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SUMMARY

This is an investigation of experimental character that can be conceived as constituted from
the results obtained by two separate conducted researches. First, it addresses the problem of
determining the chemical composition (CC) of lithium niobate powders (LiNbO3; LN).
Existent methods for determining the composition of LN single crystals are mainly based on
their variations due to changes in their electronic structure, which accounts for the fact that
most of these methods rely on experimental techniques using light as the probe. Nevertheless,
these methods used for single crystals fail in accurately predicting the chemical composition
of LN powders (LNPws) and despite of the increasing interest —because of the importance of
their possible applications in actual and future nanooptoelectronic devices, as well as the
facility to produce them in large quantities—, an accurate and trusting method to determine
their CC did not exist, previously to this work. Therefore, here a first step was given in this
direction by developing a facile method based mainly on imposing X-Ray Diffraction (XRD)
as a seed characterization technique. Its validation is supported by the characterization of
several samples synthesized by the standard and inexpensive method of mechanosynthesis,
where the Li and Nb content is varied in a controlled way. Raman Spectroscopy (RS), UV-
vis Diffuse Reflectance (DR) and Differential Thermal Analysis (DTA) enrich this work,
representing various alternatives for the independent and accurate determination of the CC
of LNPws. An empirical equation that describes this fundamental property in terms of a
corresponding experimental parameter is given for each of these four characterization
techniques. The results regarding this first conducted research can also be consulted in:

Sanchez-Dena, O.; Villagémez, C.J.; Fierro-Ruiz, C.D.; Padilla-Robles, A.S.; Farias, R.; Vigueras-Santiago,

E.; Hernandez-Lopez, S.; Reyes-Esqueda, J.A. Determination of the Chemical Composition of Lithium Niobate
Powders. Crystals 2019, 9, 340; DOI:10.3390/cryst9070340

On the other hand, this investigation also addresses the study of the Second Harmonic
Generation (SHG) response from LNPws with an averaged stoichiometric composition,
accordingly to the first research conducted. The study was conducted in terms of the depth
of the prepared sample, that is, a Z-sectioning of the SHG response was performed as the

beam focus of the fundamental wave is translated from +z to -z position, passing from the
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air/powder interface (z=0). Also, in terms of the linear polarization state of light, at both the
excitation and detection stages. The former itself, besides being able to estimate the sample
thickness and roughness of granular media at the micrometric scale, gives information on the
scattering properties of the sample by deconvolution of the measured SHG intensity profile
and fitting to the Beer-Lambert law. In the present investigation, contrary to other similar
approaches found on the literature, neither z-correction was needed to be applied the intensity
profile nor it was necessary to consider a contrast between the phase-matched SHG arising
from the properly oriented crystallites and the most probable non-phase-matched SHG that
arises from a larger number of randomly oriented crystallites. The initial performed analysis
to the Z-sectioning part (no polarization of light involved) led to the conclusion that under
these experimental conditions (both optical and sample preparation) light tends to scatter
more forwardly (Mie scattering regime). This implied that the “bulk” SHG could be
differentiated at all instances, thus the surface properties of the prepared sample could readily
be probed at the air/powder interface and at layers beneath it, down to the powder/susbtrate

interface. The results regarding this second conducted research will soon be published:

Sanchez-Dena, O.; [...] Reyes-Esqueda, J.A.; Brevet, P-F. To be published

Other published work related at different levels to the current doctorate research project,

which was developed in the period mid-2016 to mid-2019, are:

Sanchez-Dena, O.; Garcia-Ramirez, E.V.; Fierro-Ruiz, C.D.; Vigueras-Santiago, E.; Farias, R.; Reyes-Esqueda,
J.A. Effect of size and composition on the second harmonic generation from lithium niobate powders at different
excitation wavelengths. Mater. Res. Express 2017, 4, 035022; DOI:10.1088/2053-1591/aa62e5.

Fierro-Ruiz, C. D.; Sanchez-Dena, O.; Cabral-Larquier, E. M.; Elizalde-Galindo, J. T.; Farias, R. Structural and
Magnetic Behavior of Oxidized and Reduced Fe Doped LiNbO; Powders. Crystals, 2018, 8, 108.
DOI:10.3390/cryst8030108.

Structurally this work of thesis is formed out of three main blocks or pieces, hereafter
referred to as parts. Each part is considered as a unit of the whole but has been written in such
a manner that it is not strictly necessary to read one to understand another. Said differently,
each part is self-consistent, and it is also consistent with the rest of the thesis. Hence to whom
disposes time and finds it pertinent, it is invited to read it completely. However, it is also

acknowledged that today we all live in a society in which time runs out, so that if you already
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dominate the concepts and theoretical basis of the subject -PART I—, and know about the
method of synthesis and the characterization techniques —-PART II—, then you might go
without hesitation directly to PART III where: the performed experimental procedures are
described in detail, the obtained results are simultaneously introduced and discussed, and the
conclusions are given. Independently of the interests of any potential reader, to all it is
strongly suggested to read the Introduction, located at the top of PART 1. Lastly, here it is
also important to mention that transcendental for this researching project to be developed are
two scientific collaborations at the institutional level, one domestic and one international.
The former held between the Universidad Nacional Autonoma de México (UNAM) and the
Universidad Autonoma de Ciudad Juarez (UACJ), headed by Dr. Jorge Alejandro Reyes
Esqueda (Instituto de Fisica, UNAM) and Dr. José Rurik Farias Mancilla (Departamento de
Fisica de Matematicas, UACJ). The latter held between UNAM and the Institut Lumiere
Matiere, Université Claude Bernard Lyon I, headed by the same (UNAM) and Prof. Pierre

Francois Brevet.

VIII



CONTENTS

HOJA DE DATOS 1 I
HOJA DE DATOS 2 II
DEDICATORIA I
AGRADECIEMIENTOS v
SMMARY VI
CONTENTS IX

PARTI

GENERAL OUTLOOK

STRUCTURE OF THE THESIS

THEORETICAL FRAMEWORK ... 1

INtrOAUCHION. . ..ue et e e 2

Structure of the thesis. ... e 19

Chapter 1: Materials Science

LAthium NIODALE. ...ttt e 20

1-1 Structure, defect models and ferroelectricity in Lithium Niobate..................... 22

1-1-1 Early thoughts on the structure of Lithium Niobate: its relation to basic
structures of higher Symmetry.......cco.ooeiiiii e 32

1-2 Precedents on the determination of the chemical composition of Lithium Niobate

single crystals: various nondestructive methods.....................coovviiiiiiiiieneenn .37
Chapter 2: Nonlinear optics
Second Harmonic GeNeration. . ...........ouiieiintitii i 49

