge2S30101s d22 = - die
=0.598 pm /V, which is in good agreement with the observed SHG intensity (2.0 x KDP).
The birefringence at 1064 nm is 0.11, which is consistent with the matching ability of
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oxysulfide phase. As shown in Figure 3.10, combining the band-resolved analysis** of d»2
with the partial DOS made a significant contribution of the O-2p and S-3p orbitals and SHG
response in the occupied state, while the La-5d orbital was also found to have a moderate
contribution to the SHG response at unoccupied state. This can be confirmed by the SHG-
weighted density diagram of d22 in occupied and unoccupied electron states (Figure 3.11), in
which the SHG density of S-3p orbital is dominant, followed by that of O-2p orbital.
Therefore, we can conclude that both M104 and M2S:0: tetrahedrons in La3GazGe2S3010

are responsible for the observed high SHG response.

0.2 —Band-resolved|

——Integral

-10 0 10
Energy (eV)
Figure 3.10. Band-resolved NLO susceptibility x® (= 2d») and its integral for

LazGazGe2S30i10.
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Figure 3.11. SHG density maps of ¥® for La3Ga3Ge2S3010 in the (a) occupied and (b)

unoccupied electronic states.
3.4. Summary of Chapter 3

In summary, we discovered a new nonlinear optical oxygen-rich oxysulfide
La3Ga3Ge2S3010 using the crystal growth method via BaCl2-NaCl molten salt. The formation
of 1D '[(Ga35Ge25)38303] triangular tubes and 0D (Ga3/sGez/s)207 dimers in homoleptic and
heteroleptic Ga/Ge coordination environments make SHG reaction twice that of KDP. The
observed large band gap (4.70 eV), high SHG intensity, and phase matching behavior at 1064
nm of the oxysulfide suggest that the sulfur anion, which possesses large polarizability but high
energy levels compared with oxygen anions, can be a promising element in high-power UV
nonlinear optical materials. Considering the structure of LazGa3Ge2S30io, it is satisfies the lack

of all-sulfide coordination environment and the existence of total oxide coordination
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environment in order to achieve high transparency of ultraviolet region. The remaining large

SHG response mainly comes from the S-3p orbital. Using other building blocks such as (BO3)*

and (PO4)™, rather than (Ga/Ge)Os, it will be helpful to further push the oxysulfide phases into

the UV or deep UV region.
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Chapter 4. Structrue and Optical Properties of Germanium

Oxysulfide Las(GeS20:)s

4.1 Introduction

Mixed-anion compounds have provided a platform for solid-state scientists to explore
unique physical and chemical performances. Differences in the electronic properties of anoins,
such as ionic radius, elecronegativity, oxidation state, and polarizability, results in the
formation of new crystal structures with heteroleptic functional building block units.!* Mixed-
anion compounds such as oxychalcogenides, usually exhibit long-term anionic ordering,
leading to anionic separation in 2-dimensional (2D) layer structures.*’ Based on the hard-soft
acid-base (HSAB) theory,® highly electronetative/polarizable cations tend to bond with highly
electronetative/polarizable anions. Therefore, these anionic separation layers can be stabilized
in one structure. However, when the difference in electronegativity or polarizability are small,
or the concentration of a given anion is higher than another, the higher order dimensional

anionic distribution will be observed in mixed-anion compounds.

Oxychalcogenides have been widely investigated for their interesting optical
performances. The finely tuning of the optical band gap can be achieved by the combination
of chalcogenide species (S, Se, Te) and oxides, which valence band maximum is rised due to
the higher energy level of chalcogenides than oxides.”!'? Following the mixed-anion directed
strategy, many layerd oxysulfides with layered structures were successfully synthesized, and
exhibited photocatalytic activity under solar irradiation.'!'!3 For another important optical
application NLO, oxychalcogenides with the high polarizable asentric functional building
block units are promising candidates exhibiting outstanding SHG intensities.!*!> SrZn2S20
crystallizes in the NCS space group Pmn21 and exhibits phase-matchable SHG property of
twice SHG coefficient to that of KDP. In addition, it can evolve H2 and O2 via a water-splitting
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reaction under ultraviolet irradiation and show better photocorrosion resistance than that of
single anionic Zn compounds ZnO and ZnS.'® It seems that this anionic directed design will
play a significant role in performing unique optical characterisitcs with the rearrangement of

the various functional building block units.

In this chapter, we report a novel germanium-based oxysulfide Las(GeS202)3 via flux
growth method, which have been considered as a widely utilized technology for developing
new mixed-anion compounds.'”?* Single crystals of Las(GeS202)3 were obtained from the
reaction of starting materials and BaCl:-CaCl2 eutectic mixture. The crystal structure,
characterized by unusual GeS:0: tetrahedra, 3D anion ordering, electronic structure, and

optical properties, are discussed.
4.2. Experimental details of Chapter 4

Reagents. La>S3 (Alfa Aesar, 99%), GeO2 (Rare Metallic, 99.99%), BaClz (Rare Metallic,
99.9%), and CaClz (Rare Metallic, 99.99%) were used as received. Before use, two chlorides
were heated overnight in a dry oven at 260°C. All the raw materials were stored in an argon-
filled glove box.

Crystal Growth. Las(GeS202)s3 single crystals were grown out of a BaCl2-CaClz eutectic
flux. Laz2S3 (0.5mmol), GeO:2 (1.0 mmol), BaClz (3.13 mmol) and CaClz (3.13 mmol) were
placed into an alumina crucible in an Ar-filled glove box. The crucible was fused in a vacuum
of 10 Pa and sealed by flame in a quartz tube. The raw material was heated to 850°C at 5°C
/min in muffle furnace for 24 h and cooled to 550°C at 0.08°C/min. Finally, the heater was
turned off and cooled naturally to room temperature. The product was washed in sonicated
water and extracted from flux. Ivory-white Las(GeS202)3 block crystal was prepared by
vacuum filtration.

Single-Crystal Structure Determination. X-ray intensity data of ivory block crystals

at 301(2)K were collected using a Brock D8 QUEST diffractograph equipped with PHOTON-
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100 CMOS area detector and Incoatec microfocusing (Mo Ka radiation, A = 0.71073 A). The
data were collected in 100% reciprocal space, 20max = 72.6°, the average reflection redundancy
was 14.7, and the Rint after absorption correction was 0.057. The original area detector data
frames were reduced and corrected to eliminate absorption effects using SAINT+ and
SADABS programs.?>2® The final cell unit parameters were determined by least square
refinement of 9908 reflections extracted from the dataset. An initial structural model was
obtained using SHELXT.?” Subsequent difference Fourier calculations and full matrix least-
squares refinement against F2 were performed with SHELXL- 2018 using the ShelXle

interface.?®

Synchrotron X-ray Powder Diffraction. The single crystals of Las(GeS202)3 were
pulverized with agate mortar and pestle to obtain fine powder. Synchronous X-ray powder
diffraction (SXRD) spectra and UV-vis diffuse reflectance spectra were collected. SXRD
measurements were made at room temperature using a one-dimensional detector mounted on
the NIMS BL15XU beam at Spring-8, Japan. Synchrotron radiation X-rays were monochrome
with a wavelength of 0.65298 A. The powder La4(GeS202)3 sample was packed into a glass
capillary with an inner diameter of 0.2 mm. Diffraction data were collected in 0.003°

increments in the range of 2-60 ° and analyzed using the Rietveld refined Rietan-FP program.?

TGA, UV—Vis Diffuse Reflectance Spectra, and SEM-EDS. Thermogravimetric
analysis (TGA) was performed using a PerkinElmer Pyris 1 TAG system at an Oz gas flow
with rate of 60 mL/min. The sample was placed in an alumina crucible and heated to 1000°C
at 10°C/min. Rigaku MiniFlex X-ray diffractometer (Cu Ka radiation) was used for XRD
analysis of thermal treatment samples. Diffuse reflectance spectrometric measurements were
made at room temperature using a Shimazu UV-2600 spectrophotometer and an ISR-2600P1us
integrating sphere. The diffuse reflection data were converted to absorbance within the

instrument by the Kubelka—Munk function. Scanning electron microscopy (TESCAN Vega-E
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SBU) was used to analyze the single crystal Las(GeS202)3. All crystals are mounted on a carbon

tape and analysis was performed using an acceleration voltage of 20 kV.

Electronic Structure Calculations. First-principles total energy calculations for
Las4(GeS202)3 were performed using the projector augmented wave (PAW) method,**3! which
was identical to the method in the Vienna ab-initio simulation package (VASP).3>3* The
configurations of valence electrons in PAW potential are as following: La-5s% 5p°, 6s?, 5d',
Ge-3d'°, 4s%, 4p?, 0-25%, 2p?, and S-3s%, 3p*. The HSEsol-type hybrid functional was adopted.*
In this work, the experimental hexagonal Las(GeS20:2)3 unit cell was used as the initial
structural model for the calculation of first-principles total energy. The cutoff energy for the
plane wave basis set and the mesh size for kpoint sampling in the Brillouin zone were set to be
550 eV and 1 x 1 x 3, respectively. Lattice constants and internal atomic positions were fully

optimized until all residual forces became < 0.02 eV/A.

4.3. Results and discussion

4.3.1. Crystal Structure

Ivory-white block single crystals of Las(GeS20:2)3 were shown in Figure 4.1. Single
crystal structure analysis revealed that La4(GeS202);3 crystallizes in R-3 (No. 148) space group
with lattice constants a = 16.8283(3) A and ¢ = 8.4140(2) A. No atomic deviation from full
occupancy was detected. Thus, in the final stage of structural improvement, their residential
status was fixed. Table 4.1 lists the details of the structure refinements. Table 4.2 summarizes
crystal parameters, including atomic coordinates and atomic displacement parameters. The

anisotropic displacement parameters are shown in Table 4.3.
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Figure 4.1. Photograph of single crystals of Las(GeS202)3 on a 1 mm grid-cell plate.
Table 4.1. Results of the Structure Refinement of Las(GeS20:2)3 Using Single-Crystal X-

ray Diffraction

Formula Las(GeS202)3
Formula weight 1061.77
Radiation Mo Ka (A =0.71073 A)
T (K) 301(2)
Crystal system trigonal
Space group R-3
a(A) 16.8283(3)
b (A) 16.8283(3)
c(A) 8.4140(2)
v (A%) 2063.54(9)
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VA
Dearc (g/cm?)
Fooo
no. of measured reflns
no. of unique reflns
no. of observed reflns (F? > 26(F?))
Rine (%)
R[F* > 26(F*)|/wR(F*) (%)

GoF

6
5.126
2808
32798
2225
1868

5.70
2.22/3.45
1.062

Table 4.2. Crystallographic and Refinement Data Obtained from Single-Crystal Structure

Analysis of Las(GeS202)3

Atom site x y z occupancy Ussol A2
Lal 18f 0.18672(2)  0.24104(2)  0.15890(2) 1 0.00902(3)
La2 3b 0 0 1/2 1 0.01243(7)
La3 3a 0 0 0 1 0.00792(6)
Ge 18f 0.18713(2)  0.043472)  0.24397(3) 1 0.00720(5)

S1 18f 0.26044(4)  —0.02833(4)  0.19177(7) 1 0.01228(11)
S2 18f 0.22741(4) 0.14889(4) 0.42442(7) 1 0.01035(11)
(0] 18f 0.06959(11) —0.04136(11) 0.25780(19) 1 0.0082(3)
02 18/ 0.18462(11)  0.10106(11)  0.06669(18) 1 0.0099(3)

Table 4.3. Anisotropic Displacement Parameters Uijj (A?) for Las(GeS202)3 at 301 K

Atom Un Un Uss U3 Uz U
Lal 0.00858(6)  0.00651(6)  0.01144(6) —0.00042(4) —0.00159(5)  0.00338(5)
0.00781(14
La2 0.01475(10)  0.01475(10) ) 0 0 0.00737(5)
0.00910(13
La3 0.00733(9) 0.00733(9) ) 0 0 0.00366(4)
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0.00789(10

Ge 0.00696(11)  0.00689(11) ) ~0.00046(8)  —0.00042(8)  0.00356(9)

S1 0.0096(3)  0.0139(3)  0.0158(3)  —0.0047(2)  —0.0019(2) 0.0077(2)
~0.00343(1

S2 0.0099(3)  0.0099(3)  0.0106(2) 0 —0.00225(19)  0.0046(2)

o1 0.0068(7)  0.0071(7)  0.0096(7)  —0.0008(6)  0.0010(6) 0.0025(6)

02 0.0136(8)  0.0109(8)  0.0070(7)  0.0010(6) 0.0002(6) 0.0074(7)

Figure 4.2 shows the SXRD patterns of the powder samples of hand-picked
Las(GeS202)3 single crystal obtained by fine grinding. Rietveld refinement was carried out
using the structure model determined by single crystal structure analysis. The calculated model
can reproduce the observed model well, and the refinement is easy to convergence, and the
reliability index is good, Rwp = 4.90%, Rs = 6.88%, Rr = 3.78%. Supporting information Table

4.4 summarizes the final refined crystallographic data.
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Figure 4.2. Synchrotron X-ray powder diffraction patterns of La4(GeS202)3 measured at room
temperature. Obtained, calculated, and difference data are presented by cross marks (red),

upper solid lines (black), and bottom solid lines (blue), respectively. The vertical lines (green)
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represented the expected Bragg peak positions of Las(GeS202)s.
Table 4.4. Atomic Coordinates and Isotropic Displacement Parameters Refined against

the SXRD Data Collected from Las4(GeS202)3 at room temperature.

atom site X y z occupancy Bequ/ A2
Lal 18f 0.18640(7) 0.24115(7) 0.15842(12) 1 0.780(15)
La2 3b 0 0 172 1 1.11(6)
La3 3a 0 0 0 1 0.43(4)
Ge 18f 0.18670(9) 0.04372(13)  0.24143(17) 1 0.45(3)
S1 18f 0.2602(3) -0.0272(2) 0.1898(4) 1 1.26(8)
S2 181 0.2273(2) 0.1531(2) 0.4181(4) 1 1.54(9)
0Ol 18f 0.0679(5) -0.0441(6) 0.2503(9) 1 0.18(14)
02 181 0.1753(5) 0.0996(7) 0.0684(9) 1 0.18

The space group is R-3 (No. 148) with a = b =16.82677(1) A, c =8.41591(1) A. R

indices are Rwp = 4.90%, Rs = 6.88%, and Rr = 3.78%.