2-1 Nonlinear optical phenomena. ..............oeiuiiiiiiini e, 49

X



2-1-1 Classical deSCIiPtion. .. ....ovuteieit et aee e 50
2-1-2 Quantum Mechanics desCription............ooviiuiiiiiiiiiiieiiaiiae e, 54
2-2 The process of Second Harmonic Generation................coouvvuieieiiiinnianeennnn. 55
2-2-1 Phase-matChing............c.oiiiiiiii e, 58
2-2-2 Quasi-phase-matChing..........c.oouiiiiiiii i e, 63
2-3 “Disorder is the New Order”. ... .. ..oiiii i 65
2-4 The Kurtz-Perry method. ..o e 68
RefOIONCES. ..o 70
PART II
TECHNIQUES AND EXPERIMENTAL METHODS
(THEORETICAL INTRODUCTION)
EXPERIMENTAL
(DESCRIPTIVE). .ottt e e e, 80
Chapter 3: Materials + Nonlinear optics
Basics on the synthesis and characterization.................cooiiiii i, 81
*: succinct introduction and presentation of relevant references
3-1Mechanosynthesis/Milling...........c.ovuiiuiiiiii i 82
KR B 5 (T8 1) PR 84
R 0LV 1 85
3-1-3 Variables 0f the Process. ....cuceeuiiiiiii e 87
3-2 Mechanisms in the high-energy ball milling process................ccoevviiiiiiiiinn.. 90
3-3 *Other methods of Synthesis..........o.oviiiiii i, 92

3-4 Characterization



3-4-1 *Powder X-ray Diffraction and Rietveld refinement............................ 94

3-4-2 *Raman Spectroscopy, UV-vis Diffuse Reflectance, Differential Thermal

Analysis and Scanning Electron MiCTOSCOPY.......vuuitiniiiiiiiiiiiiiiiieiiinanne 99

Chapter 4: Materials + Nonlinear optics

EXperimental....... ..o e 99
T BN 111 1 513 P 99
4-2 Powder X-ray Diffraction and Rietveld refinement..............c....oooiiiiinn. 100
4-3 Raman SPECIIOSCOPY - unutttennttt e tiet e et et e e e e e e e e aee e aaeenns 101
4-4 UV-vis Diffuse Reflectance and Scanning Electron Microscopy................... 103
4-5 Differential Thermal Analysis.........cooeoiuiiiiiiiiiiiii e 103

4-6 Depth profile of the polarization-resolved Second Harmonic Generation in a

pressed and compacted sample of LINbO3 micropowders............ccevvvinnennn... 104
RefOIONCES. ..o 106
PART III
RESULTS

(PRESENTATION AND DISCUSSION)
CONCLUSIONS AND PERSPECTIVES. .. ..o 112

Chapter 5: Materials

Results on the Chemical Composition of Lithium Niobate powders........................ 113
5-1 Powder X-ray Diffraction and Rietveld refinement.................................. 113
5-1-1 Justification of the assumption made in the X-ray Diffraction analysis...... 116

5-2 RAMAN SPECIIOSCOPY - -+t nteentteiieet et e et et et e e e et et e et e eaeeaeenaas 117
5-3 UV-vis Diffuse Reflectance and Scanning Electron Microscopy................... 123

5-4 Differential Thermal AnalysiS..........coviiiiiiiiiiiii i, 125

Xl



5-5 Grinding of a single crystal......... ..o 127
5-6 Equations in terms of the averaged Li content in the powders....................... 128
Chapter 6: Nonlinear optics

Results on the depth profile of the polarization-resolved Second Harmonic Generation in

apressed and compacted sample of LINbO3 micropowders..............c.coeveivvennnnn... 129

6-1 Determination of the powder-print thickness and the possibility of the observation

of Coherent Backscattering at the harmonic wave................coovviiiiiii .. 133
Conclusions and PerSPECHIVES. . .vuuuteett et ettt et et et et e e et e e e enaeenneens 137
REfEIENCES. ...ttt 140
Appendix A: uncertainty associated to the linear fitting involving Eq. III-1............... 143

PUBLISHED ARTICLE. ... oo 145

XlI



PART I
GENERAL OUTLOOK
STRUCTURE OF THE THESIS

THEORETICAL FRAMEWORK



Introduction

Physics and Materials Science are full of amazement, powerful and captivating concepts,
beautiful constructed theories, novel experimental findings and niche technological
applications. Giving an example of such has been avoided on purpose so that none stands out
among the others; anyone working in these fields would pick a favorite one. In my case |
would choose, on top of the list, the concept of Second Harmonic Generation (SHG): I still
remember the strong impression it caused to me when I heard of this second order nonlinear
optical process for the first time in a talk given by an invited speaker of the Faculty of
Sciences, where I was sophomore student of the Physics career... I was really amazed by the
fact that there exists certain type of materials (and not all!) capable of doubling the frequency
of the incoming monochromatic (laser) light. Particularly, to have visible laser light
(A=532nm) out of infrared laser light (A=1064nm)! Yet this only (necessarily but not
sufficiently) by use of a suitable material.

Another important concept that would occupy such a list is the perovskite structure: not
much before graduating from the Physics career I tried to induce the Meissner effect at a high
temperature (that of liquid nitrogen) by preparing a perovskite-based ceramic. The
experiment failed but since then I was conscious of the relevance of perovskites to Materials
Science and, significantly, to recently accomplished technology. It thus seems quite natural
that today I am writing a doctorate thesis having these two abstractions as carotids.

This work of thesis deals with two main aspects, independently. Firstly, and more
important, with the accurate determination of the chemical composition (CC) of lithium
niobate (LiNbOs3; LN) powders; the results of this investigation can also be consulted in [1].
Historically, the room temperature structure of LN has been often related to those of ilmenite
and corundum. Rigorously speaking LN adopts neither of these, it is nowadays broadly
accepted that LN possess a distinct structure, one of its own thus forming a new family of
crystalline structures. Recent authorities in the field mainly address to it as a
‘pseudoilmenite’, but in a more profound sense, of more physical importance, it might also
be conceptually conceived as a variant of the family of distorted perovskites. Secondly, in
this thesis it is also highlighted the importance of performing a combined analysis resulting
from the depth profiling of the polarization-resolved (PR) powder SHG (PSHQG), that is, the

characterization of polar distortion by means of rotation of the incident linear polarization



(fundamental wave) and fixation of the outgoing polarization (harmonic wave) with an
analyzer, as the beam focus of the fundamental wave is translated from +z to -z position,
passing from the air/powder interface (z=0). These experiments were performed to a single
sample of LN powder of (averaged) stoichiometric composition, which was properly
characterized according to [1]; the results of this investigation will be soon published in [2].

The two main components of this dissertation are thus LN and SHG. A succinct
introduction to these researching fields is given in the following lines, separately. The work
of Luo et al might just be a good example of what could be understood as the state-of-the-art
developments in research that merges these two subjects [3]. As it will be described, research
in the powdered version of LN is uncommon to both disciplines, and thus the investigations
developed in this work of thesis broaden the existent knowledge.

LITHIUM NIOBATE:

“LN 1is one of the most favorite multifunctional crystals”, quoting Pang et al [4].
According to Weis and Gaylord, it is a completely synthetic material, that is, it cannot be
found in nature [5]. In the words of Volk and Wohlecke, authors of the most comprehensive
monograph written up-to-date on LN (Lithium Niobate. Defects, Photorefraction and
Ferroelectric Switching; Springer), LN crystals are “colorless, chemically stable and
insoluble in water and organic solvents, and have high melting points” [6]. By colorless it is
meant a high transparency window of the order < 0.1 cm™' for radiation in between 400 and
5000 nm [7]. This combined to the fact that LN crystals are non-centrosymmetric and have
a high nonlinear coefficient, make them suitable materials for SHG and Optical Parametric
Generation in this range of the electromagnetic spectrum [7, 8]. High melting points along
with a high Curie temperature (7.~1210 °C) translates into the exhibition of the spontaneous
polarization (ferroelectricity) in broad range of temperatures (from 700m to T¢). A classic text
considered today an important consulting reference was written by Réauber (1978,
CHEMISTRY AND PHYSICS OF LITHIUM NIOBATE, North-Holland) [9]: it is stated, on
the other hand, that LN “is a fairly useless material from a chemical point of view, its only
application being as a starting material for crystal growth”.

The LiNbO3 phase was first described by Zachariasen in 1928 [10]; he is considered one
of the giants in crystal structure analysis, alongside Pauling and Belov [11]. The first ever

synthesis of LN can be traced back to 1937 [12, 13]: apparently “small crystals having the



shape of small prims” were obtained, although this information could not be corroborated in
the present investigation. Remeika is credited for having grown LN single crystals for the
first time a little before 1949 and, in this year, the same and Matthias published the first report
on the ferroelectric behavior of such crystals [14, 15]. In 1965 Ballman — and Fedulov et al,
this is not often mentioned in recent literature—managed to grow larger crystals by using the
Czochralski method [15-17]. Since then a parallel grow begun in scientific and engineering
activities, remarkably at the Bell Laboratories, and ever since this pioneering work —
published in 1966, five papers [7, 18-21]— details on the structure of this material are known
with high precision, thus allowing the explanation and prediction of a myriad of well-known
applications addressed to it (existent and potential), these are described elsewhere [3-6, 8-9,
12-14, 22-24]. Particularly, references in [7, 20-21] constitute a paramount contribution to
the whole scientific community involved in the study of LN: they form the basis of all further
discussions on the LN crystal structure.

Research at the fundamental and applied science levels has not stopped in the past five
decades. Back in the late 1970°s LN was important for the development of surface acoustic
waves (SAW) devices, it took second place only to quartz in the market of single crystalline
piezoelectrics [9]. Today, according to Bartayste et al, “about 70% of radio-frequency (RF)
filters, based on surface acoustic waves, are fabricated on these single crystals” [25]. As for
the future, a glimpse to the role of this material to achieve practical integrated on-chip
applications might be grasped as LN is already considered to be for photonics what silicon
has been being for electronics [26]. Such a statement is not a reckless one, neither it is
arbitrary, since it rests upon the breathtaking results published by Zhang et al (December
2017, 72 cites by mid-2019) [27]. The implications entailed in [27], have been reinforced and
updated by the same group recently [28].

Here I would like to emphasize the paramountcy LN has to the recent scientific research.
Perhaps an effective way to quantify the success of a researching field is to analyze the
number of peer-reviewed publications in scientific journals in a period. Volk and Wd&hlecke
have had used the WebOfScience database to track the number of publications between 1965
and 2007 (annually) devoted to LN and BaTiOs3 (see ‘Fig. 1.1°, p. 2 in [6]). By today both
materials likely surpass the thousand publications. Here it is added that another indicative of

the LN success nowadays is the fact that, for a least four consecutive years, specialized issues



on this material have been being prepared by the Crystals journal, MDPI editorial. The results
of this investigation —those related to the chemical composition of LN powders, reference in
[1]— have been published in the current special issue, entitled ‘Recent Progress in Lithium
Niobate’, having Robert A. Jackson and Zsuzsanna Szaller as guest editors [13]. Anecdotally,
by refining the same analysis to the specific case of research in Mexico, one can notice —
typing ‘Lithium Niobate’ and ‘LiNbO3’ by separate—that around a hundred articles have
been produced up-to-day. Also, according to this database the first ever Mexican scientific
article on LN was published in 1984 and authored by Villafuerte-Castrejon et al [29].
Proudly, Prof. Villafuerte-Castrejon has been part of the advisory committee of this doctoral
research project.

Volk and Wohlecke address to LN as an oxide ferroelectric which unique combination
of physical properties has “promoted its career in science and devices” [6]. However, given
the great variety of physical properties that can be ascribed to it, (ferroelectric) LN can be
classified into several subclasses of materials. Apart from its structure, the definition or
description of this material could be given in accordance with the specific property or
application to be investigated. Effectively, LN can be labeled as any of the following:
dielectric, uniaxial crystal, metallic oxide, ceramic, ferroelectric, pyroelectric, piezoelectric,
photorefractive, photovoltaic, non-centrosymmetric nonlinear optical medium and frequency
converter, among others. The exacerbation/detriment of a property associated with each of
these terms is to be tuned by a proper control of point defects, either intrinsic or extrinsic [30-
33]. Particularly important are the extrinsic defects, such as those present in ion doped LN
crystals, for which the intrinsic capabilities of the crystal might not only be improved but
new ones could also arise [33]. Historically, this has been a major subject of interest for the
scientific community involved in the study of LN. This work of thesis has been limited,
however, to the subject of intrinsic defects, that is, the study of the compositional change in
the crystal, parametrized by the ratio R={Li}/{Nb} (the brackets denoting concentration in
mol %). A comprehensive review on doped-LN single crystals might be consulted in [34].

Solid solutions (SSs) of LN have an intrinsic nature to deviate from the stoichiometric
(ST) point R=1. This will further be discussed in detail in the corresponding theoretical
framework. Meanwhile Figure I-1 showing the binary phase diagram that describes the

Li2O—Nb20s system, would suffice to visualize this argument. Another important point — or



perhaps the most important — is the congruent (CG) one R=0.969, for which the highest
uniformity of properties is attained [6]. This point is so-called CG because, as it can be seen
in Figure I-1, within the LN phase an inflection on the liquidus-solidus curve takes place at
this point, implying a preservation of the chemical composition in the process of passing
from the LixO:Nb>Os melt to the growing crystal. Said differently, CG means that
Rumetttig=Rerystalson= 0.969. For off-congruent melts “the composition of the melt and the
crystal are slightly varying during the growth and the crystal becomes compositionally non-

uniform, particularly along the growth axis” [6].
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Figure I-1. Schematic phase diagram of the Li,O-Nb,Os pseudobinary system in the vicinity of
LiNbO; — redrawn from the publications by Volk and Wéhlecke [6], and Hatano et al. [39].