As shown in Figure 4.3, Las(GeS202)3 crystallizes in a three-dimensional crystal
structure composed of unique La- and Ge-centered polyhedra. The non-equivalent Lal, La2
and La3 atoms occupy Wyckoff positions of 18, 3f'and 3a, respectively. In contrast, only one
germanium atom iss located at the 18fsite. The two anions O?>~ and S? are completely ordered
in structure. Figure 4.4 shows the local coordination environment around the La and Ge atoms.
In these three lanthanum sites, Lal and La2 are surrounded by two different anions. Lal is
coordinated by three oxygen atoms (dLa-o1, La-02 ~ 2.45 A on average) and six sulfur atoms
(dra-s1 ~3.28 A, dra-s2 ~ 2.99 A on average) to form a twisted gyroelongated square pyramid.
Although these bond distances vary from -7 to 12%,%® from the reference value of the
Shannon’s ion radius, the bond valence sum (BVS)?’ calculated for Lal yields 2.91, which is
consistent with the nominal oxidation state of the lanthanum ion. La2 is coordinated

icosahedral by six oxygen atoms (dia-o1 = 2.6123(19) A) and six sulfur atoms (dra-s2 =
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3.4262(6) A). The bond lengths of La—O1 and La—S2 are 5% shorter and 7% longer than the
sum of the ionic radii of La*" and O*/S%, respectively. Compared with the two lanthanum
atoms, La3 is a 12-fold coordinated that only connected with oxygen atoms, forming a
relatively symmetric icosahedron (dia-o1 = 2.7159(19) A; dra-02 = 2.7524(16) A). The bonds
between lanthanum and oxygen atoms agree well, because their ionic radii add up to less than
1%. The BVS of La2 and La3 were 2.54 and 2.63, respectively, which were much lower than
the expected values. In general, BVS values below ideal values are usually interpreted as
underbonding (or tensile stress) between the metal center and the surrounding ligands.
However, it is not clear why te BVS values of La2 and La3 are low. The germanium atom is
tetrahedral coordinated by two oxygen atoms (dce-o1 = 1.7721(15) A and dce-02 = 1.7908(18)
A) and two sulfur atoms (dge-si = 2.1600(10) A and dge-s2 = 2.1707(7) A). These bond
distances are consistent with those calculated from the sum of the radii of the Ge*" and La>"
ions and the radii of the O* and S* ions. A reasonable value of 4.15 is obtained from the BVS
calculation for Ge. The S—Ge—S bond Angle is 124.56(3) °, much higher than the O—Ge—O
bond Angle of 99.89(8) °. This can be reasonably explained by considering the electrostatic

repulsion between sulfide ions with larger ionic radii.
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Figure 4.3. Crystal structure of Las(GeS20:2)3. Black, blue, purple, green, red, and yellow

spheres stand for Lal, La2, La3, Ge, O, and S atoms, respectively.
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Figure 4.4. Local coordination environment around Lal, La2, La3, and Ge atoms.
Displacement ellipsoids are shown at the 90% level.

Germanium ions coordinated by two sulfides and two oxide ions are rare compared to
the GeS30 tetrahedron, which is normally stable in oxide sulfides with melilite structure.>®>
As far as we know, only two other germanium-based compounds with similar coordination

geometry centered on germanium were synthesized: Na2GeS2(OH)2-5H20* and AGeS20 (A

= Sr, Ba)?!. The Ge-S and Ge-O distances and the S-Ge-S and O-Ge-O bond angles of these
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compounds are similar to Las(GeS202)3 (Table 4.5), but the GeS20: tetrahedron of

Na2GeS2(OH)2-5H20 is slightly elongated with smaller S-Ge-S and O-Ge-O bond angles.

Table 4.5. Selected Interatomic Distances (A) and Bond Angles (°) of Las(GeS202)3

bond distance (A) bond angle (°)
Lal-Ol1 2.4229(16) 02-Lal-02 73.36(6)
Lal-O1 2.4634(16) 02-Lal-0O1 73.67(5)
Lal-Ol 2.4726(15) 02-Lal-O1 74.01(5)
Lal-S2 2.9877(6) 0O1-La2-01x6 65.62(6)
Lal-S2 2.9904(6) 0O1-La2-01x6 114.38(6)
Lal-S1 3.1571(6) O1-La2-01x2 180.000
Lal-S1 3.2075(6) O1-La2-S2x4 61.99(4)
Lal-S1 3.3467(6) O1-La2-S2x6 118.01(4)
Lal-S1 3.4279(6) O1-La2-S2x6 115.82(4)
La2-O1x6 2.6123(15) O1-La2-S2x6 64.18(4)
La2-S2x6 3.4262(6) O1-La2-S2x6 62.06(4)
La3-0O1x6 2.7159(16) O1-La2-S2x6 117.94(4)
La3-02x6 2.7524(16) S2-La2-S2x%5 63.363(6)
Gel-0O1 1.7720(16) S2-La2-S2x5 116.637(6)
Gel-O2 1.7908(16) S2-La2-S2x3 180.000
Gel-S1 2.1600(6) 0O1-La3-01x6 117.18(5)
Gel-S2 2.1701(6) 0O1-La3-01x6 62.82(5)
O1-La3-0O1x%3 180.00(8)
0O1-La3-02x6 120.17(5)
01-La3-02x6 65.81(5)
0O1-La3-02x6 114.19(5)
0O1-La3-02x6 59.83(5)
02-La3-02x6 115.95(2)
02-La3-02x6 64.05(2)
01-Gel-02 99.89(7)
01-Gel-S1 106.40(5)
02-Gel-S1 107.94(5)
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01-Gel-S2 112.29(5)
02-Gel-S2 102.86(5)

S1-Gel-S2 124.56(2)

Figure 4.5a shows the connection between La- and Ge-centered polyhedra. La2Se6Oe
and LasO12 polyhedra have a common O3 plane and form a one-dimensional chain along the ¢
direction. Each La-based one-dimensional chain is surrounded in a complex manner by
LalSeO3 and GeS202 polyhedra. The LaxSeOs icosahedron is connected to six LalSeO3
polyhedra and six GeS20: tetrahedra by edge-shared pairs of oxygen and sulfur atoms. These
Lal-based polyhedra are separated by Ge and La2 atoms. In contrast, the LazO12 icosahedron
shares an O3 plane with six LalSe¢O3 polyhedra and O2 edges with six GeS20: tetrahedra, all
of which have two distinct independent z coordinates. In addition, the six LalSe¢O3 polyhedra
are connected to each other by a shared edge formed by a pair of oxygen and sulfur atoms. All

GeS20: tetrahedra share edges with LalSeO3, La2S¢Os, and La3012 polyhedra.
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Figure 4.5. Linkage between La- and Ge-centered polyhedra in (a) Las(GeS20:2); and (b)
Lag33(Ge04)602 viewed along two different directions. In the former, La2- and La3-centered

polyhedra are surrounded by six Lal-centered polyhedra and six Ge-centered tetrahedra in a

different arrangement. In the latter, La2-centered polyhedra are surrounded by six Lal-centered
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polyhedra and six Ge-centered tetrahedra in a different arrangement.