In general, under regular circumstances of growth (Czochralski method), high quality
ST LN crystals are not obtained even for a Rumeltiq) =1. Basically not even near ST (nST) LN
crystals were available until 1992, year in which three independent methods for this purpose
were reported, entailing a modification to the Czochralski method (double crucible

Czochralski method) [35], growth from melts containing K>O [36], and diffusion of Li from



a powder richer in this element than the crystal, a process that takes several days and requires
high temperature heating treatments (= 1000° C) [37]. Today, the synthesis of ST LN single
crystals still is a state-of-the-art matter: reason behind the fact that a Z-cut of ST wafer costs
around 12 times more than one possessing a CG composition [38]. ST LN crystals are
important because a more perfect lattice translates into a lower density of local field
distortions and the lessening of anharmonic crystal interactions (phonon coupling), both
being prerequisites for any kind of resonance with a small linewidth [6].

In what concerns this investigation, two more transcendental features are to be noticed
from the phase diagram. One is the existence of two-component phases that delimit the LN
single-phase. These are homogenous mixtures of LN and a SS secondary phase:
methaniobates LisNbO4 and LiNb3Os. Because of the preference of single or pure phase
compounds over those with a mixture of phases, added to the fact that LN “sub-CG
compositions present poor physical properties and do not have potential applications” [40],
these phases are often referred to as ‘parasitical’. Interestingly, in the presence of LisNbO4
(LiNb3Os), the existent SS of single-phase LN is of fixed ST (most defective possible)
composition: in these cases, the formation of the parasitical phases compensates the excess
(deficiency) of Li2O. In addition, above it has been stated that most of the physical properties
attributed to LN single crystals strongly depend on the number of intrinsic defects, that is,
the chemical composition (CC) or R={Li}/{Nb} or the Li (Nb) content cri (cnv). Table I-1
shows this by comparing the values of several optical and non-optical parameters for the nST
and CG compositions. In the case of the Curie temperature 7. —the temperature at which the
paraelectric-ferroelectric phase transition turns out in many perovskite-type materials—, its
sensitivity to the CC can be readily seen in the phase diagram, not only for two fixed points
but rather continuously on the whole LN single-phase. To determine the CC (or cy;) within a
LN crystal by means of an empirical linear equation having 7. as the independent variable is
nowadays a well-known method [41]; rigorously, the trend is a quadratic one, but for

practical purposes a linear fit might be used (see discussion in [41]).



Table I-1. Optical and non-optical coefficients for LN single crystals with congruent (CG) and near-
stoichiometric (nST) compositions, as given by Volk and Wéhlecke [6].

Property CGLN nSTLN
OPTICAL
Transparency region (nm) 320-5000 300-5000
Refractive index @ 633nm (n,, ne) (2.286,2.203) (2.288,2.190)
EO coefficient @ 633nm

rh, v, 5 (pm V) 32,10, 6.8 38,10.4, ---
T35, T30, oy (pm V) 31,8.6,3.4 -, -, 4.5
NLO coefficient @ 1060 nm
dss3,dsq,dyy 34,6,3 42,5,2.5
NON-OPTICAL
Crystal structure Trigonal
Space and point group (RT, hex) R3¢ 3m
Lattice constant ay (pm) 515.0 514.7
Lattice constant cy (pm) 1386.4 1385.6
Melting point (C) 1255 <1200
Curie temperature (C) 1140 1206
Density (g cm™) 4.647 4.635
Thermal expansion @ 300 K
0, 106 (K1) 14.1 14.1
0106 (K 4.1 6.0
Specific heat at RT (kJ kg' K1) 0.628 0.651
Thermal conductivity at RT (Wm'K™") 3.92 5.97
Spontaneous polarization (uC ¢cm?) 71 62

Dielectric constant &7, €15, €7, €35 84,30, 44,29 54,42, 42,41

Being a light element, the Li concentration within LN SSs can be directly estimated only
by chemical methods: chromatography [42], atomic absorption analysis [43], and inductively
coupled plasma atomic emission spectroscopy (ICP-AES) [44]. Apart from being destructive,
these methods also consume large amount of material and offer a poor precision (no better
than 0.2 mol%) [25, 45]. Likewise, the use of calorimetric methods for the determination of
the 7. has the main drawback of reaching 7 values very close to the melting point of the
material, as it can be seen in Figure I-1. In 1993 Schlarb et al [46] and Malovichko et al [47],

independently revived the practical importance of other indirect methods (optical and non-



optical, see Table I-2) to describe the CC of LN single crystals. Among these, the
measurement of the difference in the refractive indexes for a fixed wavelength
(birefringence) and the Raman linewidths of certain vibrational modes /” in Raman
Spectroscopy (RS), are outlined. Noticing that these papers were published just one year after
nST single crystals were available, their novel content can be outlined in three main aspects:
1) introducing a new chemistry, the ternary system K>O-Li2O-Nb2Os, “responsible for the
unexpected growth” of STLN single crystals [47], 2) characterization covered over the whole
compositional range, including the ST point, and 3) information of the crystal composition
instead of the melt composition. From my point of view these works are nowadays seminal
in the sense that they reviewed and informed to the community about the number of different
existent indirect methods to describe the LNCC. Such information was back then “scattered
throughout a number of publications” (the quote can be found in [48] under another context).

The review was perhaps improved three years later by Wohlecke et al [45].

Table I-2. Some indirect optical and non-optical methods for the determination of the chemical
composition of LN single crystals, according to references in [45-47].