It is interesting to compare the present oxygen sulfide with germanium oxide apatite
La933(GeO4)6O2 formed in the hexagonal space group P63/m.*!"** Despite the long anion
ordered structure and completely different chemical composition of Las(GeS202)3, the
oxysulfide phase of the compound exhibits a polyhedral arrangement with Ge- and La- center
similar to the structure of oxygen apatite. As shown in Figure 4.5b, the La209 polyhedra in the
structure La933(Ge04)s0z2, like in the structure Las(GeS20:2)3, form an infinite 1D chain along
the ¢ direction by sharing the O3 plane. These one-dimensional chains are surrounded by six
GeOs tetrahedra and six LalO7 polyhedra with different z coordinates, which are connected to
La209 by shared oxygen edges and vertices, respectively. In Las(GeS202); and
Lao33(GeO4)602, the La2/La3 atom lies at the geometric center of an equilateral triangle formed
by Ge or Lal atoms. However, Ge- or Lal-based triangles form a regular hexagon in oxysulfide,
as shown in Figure 4.6 for a top-down view of these crystal structures. This contrasts with the

twisted hexagons in the structure of oxyapatite.
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Lag 33(Ge04)s0,

Figure 4.6. Crystal structure of Las(GeS202)3 (a) and Lag33(GeO4)sO2 (b) viewed along the ¢
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axis.

4.3.2 Thermal Stability

Figure 4.7 shows the thermogravimetric data collected under flowing oxygen.
Las(GeS20:2)3 was stable at 800°C, but on further heating to 1000°C the weight droped rapidly
by about 3%, indicating decomposition of the oxysulfide phase. Weight cooled to ambient
temperature was —2.9%. As shown in Figure 4.8, the powder XRD test of the thermal treatment
sample revealed that the main phase was germanium oxyapatite. However, the secondary phase

exhibited a relatively low intensity that cannot be identified.
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Figure 4.7. Thermogravimetric curve of Las(GeS202)3, in O2 gas atmosphere.
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Figure 4.8. Room-temperature powder XRD pattern of the product after TG measurement.
Major peaks could be assigned to a germanium oxyapatite, Las33GesOz26, but many peaks with
relatively low intensities, which are probably assigned to secondary phases, could not be

identified.

4.3.3. Optical Property

Figure 4.9 shows the UV-vis absorption spectra of powder Las(GeS202)3. The
absorption data were obtained by converting the reflection spectrum of the sample through
Kubelka-Munk transformation.*> The absorption curves showed two sharp increases near
2.5eV and 3.5eV, and the absorption edge energies obtained by extrapolating the linear part of
the absorption curve to the X-axis were Egl =2.23eV and Eg2 = 3.67¢eV, respectively. Given
that the sample is ivory-white, absorption at Eg1 is likely due to defects caused by negative ion
holes, although negative and cation holes cannot be detected by XRD analysis. The larger

absorption edge at Eg2 corresponds to the intrinsic optical band gap, which is discussed below.
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Figure 4.9. UV—vis optical absorption spectrum of Las(GeS20:2)3, which was converted from

the diffuse reflectance data using the Kubelka—Munk function.

4.3.3. Theoretical Calculation.

In order to better understand the relationship between the electronic structure and
optical properties of Las(GeS20:)s, first-principles calculations were performed. The optimized
lattice constants are @ = 16.724 A and ¢ = 8.291 A. The internal atomic coordinates of the
optimized La4(GeS202)3 unit are listed in Table 4.6. Compared with the experimental values,
the a and c axis of the lattice constants of La4(GeS202)3 are underestimated by 0.6% and 1.4%,
respectively. The internal atomic positions of the relaxation units agree well with the refined
crystal data shown in Table 4.2. The results show that the structure optimization calculation in

this paper has sufficient precision. Figure 4.10 and 4.11 show total and partial state densities
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(DOS) and electron band dispersion curves of sulfide. The electronic structure was calculated
by using the original cell model of the optimized hexagonal cell transformation. The total DOS
showed an energy gap of Eg = 4.01 eV, similar to E¢2 but significantly larger than Egl. This
result strongly suggests that the absorption edge observed at Eg2 is intrinsic to the electronic
structure of the oxysulfide phase. The valence bands mainly come from O-2p and S-3p orbitals,
which are weakly hybridized with La-3p, 3d and 4f orbitals. In the upper energy region of the
maximum valence band (VBM), the S-3p band dominates, while in the lower energy region,
the O-2p band dominates, which is often observed in oxysulfides. The minimum conduction
band (CBM) is mainly composed of La-3d and 4f orbitals, Ge-4s and S-3p orbitals. As can be
seen from the electron band dispersion curve shown in Figure 4.11, VBM is located at the '
point and CBM is located between T and P. The light absorption above E¢2 in UV-Vis spectrum
is the result of the transition from VBM to CBM. The Ge-4s and 4s orbitals are located in the
narrow energy region between —8 to —7 eV and —6 to —4 eV, respectively, and are highly
hybridized with the O-2p and S-3p orbitals. The locality of these Ge bands contrasts sharply
with the wide dispersion of the La band in the valence band, which is caused by isolated

connections between the GeS20:2 tetrahedra.
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Figure 4.10. (a) Total and (b—e) partial density of states of Las(GeS202)3 obtained by first-
principles calculations based on the HSEsol hybrid functional. In the horizontal axis, the energy

level of the valence band maximum is set to be 0 eV.
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Figure 4.11. Electronic band dispersion curves of a primitive cell of Las(GeS202)3 obtained by
first-principles calculations based on the HSEsol hybrid functional. In the vertical axis, the

highest occupied band energy level is set to be 0 eV.

Table 4.6. Internal atomic coordinates of Las(GeS202)3 obtained by structure optimization

based on the HSEsol hybrid functional calculations.
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atom site X y z

Lal 18f 0.186 0.240 0.159
La2 3b 0 0 1/2
La3 3a 0 0 0
Ge 18f 0.187 0.043 0.246
S1 18f 0.260 -0.029 0.190
S2 18f 0.228 0.149 0.427
01 18f 0.068 -0.042 0.258
02 18f 0.183 0.101 0.066

4.4. Summary of Chapter 4

A novel germanium oxysulfide La4s(GeS202)3 with an indirect optical gap of 3.67 eV
was synthesized from BaClx-CaClz eutectic molten salt. Analysis of single crystal structure
shows that the structure is formed by rare GeS:0: tetrahedra and La-centered polyhedra
connected by shared edges or conners. The connection between Ge- and La-centered polyhedra
is similar observed in germanium oxapatite Lao33(GeO4)sO2, although the oxysulfide phase
does not have the so-called "apatite channel" and oxidation ions at (0 0 z) are mobile at high
temperatures. Recently, several new sulfide materials have shown their practical application as
solid electrolytes for lithium-ion batteries. In the structure of these materials, highly polarized
sulfur ions play an important role in improving the electrical conductivity of lithium ions. In
Las(GeS202)3, each Lal S6O3 polyhedron is connected to sulfide ions by shared edges, resulting
in the formation of sulfide-rich regions outside alternating chains of LaO12 and LaS¢Os units
on the shared planes. Future studies should attempt to determine whether this three-dimensional
anion sequence in Las(GeS20:2)3 creates lithium ion paths by replacing La atoms with Li, as

found in Lai—xLiyTiO3 perovskites.**
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Chapter 5. Flux Crystal Growth, Crystal Structure, and Optical