Method Measured parameter Equation; accuracy References
(mol%)
OPTICAL
Fundamental UV optical fundamental absorption nonlinear; 0.02 [49, 50]
absorption edge
Polarized Raman Linewidth of Raman linear; 0.05 [45-47]
Spectroscopy modes
Sellmeier equation refractive index nonlinear; --- [51]
(extraordinary)
Dispersion of birefringence refractive index (ordinary linear; <0.01 [45-47]
and extraordinary)
Phase matching temperature phase matching linear; <0.01 [37, 52-55]
for SHG temperature for SHG
Spontaneous noncolinear cone angle nonlinear; --- [56]
frequency doubling
Holographic scattering reading and writing angles -y - [57]

(photorefractive effect)

with respect to the normal

of the crystal surface



NON-OPTICAL

Melt composition Li,O content of the melt nonlinear; 0.3 [44-45, 58]
CLi, melt
Differential Thermal Curie temperature nonlinear/linear; 0.1 [371/141]

Analysis (DTA)
X-ray and neutron diffraction cell volume linear; 0.3 [43, 59]

+ structure refinement

Density measurements density -y - [43, 60-62]
Nuclear Magnetic Resonance Linewidth of NMR and linear for Fe doping [47, 63-64]
(NMR) and Electron EPR signals concentrations smaller
Paramagnetic Resonance than 0.01 mol%; ---
(EPR)
Velocity of surface acoustic velocity of SAW ---;0.01 [65, 66]
waves (SAW)

Focusing on the RS method, a set of two linear equations in terms of /" (linewidth) are
given in [45-47] to determine the LNCC, specifically in single crystals. These are
independent equations, each to be used according to the measured linewidth of a given
Raman mode (the bands located either at 153 cm™ or at 876 cm™), and they involve different
experimental/geometrical restrictions like the (crystallographic) axis of excitation (the crystal
cut), the direction of detection, and the state of the linear polarization of the light at the
excitation and detection stages. The specifics on these experimental configurations will be
discussed in detail in the corresponding theoretical framework. Anywise, for the moment it
is only important to realize that such geometrical restrictions imply a limited description to
single crystals. No one, after consciously reading references in [45-47] would expect to
describe the CC of LN powders (LNPws) by use of such equations. Unfortunately (or
fortunately?) during my first approach to LNPws I was told to use them to determine their
CC: non-polarized Raman experiments were done! Sometime later and after many samples
synthesized, I necessarily end up distrusting this procedure.

More important was to find out that practically no accurate, trusting and facile method
(i.e. indirect) had been reported for this purpose. Contrary to what could be expected, the
approach of using the same empirical equation (formulated for single crystals) to describe

powders, does not work even for 7c measurements. Since temperature is a scalar quantity
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(light propagates and interacts with matter in vector-like form), it would be permissible to
expect a single description of the LN CC in terms of 7¢, regardless of the SS being a single
crystal or a powder. Interestingly, this is not the case: the systematic measurement of lower
Tcvalues (about 10°C) for LNPws compared to equivalent single crystals has already been
addressed [45]. The reason behind this fact might remain yet unexplained.

In this investigation, a custom-made Raman system has been crafted in open air to obtain
control on the polarization state of the light at the excitation and detection stages; of all the
commercial Raman systems I had access to, none featured polarization of light as an
experimental variable, neither did I could modify any of them. With this system,
verification of the linear equation for the Raman active mode centered at 876 cm™, as
given in [45-47], could be done on bought ST and CG LN single-crystal wafers [38]. While
this served to calibrate the assembled system, it also allowed to confidently state that
the abovementioned linear equation does not describe LNPws. Then, with a
commercially available system it was observed that the linear relationship remains for
the linewidth I” of the same Raman mode (876 cm™) in the case of powders, however
under simpler circumstances where the polarization state of light at the excitation and
detection stages is disregarded. Thus, in accordance to references [45-47], the accurate
determination of the CC of LNPws is proposed by means of a linear fit in terms of the
calculated 7, but on this instance from non-polarized Raman spectra (instead of polarized).

The main contribution of this work is the method itself to determine the CC of the
synthesized powders on a first instance. No direct method was used. Instead an a priori
probing of the formed phases from 11 different synthesized samples by analysis of X-ray
diffraction (XRD) experimental data was done, relying on the existent information in the
phase diagram that describes the pure LN phase along with its surrounding parasitical phases
(Figure I-1). In this way the linear relationship obtained for the averaged Nb content in the
crystallites {(cyp), in terms of 7, is affixed to two known or expected values, those of the two
edges that delimit the pure ferroelectric phase: the boundary with phase LiNb3zOg on one side
(Nb excess) and the boundary with phase LisNbOs on the other (Li excess).

The nanocrystalline LNPws were obtained by a mechanochemical-calcination route [67-
69]. Gradual addition of Li or Nb has been systematically performed by increasing the mass

percentage of a precursor containing the desired ion species. The quantification of secondary-
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phase percentages was carried out with structure refinement by the standard Rietveld method.
An alternative linear equation to determine the CC is also given in terms of the calculated
cell volumes by means of the same structure refinement. Additionally, linear fitting of the
measured band gap energy (E¢) by means of UV-vis Diffuse Reflectance (DR), is also used
for this purpose. Differential Thermal Analysis (DTA) was utilized as a verification
technique for specific samples and a fourth empirical equation that describes the CC in terms
of the Curie temperature was obtained this way. The four distinct methods are based on
standard characterization techniques, accessible nowadays to large scientific communities in
developing countries. Scanning Electron Microscopy (SEM) was utilized to verify that the
particle size distributions do not vary drastically from one sample to another.

Historically, LNPws have been overlooked for research in favor of LN single crystals
and thin films. This explains why a doctorate thesis has been written in 2019 mainly to
describe the CC of LNPws, being LN a material which has been extensively studied ever
since 1966 or even before. Today, LNPws are important because of their role in the field of
lead-free piezoelectric materials. This research field is nowadays vast and very active due to
the environmental laws and regulations imposed by government in 2003, the so-called RoHS
directive, which may be considered as “the most disruptive event in the history of electronic
manufacturing” [70]. Being approved in 2006 to minimize health and safety risks, this
directive basically dictated that new generation electrical and electronic devices was to be
manufactured without any of the following compounds: “lead, mercury, cadmium,
hexavalent chromium, polybrominated biphenyls or polybrominated diphenyl ethers” [70].

The true is that so far, neither the RoHS directive has been fully applied nor research on
lead-based materials has been stopped. This because lead zirconate (Pb(ZxTi1-x)O3; PZT)
and lead titanate (PbTiOs3; PT) perovskites by far feature the best performances on these
grounds (sensors, actuators and other electronic components) “at reasonably low production
costs” [71]. Notwithstanding, researching interests on lead-free materials is far from
dropping, and today most experts share the common belief that a possible way to replace
lead-based materials are SSs of alkali metal niobates (AMN) [71-73]. LN belongs into this
category of materials and despite it has not been tested by itself in this direction, yet LNPws
have been mixed with alike powders in the sense of forming a novel green compact to be

sintered into a high-performance ceramic. Complex ternary and four-component systems
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involving LNPws have been studied: NaNbO3—LiNbO3;—PbTiO3 and (1-x)(Na, Li)NbO3;—
xPb(Ti, Zr)Os, respectively [54]. The latter has shown a considerable increase of the
electrophysical parameters (%, Ky, d31) [73]. Although AMN systems are still inferior than
systems based on PZT, the four-component transition already features good figures of merit
for applications in microwave devices (for a low content of x) and low-frequency
electromechanical converters (for 0.70<x<0.85) [73].

Other recent developments on LNPws are certainly attracting the attention of scientists
and engineers who seek to exploit their potential use in a wide range of applications that span
from the construction industry to nonlinear optics. Cementation materials based on LN have
been proposed to improve the air quality of the environment by Artificial Photosynthesis
[74]. This is considered important for the global warning reduction problem. Regarding
LNPws, in here it is emphasized that not only would they be cheaper and easier than single
crystals to be implemented into cemented materials, but also probably enhance the intrinsic
surface effects which are the basis for an improvement of the lifetime of the carriers (photo-
generated electrons and holes) involved in Artificial Photosynthesis [75]. In addition, Fe-
doped LNPws also show, after a post-thermal treatment in a controlled reducing atmosphere,
a rather strong ferromagnetic response at room temperature for a doping concentration of the
order of 1% mol: this may be considered a first report of the manifestation of ferromagnetism
in nanocrystalline LNPws within the regime of very low doping concentrations [76].

Yet in another application based on the powder-in-tube method, a novel fabrication
process has been demonstrated for the realization of polarization-maintaining optical fibers
[77]. This has been accomplished by use of material different than LN, but comprehension
of the main mechanism behind this technology, and by considering the LN mechanical
properties (see Table I-1), one can conclude that LNPws are, in principle, good candidates
for the fabrication of this type of optical components. Also, possible tuning on the intensity
of the Second Harmonic Generation (SHG) that arises from LN micropowders could be
ascribed to a proper control of their chemical composition and grain size [24]. This could
soon translate into major technical benefits given that neither a critical adjustment of the
orientation or temperature in the material (phase matching condition) nor the accurate
engineering of a microstructure (quasi-phase matching condition) are substantially needed

when the SHG from disordered materials — such as LNPws—are exploited [24, 78]. Quoting
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Skipetrov, personally it is exciting that “this could make the nonlinear optical technology
accessible to a much wider range of potential users” [78].

SECOND HARMONIC GENERATION:

Optical SHG is a nonlinear optical process in which the light incident in a medium is
altered due to its (special) interaction with matter, having as a result the existence of light
(the response of the medium) that possesses the double in frequency with respect to the
incident light. Hence due to this, SHG is also referred to as frequency doubling. 1t is an
intrinsic and unique property of the medium and not of light itself, despite the term nonlinear
stands for the consideration of magnitudes larger than unity of the electric field carried by
the incident light. It might also be defined as “the process whereby two photons at a
fundamental frequency o are annihilated and a single photon at the harmonic frequency 2®
is created,” quoting Brevet. Such definition is to be found often on recent publications
authored by Brevet, preventing (I personally sustain) ambiguity between SHG and hyper-
Rayleigh Scattering (HRS), the latter being a term linked to SHG, but which is not equivalent
[79]. Prof. Brevet is head of the Optique Non Linéaire et Interfaces group, at the Institut
Lumiere Matiere, Université Claude Bernard Lyon 1. His work on SHG can be traced back

to 1995 (ResearchGate, https://www.researchgate.net/profile/Pierre-Francois_Brevet).

Now as formulating a good analogy between the abstract concept and another more
familiar is often indicative of one understanding the concept, here I dare to give one. The
game of jumping the rope, as played by children, might help to grasp the concept of SHG.
The associated energy to the wavelength (E=hc/A) being proportional to the number of
children jumping the rope at a time, while the transversal character of the wave depicted by
the arm and hand movement of the children holding the rope. Also noticing that to obtain
SHG and THG, not only more energy needs to be deposited to the system (the frequency
applied by the children holding the rope), but also the degree of dexterity or practice needed
increases; at playing the game, one can readily verify that THG is much more difficult to
attain compared to SHG, and this later is not as easily attained as the fundamental oscillation
is. In this respect, SHG is always present for non-centrosymmetric materials with a high
nonlinear coefficient, but to obtain reasonable SH intensities the process must be optimized,
usually by experimental techniques denoted as phase-matching (anisotropic single crystals)

and quasi-phase matching (isotropic engineered crystals) [78, 80-82].

14



Optimization is important, at least in what respects regular crystals, free from internal
and surface defects. In this context, it is worth to have a pause and re-tell an anecdote once
mentioned by Skipetrov [78]. The canons tell that the field of (experimental) Nonlinear
Optics was born with the first report on the generation of optical harmonics (i.e. SHG) by
Franken et al (1961) [83]. Just one year before Maiman have had demonstrated the operation
of a laser system based on ruby [84]. The nonlinear process stimulated by Franken et al was
not phase-matched thus they observed a weak converted signal [83]. According to Skipetrov,
the harmonic signal was so weak that “it is said, that the editorial staff of Physical Review
Letters mistook it for irrelevant noise and carefully removed the tiny spot it produced on the

photographic plate” [78] (see Figure I-2).
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Figure I-2. Shown figure in the mentioned article by Franken et a/; near the vertical arrow, a spot
corresponding to the harmonic signal was originally put by the authors and it was removed by the
editorial board of the journal. Reprinted from reference in [83]; © Physical Review Letters, 1961.

Besides it is largely exploited by the laser industry to span the spectrum of light-matter
interaction, due to its non-invasive character and sensitivity to any point symmetry violation,
SHG also stands as a convenient tool for biological-sample imaging [85], surface
characterization [86, 87] and probing of complex ferroic domain patterns [88]. A few
applications, the already stablished ones, have been mentioned. Others have had being
envisioned/predicted [89]. In fundamental science, and within the context of the weak
scattering of light by suspensions of metallic nanoparticles, the realization of PR experiments
can disentangle between the electric dipolar and quadrupolar origin of SHG from
centrosymmetric media (forbidden in principle), in terms of the shape and size of the
nanoparticles [90, 91]. This type of analysis also sheds some light on the problem of light
transport in random media [92]. In addition, PR-SHG has proved to be of great use in the

case of single, small and arbitrarily oriented non-centrosymmetric structures, for example in
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the determination of the Point Symmetry Group, which is manly achieved by diffraction-
based methods but fail in the case of aperiodic materials, yet with a certain degree of
organization [93]. By PR experiments in LN single nanocrystals, Knabe et al could also refute
the general idea of the existence of a phase transition from non-centrosymmetric to
centrosymmetric structure in perovskite-based structures at the nanoscale [94]. Indeed,
nanosized LN single crystals (down to 5 nm) inherit the nonlinear properties from that of
bulk single crystals: this means that both, the magnitude and the orientation nature of the
nonlinear coefficient are preserved.

In the context of powdered materials (strong scattering), just recently experiments have
been performed to study quantitively the SHG activity of pharmaceutical materials, as a
means for quality control [95]. Loss of crystallinity within organic powders induced by
mechanical grinding can also be monitored by this nonlinear second order process [96].
PSHG experiments are thus no longer secondary as they are conceived by the Kurtz-Perry
(KP) method [97]: powders are considered as survey materials only, and a PSHG study is
done solely to predict the nonlinear second order capabilities of unavailable single crystals.
Yet, another feature that makes PSHG more attractive nowadays is the already mentioned
possibility of tuning the SHG intensity that arises from LN micropowders, ascribed to a
proper control of the CC and grain size [24].