Properties of New Germanate Garnet Ce2CaMg,Ge3O12

5.1 Introduction

The optical performances of garnet compounds have been widely investigated. As a host
material for a variety of optical applications, gernet compounds have been developed for laser
amplifiers, scintillators, and cathode ray phosphors.! For example, the Ce** doped Y3Als012
garnet phosphor (YAG:Ce), which converts blue light to yellow, is one of the most interesting
practical optical material for the application of white-emitting diodes. However, the efficiency
of YAG:Ce decreases at high temperature, therefore, the improvements of quenching
temperature and cool corelated colar temperature remain chanllenges for scientists.>* In
general, the variation of the light output was proved to be complicated, involving variations in
the absorption intensity of the 5d-4f band and the temperature dependent transfer of energy to
the defects. With regards to the host material, there are three types of cation sites as seeing from
the general chemical formula of garnet structure {A}3[B]2(C)3012: the {A} site with 8-fold
dodecahedral coordination by 24c¢ as Wyckoffposition, the [B] site with 6-fold octahedral
coordination (16a), and the (C) site with 4-fold tetrahedral coordination (24d) (Figure 5.1). All
the oxygen atoms occupy tetrahedral sites (96/). The dodecahedral {A} site can be occupied
by Y3*, Gd**, Lu*", Tb*", Ca", Sr**, and Mg?*; the octahedral [B] site can be occupied by Al**,
Ga*", In*", S¢**, Y3, Mg?*, Fe**, Cr**; and the tetrahedral (C) site canbe occupied by AI**, Ga**,
Si**, Ge*'. The cationic combinations at {A}, [B], (C) sites are different and limited by the
relationship between ionic radius and valence state. The Ce®* ion prefers to occupy the
dodecahedral {A} site, which is conner and edge shared with the adjacent B and C sites.
Therefore, understanding the local structure of {A}, [B], and (C) is of significance for the

investigation of garnet optical performances.>’ Due to the wide range of cations contained in
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the garnet structure, new garnet phosphor compositions have been successfully synthesized to

compensate the above shortcomings of YAG:Ce.

A3BZ C3O12

Figure 5.1. (A) Crystal structure of the garnet compound A3B2C3012 and (B) the local

coordination environment around the metal cations. In Ce2CaMg2GesO12, Ce/Ca, Mg, and Ge
atoms occupy the A, B, and C sites, respectively.

When considering the crystal chemistry of the garnet family, the ability of the cation sites,
especially the A site, to accommodate different elements, is an important factor.® A large
number of garnet compounds have been previously reported but the variety of RE ions in the
A site is typically limited to RE = Gd-Lu and Y,*"!! all smaller than the desirable Eu3+ cation,
because incorporation of larger cation causes markedly unfavorable lattice distortions around
the dodecahedral sites. To the best of our knowledge, only very few garnet compositions that
include early RE ions larger than Gd*" have been synthesized (via various techniques such as
the sol-gel method and hydrothermal reaction), and include: EusAlsO12,'> RE3Te2Li3012 (RE =
Pr—Eu),"? REsW:Li3012 (RE = Pr, Nd),"® REsFesO12 (RE = Pr—Eu),'*!” LasSc2Ga3O12,'®

RE3GasO12 (RE = Pr-Eu),'”? Li7La3Zr2012,>' and LisLasSb2012.%* It is notable that even
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among these, achieving a garnet composition with Ce*" fully occupying the A site is
challenging; however, Ce** doping as high as 56 at.% with respect to Y>* has been achieved in
YFesO12 via the glycothermal process.?

In this chapter, we report new germanate oxide single crystals {Ce2Ca}[Mg]2(Ge)3012,
which were obtained via flux growth method from a BaCl2-CaClz eutectic mixture. Although
it is single anion oxide, which is different from the mixed-anion oxysulfides in the above two
chapters, it is still an important product from the flux growth method, which Ce cation is
stabilized in {A} site. The crystal structure, electronic structure, and optical properties will be

given in this chapter.
5.2. Experimental details of Chapter 5

Reagents. CeO: (Aldrich, 4N), GeO2 (Rare Metallic, 99.99%), S (High Purity Materials,
4N), BaClz (Rare Metallic, 99.9%), and CaClz (Rare Metallic, 99.99%) were used as received.
Before use, two chlorides were heated overnight in a dry oven at 260°C. All the raw materials
were stored in an argon-filled glove box.

Crystal Growth. Ce2CaMgxGesO12 single crystals were grown out of a BaCl2-CaClz
eutectic flux.?* CeO2 (1.0 mmol), GeO2 (1.0 mmol), S (1.0 mmol), BaClz (3.1 mmol) and CaClz
(3.1 mmol) were placed into a magnesia crucible in an Ar-filled glove box. As described later,
the magnesia crucible was found to act as a magnesium source. The crucible was fused in a
vacuum of 1 Pa and sealed by flame in a quartz tube. The raw material was heated to 900°C at
150°C/h in muffle furnace for 25 h and cooled to 500°C at 5 °C/h. Finally, the heater was
turned off and cooled naturally to room temperature. The products were washed in distilled
water, aided by sonication, before the reddish-orange transparent truncated spherical crystals
of Ce2CaMg2GesO12, together with pale-purple transparent crystals of CeOCl, were collected
via vacuum filtration. The typical dimensions of the single crystals of the garnet compound
were 0.3 x 0.3 x 0.3 mm3. The structure of Ce2CaMg2Ge30O12 was determined by single-crystal
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X-ray diffraction analysis.

Since our original target system was germanium-based oxysulfide, we inadvertently
obtained Ce2CaMgxGesO12 single crystals. As described later, sulfur is not incorporated into
the garnet structure, nor is oxysulfide available.

Single Crystal Structure Analysis. X-ray intensity data for the orange polyhedron were
collected at 301(2)K using a Bruker D8 QUEST diffractometer equipped with a PHOTON 100
CMOS region detector and an Incoatec microfocusing source (Mo Ka radiation, A = 0.71073
A).% Data were collected covering 100% of the reciprocal space 20max = 75.2°, with average
reflection redundancy of 35.3 and Rint = 0.064 after absorption correction. SAINT+ and
SADABS programs were used to reduce and correct the original region detector data frames to
cope with absorption effects.? The final cell cell parameters are determined by least square
refinement of 3812 reflections on the dataset. The initial structural model was obtained using
SHELXT.?” Subsequent differential Fourier calculations and full matrix least-squares
refinement of F2 were performed using SHELXL-2018 using the ShelXle interface.?®

Solid State Synthesis. Polycrystalline powder sample Ce2CaMg2Ge3O12 was synthesized
with CeO2, CaCOs(or CaO), MgO and GeO:2 according to stoichiometric ratio. The mixture
was intimately ground, pelletized, and heated in a flowing N2 or H2 (20%) -Ar (80%) mixed
gas atmosphere, or in a vacuum sealed tube using a tubular furnace at temperatures ranging
from 900 to 1300 -C.