As previously stated, this work of thesis also highlights the importance of performing a
combined analysis resulting from the depth profiling of the PR-PSHG. Unexpectedly, after
an exhaustive search on the literature, existent reports on PSHG do not involve PR
experiments, excluding those attained within the context of Coherent Backscattering (CBS)
or Weak Localization of light [98, 99]. Such scarceness might be justified by the fact that
incident light with linear polarization in disordered media (fully random in terms of its
refractive index) is strong depolarized or randomized due to the very large number of elastic
scattering events. This is in fact the reason behind why the KP method —by far the most
popular approach to PSHG— disregards the polarization state of the fundamental wave and
still is reliable to predict the SHG character of the unavailable single nonlinear crystals (phase
matchable or not) and in determining the averaged effective nonlinear coefficients in the

powders. Moreover, in a revision of the KP method a refined model is given which accounts
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for scattering effects, shows that the measured SHG should not be affected by the
depolarization effects at the fundamental frequency [100].

Hence, apparently PR measurements on PSHG have been being omitted systematically
for research, even though an enhanced nonlinear backscattering —readily identified by a sharp
peak in the angular distribution of the SHG intensity, the CBS cone— has been predicted for
a medium, which is both nonlinear and disordered (i.e. a nonlinear powder) [ 101]. In addition,
it has been demonstrated that the linear polarization of the pump light tunes the width of the
CBS cone at the fundamental frequency, this being attributed to a reorientation of the
microcrystalline LN particles suspended in water [102]. In summary, maybe because of
surface inhomogeneities and strong scattering, it can be said that powders have been
relegated within the context of Nonlinear Optics, although they are tacitly considered easier
and far less expensive to synthesize, compared to single crystals.

The current investigation addresses the study of the SHG response from LNPws with an
averaged stoichiometric composition, accordingly to the first research conducted (already
introduced). The study was conducted in terms of the depth of the prepared sample, that is, a
Z-sectioning of the SHG response was performed as the beam focus of the fundamental wave
is translated from +z to -z position, passing from the air/powder interface (z=0). Also, in
terms of the linear polarization state of light at both the excitation and detection stages.
Besides being able to estimate the sample thickness and roughness of granular media at the
micrometric scale, the Z-sectioning gives information on the scattering properties of the
sample by deconvolution of the measured SHG intensity profile and fitting to the Beer-
Lambert law. Contrary to other similar approaches found in the literature, neither Z-
correction was needed to be applied to the intensity profile nor it was necessary to consider
a contrast between the phase-matched SHG arising from the properly oriented crystallites
and the most probable non-phase-matched SHG that arises from a larger number of randomly
oriented crystallites. The initial performed analysis to the Z-sectioning part (no polarization
of light involved) led to the conclusion that under these experimental conditions (both optical
and of sample preparation), light tends to scatter more forwardly (Mie scattering regime).
This implied that the ‘bulk’ SHG could be differentiated at all instances from the surface
SHG. In this way, the surface properties of the prepared sample could readily be probed at

the air/powder interface and at layers beneath it, down to the powder/susbtrate interface.
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Then by combining the depth profiling with PR experiments it was found that the overall
polar distortion along a direction of a characteristic double-lobe plot, rotated in counter-
clockwise sense for instances in which the focal point stood above the air/powder interface
and rotated back (not fully) for layers beneath this interface. Analysis of the collected double-
lobe plots happened to shed light on the size and orientation distributions of the crystallites
constituting the powder. In accordance to previous reports, it was found that a small
dispersion in the values for the SHG intensity minima stands for a fixed averaged crystallite
size which is consistent layer by layer of the prepared sample, while variations in the maxima
values stand for various distributions of possible orientations of the crystallites. It is believed
that the crystallites closer to the edges are more easily randomly oriented than those that have
been more compacted inside the powder. At the center of the sample it is more likely to exist
a single-type of domain in which most of the crystallites are oriented along a common axis,
this being induced doubly by the exerted pressure on both ends, although it was gentle. This
puts in evidence the SHG potential application for non-invasive and remote sensing, which
in turn may open interesting areas for the nonlinear optics of granular media such as the study
of the dynamics pertaining to the prediction of certain natural phenomena such as avalanches,
volcano eruptions and sand distribution on beaches. Moreover, a recent report demonstrates
that continuously sheared granular matter “reproduces quantitatively the main statistical
laws of seismicity” [103]. It means that the physics behind earthquakes is somehow
connected to the physics that governs certain experiments at the laboratory scale in granular
media. This way, new valuable information could be obtained on earthquakelike dynamics
by use of new characterization techniques, such as depth profiling the PR-PSHG for example.

This introduction is to be concluded with a final comment on the linkage between SHG
and LN. Back in 1966, when Abrahams et al did their paramount contribution (references in
[7,20-21]), the importance of LN regarding SHG was since then highlighted. Indeed, just by
reading the introduction of one of their seminal papers, it can be noticed that apart from its
intrinsic ferroelectricity, such detailed studies on the structure of LN were back then, also
motivated because of the capability of this material in frequency doubling. Quoting, LN
single domain crystals were “capable of producing two orders of magnitude more second
harmonic than any other known phase-matchable material” [7]. Such attributes have had

being highlighted accordingly to the previously written report by Boyd et al (1964) [104].

18



Structure of the thesis

So far only a general outlook has been given, which circumscribes and, in some sense,
justifies the raison d’étre of this thesis. The main obtained results also have been outlined.
In the subsequent pages (chapters 1 and 2) most of the introduced concepts will be
“polished”, some other will be given, and the aspects that constitute the theoretical
framework of this work of thesis will be discussed.

Chapter 1 is devoted to the material aspects of Lithium Niobate (LiNbO3; LN). Its
structure, defect models and ferroelectricity are introduced. These topics are treated in a
rather succinct way, given the overwhelming information existent on them. Particular
importance is given to proper references, which can be consulted for further details. Space
and ink have been employed to discuss some historical aspects regarding how the structure
of LN has been conceived and reformulated through the course of time. This is important
since this type of information is barely mentioned in recent references. By the end of this
chapter, the already existent descriptions of the chemical composition (CC) of LN single
crystals, based on indirect methods are presented. Only the four characterization techniques
used in this investigation are treated.

Chapter 2 treats the Nolinear Optics (NLO) part of this work of thesis. It begins by
introducing the concept of NLO, intuitively. The main characteristics that distinguish NLO
from linear optics are explained. Then, the concept of nonlinear optical phenomena is
formally introduced from to different frameworks: classical Electrodynamics and Quantum
Mechanics. The description of the Second Harmonic Generation (SHG) process follows,
including the techniques usually utilized to optimize it in different types of media. This
chapter ends with a discussion of the experimental aspects and the theoretical framework
mostly used to describe the SHG response from powders, namely the Kurtz-Perry method.