XRD, UV-vis, PL, PLE, and Magnetic Measurements. The single crystals of
Ce2CaMgaGesO12 were pulverized with agate mortar to obtain fine powder, which was used to
obtain synchronous X-ray powder diffraction (SXRD) pattern, UV-vis diffuse reflectance
spectrum, photoluminescence (PL) and photoluminescence excitation (PLE) spectrum. The
powder XRD analysis of the products obtained by solid reaction was performed with Rigaku
MiniFlex X-ray diffractometer (Cu Ka radiation) in the 26 range of 5-65° with step size of

0.04-. SXRD measurements were made at room temperature using a one-dimensional detector
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mounted on BL15XU, NIMS beamline at SPring-8 in Japan. Synchrotron radiation X-rays are
monochrome with A wavelength of 0.65298 A. The Ce2CaMgxGe3O12 powder sample was
packed into a 0.lmm diameter glass capillary. Diffraction data were recorded in 0.003°
increments ranging from 2 to 60° and analyzed using the Rietveld refinement program Rietan-
FP.? Diffuse reflection coefficients were measured at room temperature using a Shimadzu UV-
2600 spectrophotometer equipped with an ISR-2600Plus integrating sphere. The diffuse
reflection data were converted into absorbance within the instrument by the Kubelka-Munk
function. A fluorescence spectrophotometer (Hitachi F-7000) was used to record the spectral
lines and emission spectra. Magnetic susceptibility of Ce2CaMg2GesO12 was measured with a
SQUID magnetometer (Quantum Design, MPMS-XL). The single crystals crushed by an
external magnetic field (H) in the range of 10 ~ 300 K were measured under zero-field-cooling
(ZFC) and field-cooling (FZ) conditions respectively.

First-Principles Calculations. First-principles total energy calculations of
Ce2CaMg2GesO12 were performed using the projector augmented wave method (PAW) as
implemented in the Vienna Ab-initio Simulation Package (VASP).>*** In this study, the cutoff
energy of the plane wave basis is 550 eV. The commutation-related interaction potentials of
electrons are handled within the framework of the Generalized Gradient approximation (GGA)
of the PBEsol type.>® The valence electron configurations of Ce-5s2, 5p%, 4f', 5d', 6s°, Ca-3s?,
3p°, 4s%, Mg-2p5, 35%, Ge-3d'°, 4s?, 4p?, and O-2s%, 2p*, respectively. The spin polarization is
calculated. For Ce ion, GGA+U method was adopted to deal with the strongly correlated
interaction effect of 4f orbital.*® The U value in this study was set as 5.4 eV. The structural

optimization was carried out when the residual force was 0.02eV/A 3738
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5.3. Results and discussion

5.3.1. Crystal Growth and Structure Determination.

After rinsing the products in the magnesium crucible with water to remove the
solidified flux, we found red single crystals growing on the inner wall of the tube (Figure 5.2)
alongside the plate-like mauve crystal CeOCl by-product. EDS analysis of red-orange crystals
shows that the atomic ratios of Ce, Ca, Mg and Ge are about 1.9:1.1:2.1:2.6. The source of
magnesium is a magnesium oxide crucible, which is apparently slightly dissolved by the flux
during the reaction. Single crystal X-ray diffraction analysis showed that the product
crystallized in cubic system, a = 12.5479(4) A. Space group la—3d (Space group No. 230) is
uniquely determined by the systematic absences pattern in the intensity data and is determined
by the structural solution. The product has a garnet-shaped structure in which the asymmetric
unit consists of one hybrid Ce/Ca atomic site (Wyckoff site 24c¢), one Ge site (24d), one Mg
site (16a), and one O site (96/4). The composition of the 24c¢ site was determined by an
improved test of several models containing the cationic elements present in crystals determined
by EDS (i.e. only Ce, Ca, Mg and Ge). The most reasonable model is modeled with mixed
Ce/Ca occupying positions, and ion radii similar to them (rce®* = 1.143 A, rca®* = 0.97 A)*° and
their observed bond distances with O [2.427(4) and 2.547(4) A]. To maintain the overall charge
balance, the occupancy of Ce and Ca is fixed at 2/3 Ce and 1/3 Ca. All atoms are refined with
anisotropic displacement parameters. The chemical composition was Ce2CaMg2GesO12, which
was consistent with EDS analysis. Finally, R1 and wR2 converge to reasonable values of 3.83
and 5.51%, respectively. The goodness of fit value was 1.29. The incorporation of Ce*" ions in
the structure is consistent with the red-orange color of the sample. Table 5.1 lists the details of
the structure refinements. Atomic coordinates and atomic displacement parameters are listed
in Table 5.2 and Table 5.3 respectively. The selected key distances and key angles are listed in

Table 5.4.
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Figure 5.2. Photographs of single crystals of Ce2CaMg2Ge30O12 grown on the inner wall of a
MgO crucible.
Table 5.1. Results of the Structure Refinement of Ce2CaMg2Ge3012 Using Single-Crystal

X-ray Diffraction.

Formula Ce,CaMg,Ge3O12
Formula weight 778.83
Radiation Mo Ka (A =10.71073 A)
T(K) 301(2)
Crystal system Cubic
Space group la-3d
a(A) 12.5487 (3)
V (A3 1976.04 (14)
Z 8
Dcarc (g/cm?) 5.235
no. of measured reflns 17162
no. of unique reflns 445
Rine (%) 6.45
R[F? > 26(F*)|/wR(F*) (%) 3.83/5.51
GoF 1.286
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Table 5.2. Crystallographic and Refinement Data Obtained from Single-Crystal Structure

Analysis of Ce2CaMg2GesO.

atom site x y z occupancy Ussol A2
Ce 24c 1/8 0 1/4 0.667 0.737 (15)
Ca 24c 1/8 0 1/4 0.333 0.737 (15)
Mg 164 0 0 0 1 0.75 (5)
Ge 24d 3/8 0 1/4 1 0.0660 (18)
0 96h 0.0948 (2)  0.1976(3)  0.2852(3) 1 0.68 (5)

Table 5.3. Anisotropic displacement parameters Uj (10°xA?) for Ce2CaMg2Ge3Or2

obtained from the structure refinement using single-crystal XRD data.

atom Un U Uss Uz Uis U
Ce 0.63(2) 0.791(18)  0.791(18)  0.05(2) 0 0
Ca 0.63(2) 0.791(18)  0.791(18)  0.05(2) 0 0
Mg 0.75(5) 0.75(5) 0.75(5) 20.05(8) 20.05(8) -0.05(8)
Ge 0.72(3) 0.63(2) 0.63(2) 0 0 0

0 0.52(11) 0.78(12) 0.75(12) 0 0.16(10) 0.12(9)

Table 5.4. Selected interatomic distances and bond angles of Ce2CaMgaGe3O12at 301 K.

bond distance (A) bond angle (°)
Ce/Ca-0O x 4 2427 (4) Ce/Ca—O-Mg 97.48 (12)
Ce/Ca-O x4 2.547 (4) Ce/Ca—O-Mg 101.26 (15)
Mg-O x 6 2.102 (3) Ce/Ca —O-Ge x 2 95.60 (13)
Ge-0O x 4 1.766 (3) Ce/Ca—0O—Ce/Ca x 2 101.13 (14)

Figure 5.3 shows the room-temperature synchronous X-ray diffraction patterns

collected from powder samples obtained from fine grinding of hand-selected single crystals.

Rietveld refinement was carried out using the model determined by single crystal structure

analysis. The model fits smoothly and the reliability index is reasonable, Rwp = 5.37, Rg = 3.45,
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Rr = 2.92, which can reproduce the observation model well. The final refined crystal data,
including atomic coordinates and isotropic displacement parameters, are listed in Table 5.5.

The results are consistent with those of single crystal structure analysis.

Intensity (a.u.)

A =0.65298 A
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Figure 5.3. Observed (crosses), calculated (upper solid line), and difference (lower solid line)

plots obtained from the Rietveld analysis of the room temperature synchrotron X-ray powder.

Table 5.5. Atomic coordinates and isotropic displacement parameters Uiso refined from

SXRD data collected from Ce2CaMg>GesO12 at room temperature.

atom site X y z occupancy Ussol A2
Ce 24c¢ 1/8 0 1/4 0.667 0.43(2)
Ca 24c¢ 1/8 0 1/4 0.333 0.43(2)
Mg 16a 0 0 0 1 0.15(4)
Ge 24d 3/8 0 1/4 1 0.56(2)
O 96h 0.0944(2) 0.1966(2) 0.2880(2) 1 0.27(7)
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5.3.2. Solid State Reaction.

A stoichiometric mixture of CeO2, CaCOs3 (or CaO), MgO and GeO:2 was used to
synthesize polycrystalline Ce2CaMg2Ge3O12 by solid state reaction. The reaction took place
under vacuum, mixing H2(20%) -Ar (80%) gas or N2 gas at 900 and 1300-C. Unfortunately,
none of the reaction conditions we examined produced the target phase; However, large
amounts of unreacted CeO2 remain in the product throughout (Figure 5.4). Garnet structure as
a secondary phase in 1300-C in N2 gas atmosphere; The lattice parameters of garnet phase are
0.5% smaller than those of Ce2CaMg2GesO12, and the product is dark gray. Therefore, if Ce
atoms are added to the lattice, the Ce concentration of the garnet phase obtained in the solid
phase should be lower than Ce2CaMg2GesO12. After further heating at the same temperature,
the garnet phase partially decomposed and CeO2 content increased, indicating that the garnet

phase was in metastable state under this reaction condition.
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Figure 5.4. Powder XRD patterns of the products obtained from the solid-state reactions. For

comparison, the PXRD data of the powder sample of Ce2CaMg>Ge3O12 which was obtained by
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crushing the single crystals is plotted together. The reaction at 900 °C in an evacuated tube
resulted in a complex powder pattern. GeO2 was reduced to Ge metal in H2(20%)+Ar(80%)
mixture gas atmosphere. Several peaks which could be assigned to the garnet structure were
observed from the product heated at 1300 °C in N2 gas atmosphere, but the lattice constant was
smaller by 0.5% than that for Ce2CaMg2Ge3O12. The sample color was also different from the

reddish-orange color of Ce2CaMg2GesO1z.

5.3.3. Stability of the Garnet Structure.

As mentioned above, garnet structures can accommodate a wide range of elements at
three different cation locations, but the potential stability of garnet structures, including their
tolerance to rare earth ions, is unknown. Our current garnet germaniate shows that two thirds
of site A is occupied by Ce*" ions at concentrations much higher than 56 at.% Ce*" doping
concentration is found in Yi1«xCexFesO12 (x = 1.7). More recently, Song et al. have formulated
the tolerance factor (1) for garnet structure*’, which is similar to the Goldschmidt tolerance
factor for the relationship between chemical composition and structural stability in

perovskite.*! The t expression of garnet structure is

3 2,4 2
\/(7‘3+7‘0) +5(ra+ro)

2(rc+70)

T=

where ra, 18, rc and ro are the ionic radii of cations at A, B and C sites and O ions, respectively.
The tolerance coefficients for more than 100 garnet compounds are in the range 0.75-1.33. For
RE3B2C3012. (RE = La-Lu, Y; B = C= Fe, Al, Ga) and 1 values increase systematically with
the decrease of the size of RE ions, such as 0.76-0.93 for RE3AlsO12 from La to Lu and 0.89-
1.02 for RE3FesO12. This is consistent with the general trend of structural stability observed in
the presence of rare earth ions. The formula RE2CaMg2GesO12 (RE = La-lu, Y), including
hypothetical components, shows a similar tolerance factor size dependence, but T values range

from 1.06 for La, to 1.07 for Ce, to 1.15 for Lu. The stability of Ce2CaMg2Ge30O12 at T values
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close to uniform seems to meet the geometric requirements of garnet structure. However, good
tolerance factors do not guarantee the successful formation of the target phase of chemical
synthesis. In fact, the solid reaction we detected to yield Ce2CaMg2GesO12 was not successful.
At present, it is not clear why a large number of Ce ions enter the lattice of garnet. However,
under flux reaction conditions, the molten salts used in this study may play a crucial role in
stabilizing the phase. According to the PXRD data of the products obtained from the solid
phase reaction, CeO2 was not completely consumed in the reaction, indicating that its reaction
activity was low and atomic diffusion was slow even at high temperature. In flux reactions,
BaClx—CaCl: salts are likely to dissolve CeO2 powders at lower temperatures while the raw
materials are in solution, which greatly reduces the activation energy of the reaction between
the raw materials, resulting in the formation of the target garnet phase. It is speculated that the
Ca-Cl melt acts as a reducing agent for Ce ion at high vacuum and high temperature and is
likely to form Clo. The formation of Ce** in halide melt is beneficial to the stability of
Ce2CaMg2GesOr2 and the by-product CeOCl. Sulfur, as the initial substance of flux reaction,
has no significant contribution to the reduction of Ce ion and the formation of
Ce2CaMg2GesO12. When the flux crystal is grown without sulfur, the same mixture will be

produced.

5.3.4. Optical and Magnetic Properties.

Figure 5.5A shows the UV-Vis absorption spectrum of Ce2CaMg2Ge3O12, with a clear
absorption edge near 560nm. Extrapolating the linear part of the absorption curve to the X-axis
shows that the optical band gap is Eg = 2.22 eV. With the rapid increase of absorption, two
broad subbands centered at 458 nm and 305 nm also appear in the UV-visible absorption curve
of YAG:Ce. These two absorption peaks can be attributed to optical transitions from the ground
state of Ce-4fto the lowest and second lowest excited states (5d' and 5d°, respectively) of the

Ce-5d orbit. A third weak peak near 250 nm may be due to defects or impurities. The lowest
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absorption is in the blue region of the spectrum, which results in a red-orange garnet compound.
The photoluminescence (PE) and excitation (PLE) spectra of Ce2CaMg2Ge3O12 are shown in
Figure 5.5B. The PE spectrum excited at 519 nm contains a wide band centered at 600 nm,
which may be a transition from the 54! energy level to two 4f energy levels, which split into
2Fs;2 and 2F72 by spin-orbital coupling. The maximum emission band of Ce2CaMg>GesO12 is
redshifted compared  with  Y2Mg3iGe3O12:Ce(2%)*, but  compared  with

GdaMg3GesO12:Ce(2%) ™.
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Figure 5.5. (A) UV—vis absorption spectrum, and (B) photoluminescence emission (Aex = 519
nm) and excitation (Aem = 600 nm) spectra for Ce2CaMg2GesO12, collected at room temperature.

117



Figure 5.6 shows the temperature evolution of magnetic susceptibility y (= M/H) in H
= 1 kOe magnetic field. Both ZFC and FC data increase steadily with the decrease of
temperature, indicating that the paramagnetic state is still maintained at low temperature. There
is no significant difference between ZFC and FC data in the temperature range of 10-300 K.
Fitting the Curie-Weiss law with  (T) yields C = 1.407(4) (emu K/mol) and 6 = -59.9(9) K,
where C and 6 represent the Curie and Weiss constant, respectively. The C value of two moles
of Ce*" is slightly less than the theoretical value, and the unit of each formula is *Fs.2. Negative
0 values indicate antiferromagnetic coupling between Ce** ions. The absence of long-range

magnetic sequence may be due to the random distribution of Ce and Ca atoms at the 24c¢

position.
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Figure 5.6. Magnetic susceptibility of Ce2CaMg2GesO12, measured in a magnetic field of 1
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kOe. The inset shows its inverse y vs. T plot. The red solid line is the fit to the Curie-Weiss law.

5.3.5. Theoretical Calculations.

Through the experimental analysis of the crystal structure of Ce2CaMg2GesO12, it was
found that Ce and Ca ions occupy the A position of the structure of A3B2C3012 garnet. In the
first-principles calculation of structural models with periodic boundary conditions, the mixed
occupation of atomic sites cannot be calculated directly. Therefore, in A fixed-size model of
garnet structure, we have preliminatively identified the preferred distribution of Ce and Ca ions
at site A in a 2:1 ratio. We chose the original unit cell of garnet structure as the basic model.
The structural models of Ce and Ca with symmetric non-equivalent configurations are
established. In the basic model using CLUPAN code,* a total of 20 independent configurations
of Ce and Ca ions at site A were found. In the Brillouin region of the input structure model, the
grid size of k-point sampling is 3 x 3 x 3. The total energy of the model calculated by structural

optimization is compared.

From a series of calculations of the total energy of the Ce2CaMg2GesO12 model, we
found that the most stable configuration is shown in Figure 5.7. We analyze the electronic
structure of the model. Figure 5.8 shows the total state density (tDOS) and the projected partial
density of states (pDOS) for each component. In Figure 5.8, the energy level at the top of the
valence band is set to 0 eV on the horizontal axis. Positive and negative values on the vertical
axis represent DOS for upper and lower spins, respectively. The tDOS values show that the
calculated band gap is about 2.2 eV, which is in good agreement with the estimated band gap
value of UV-VIS absorption spectrum. It is clear that there is a very sharp DOS spike at the
highest energy level of the occupied state. Such sharp DOS peaks indicate that electron orbitals
are highly localized. As can be seen from the pDOS values, these peaks originate from the 4f
orbital of Ce** ions being occupied. DOS near the bottom of the conduction band appears to

consist mainly of the 54 orbital of the Ce*" ion and the 4s orbital of the Ge** ion.*>*¢
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Figure 5.7. Most stable configurations of Ce2CaMg2GesO12 found by a series of first principles

calculations in the present study. Search conditions are described in the main text.
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Figure 5.8. Total and projected partial density of states calculated from the model shown in
Figure 5.7. The energy level of a valence band top is set to be 0 eV on the horizontal axes.
Positive and negative values of the vertical axes indicate the DOS of up-spin and down-spin,
respectively. Blue, red, green, and purple lines indicate the s, p, d, and f orbitals of each element,

respectively.
5.4. Summary of Chapter 5

A new metastable germaniate garnet Ce2CaMg2GesO12was synthesized by flux crystal
growth method. Red orange single crystal was grown in reactive MgO crucible. However,
polycrystalline samples cannot be prepared by solid phase reaction. Flux reactions have clearly
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helped to expand the garnet family to include elements of early lanthanide metals, especially
those larger than Gd, which are less explored. PL intensity is too weak to be intuitively
confirmed, which may be due to the quenching effect of the concentration of Ce** or

photoionization involving charge transfer between Ce** and Ge**.
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Chapter 6. General conclusions and future prospects

6.1. General conclusions

In this thesis, two Ga/Ge-based oxysulfides with heteroleptic coordiantions and one
Ge-based oxide with homoleptic coordiantion are investigated. The crystal structures, optical

properties, and theoretical computations are discussed in detail.

Novel non-linear optical oxysulfide La3Ga3Ge2S3010 was obtained by flux growth
method via a BaCl2-NaCl molten salt. The crystal structure crystalizes in noncentrosymmetric
space group P-62c¢ with lattice constants ¢ = 10.1701(4) A and ¢ = 7.5198(3) A.
La3Ga3Ge2S3010 possesses 1D '«[(GassGes5)38303] triangular tubes and 0D (Gas/sGezss)207
dimers in the structure forming both homoleptic and heteroleptic coordination environments
around Ga/Ge, which contributes to the exceptionally wide band gap of 4.70 e¢V. SHG
measurement reveals that it is phase-matchable with twice the SHG coefficient of KDP. The
theoretical calculations suggest that the strong SHG intensity is mainly attributed to the

existance of S-3p and O-2p orbitals.

New germanium oxysulfide single crystals Las(GeS20:2)3 were collected from a BaClz-
CaCl: eutectic molten salt. Single-crystal structure analysis demonstrated the centrosymmetric
space group R-3 with lattice constants a = 16.8283(3) A and ¢ = 8.4140(2) A. It exhibits
complex three-dimensional framework consisting of GeS:0: tetrahedra linked with La-
centered polyhedra through corneror edge-sharing. Moreover, the triangular arrangement of
the GeS20: tetrahedra around a columnar structure of alternating facesharing LaOi12 and
LaScO¢ units resembles that of GeOs tetrahedra in the apatite germanate Lao33(GeO4)6O2,
which features facesharing LaO9¢ columns. The band gap of Las(GeS20:2)31s 3.67 eV, which is

consistent with first-principles calculations.
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New metastable germanate garnet Ce2CaMg2GesO12 was obtained using a flux growth
method from the BaCl:-CaCl: eutectic melt. Truncated spherical, reddish-orange single
crystals with a typical size of 0.1-0.3 mm were collected. Ce2CaMg2GesO12 crystallizes in a
cubic garnet-type structure with @ = 12.5487(3) A in the space group Ia—3d. Based on the
typical formula of garnet structure A3B2C3012, Ce/Ca, Mg, and Ge occupy the A, B, and C
sites, respectively. UV-vis spectroscopy reveals the band gap of 2.21 eV. Theoretical
calculations indicate the contribution of Ce-4f and Ce-5d orbitals, which explains the
absorption edge through the 4f to 54 absorption. PLE specta also exhibit a very broad peak

centered at 600 nm, which proves the transition from the lowest energy d level to the 4flevels.
6.2. Future prospects

La3GaszGe2S3010 exhibits attractive SHG property in the UV region. The SHG
intensity and cut-off edge blue-shift can be further enhanced by the utilization of other
functional building block units, such as [NO3], [CO3]*, and [BO3]*" with © conjugated
molecular configuration, instead of [Ga/GeQ4]. However, the combination of chalcogenides
and borates is not expected to form heteroleptic borate-chalcogenides, which usually yields to
the thioborates or borate with homoleptic coordination environments. To the best of our
knowledge, Zn4BsO12S, REsTaxMgQBsO26 (RE = Sm, Eu, Gd; Q = S, Se), and YSeBO:2 have
the special borate and chalcogenide structure.!” Encouraged by the above advances, we have
strong interests in developing novel chalcogenides combined with nitride, carbonate, and

borate structure.

LazGaszGe2S3010shows a disordered structure model at Ga and Ge sites. The influence
of the order-disorder model to the optical property is not clear. The order-disorder
transformation is commonly observed in rare earth compounds.* In order to find Ga and Ge
site ordered compound, rare earth cation substitutions will be investigated. Lanthanum has no

f orbital, the substitutions of other rare earth elements will introduce f electrons into the
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structures will be focused.’
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