In PART II, some theoretical aspects and all the experimental developments are given
regarding the synthesis and characterization techniques employed in this work of thesis.
Chapter 3 describes in detail the fundamental aspects behind the Mechanosynthesis method
of synthesis and the mechanisms involved in the high-energy ball milling process. In a more
succinct fashion, other methods of synthesis are discussed, as well as the subjects of Powder
X-Ray Diffraction (XRD) and the Rietveld method. In the case of the other characterization

techniques (Raman Spectroscopy, UV-vis Diffuse Reflectance, Scanning Electron
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Microscopy and Differential Thermal Analysis), practically only a list of relevant references
treating these subjects is given. For practical reasons the basics on the experimental
configurations to do the combined analysis resulting from the depth profiling of the
polarization-resolved powder SHG are omitted. Finally, all the experimental procedures done
during this investigation are described in detail in Chapter 4.

In PART III, the obtained experimental results are simultaneously presented and
discussed. Chapter 5 is devoted to the obtained results on the first and main investigation
developed in this work of thesis, that is, the determination of the CC of LNPws. Likewise,
Chapter 6 is devoted to the obtained results regarding the SHG response of the LN
micropowders with (averaged) stoichiometric composition. Then, the conclusions and
perspectives pertaining both investigations are given. After the listing of the corresponding
references, the Appendix A follows, where an example is given regarding the calculation of
the overall uncertainty in the method involving the determination of the CC of LNPws by

XRD and Rietveld refinement.

Chapter 1: Materials Science

Lithium Niobate

The inexorable tendency of lithium niobate (LiNbOs3; LN) to crystallize in a congruent
composition (R={Li}/{Nb}=0.969) has been introduced above from a phenomenological
point of view (see Figure I-1). To understand the why and how on the formation of the type
of intrinsic defects or lattice imperfections involved, a formal discussion of a proper defect
model must be given. In this respect the description of the crystalline structure should
precede. However, in practice, when these two concepts are nowadays addressed in a
theoretical framework, little or nothing new can be said. These subjects have been extensively
studied, formulated and re-formulated through the course of time. All angles and edges have
been covered —at least under the context of the present investigation.

One thus has no other option than to re-tell the story as close as possible to an original
and recent source because, after decades of work and a myriad of written reports by sharp
minds, the story can hardly be better told. The crucial point then resides in doing an

exhaustive research of the available references, select the best and pass their content on. This
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being said, yet in the spirit of presenting a fluid reading while avoiding redundancy
(reprinting from an original source), the present chapter saves ink and paper by being limited
to describe such concepts in a very succinct way, at the same time it provides the minimum
of references to acquire a comprehensive knowledge on these grounds. The phenomenon of
ferroelectricity will be treated in the same way. LN is an important ferroelectric material and
although this work of thesis contributes nothing new to this subject, by describing what really
causes ferroelectricity —that is, which are the necessary and sufficient conditions for its
manifestation— a deeper insight to both subjects, the LN crystal structure and defect models,
will be achieved.

The three concepts already mentioned will be contained within the first section of this
chapter. At its end, a subsection will be devoted in relating some historical aspects regarding
the classification of the LN crystal structure. This is important because once there existed a
debate on whether it could be conceived as belonging to the large family of distorted-
perovskite structures rather than being related to the ilmenite or corundum structures, as it
has often been quoted. This is barely mentioned in recent references, while thinking of the
LN structure as related to that of perovskite aids in grasping it in a more natural fashion; not
only the structural aspects but also the ferroelectric behavior it features.

A second and last section introduces the precedents on the determination of the chemical
composition (CC) of LN single crystals. Only the four experimental techniques herein used
will be discussed: X-Ray Diffraction (DRX) + Rietveld refinement, Raman Spectroscopy
(RS), optical absorption (as equivalent to UV-vis Diffuse Reflectance used instead when
powders are to be characterized), and Differential Thermal Analysis. This section is thus a
review of the independent descriptions in terms of an experimental parameter corresponding
to each characterization technique (cell volume, linewidth of Raman mode, optical
absorption edge, and the Curie temperature), which have been previously reported and are
“scattered throughout a number of publications” (quote from reference in [48]). Regarding
other experimental techniques not used in this work of thesis, the same kind of information
can be consulted in the corresponding references given in Table 1-2.

Lastly, it is emphasized that except from the last section, it is assumed that the theoretical
framework that follows describes LN single crystals irrespective of the scale: large single

crystals or nanocrystals. Whereas the structure, the defect models and the ferroelectricity of
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LN are concepts nominally developed in terms of large single crystals, all the experimental
work on this thesis has been done on LN powders (LNPws). The latter are herein pictured as
being constituted by a myriad of nanocrystals with random distributions on their size, shape,
orientation and CC, that aggregate to form larger particles at the microscale. On one hand, it
has been predicted that perovskites and related structures would undergo a structural change
(and hence a modification of their properties would follow) if the dimensions of a single
crystal are lowered down to a critical size of about six unit cells [105, 106]. However, on the
other hand, the absence of such a phase transition has been experimentally demonstrated for
the case of LN single nanocrystals down to a size of 5 nm [94]. Later it will be shown that
the synthesized crystallites have an averaged size no less than 100 nm. In addition, because
the length scales at the unit cell level are —and those related to the chemical bonding— of the
order of angstroms, it is thus assumed that the derived implications in this chapter will also

be valid for the LNPws. Not those in the last section, of course.

1.1 Structure, defect models and ferroelectricity in Lithium Niobate

In my opinion, the story of the LN structure has been better told in the classic text by Réuber
(1978) because the concept, which is a complex one, is therein built up step by step, details
on pertinent symmetry issues are given along with a series of intermediate visual aids
(figures) that contribute to a better understanding of the actual structure [9]. Conversely,
references in [5, 30] and other recent ones (all that were consulted), limit themselves to
merely impose it by a text 1-2 pages long and a sole figure. References in [5, 30] also excel
in this topic and, because they are more recent (especially that in [30]), they may provide
more reliable experimental data (atomic positions, lattice dimensions, phase transition
temperatures, and compositional variations) than that in [9]. Nevertheless, in this respect, it
is important to remind the outstanding work by Abrahams et al (1966) [7, 20-21], considered
the most extensive and detailed structure analysis of LN. According to Rauber, in [7, 20-21]
“all position parameters of the ions have been determined with high precision and form the
basis of all further discussions on the structure” [9].

Reference in [5] provides a detailed discussion on the symmetry elements of the point
group pertaining the ferroelectric phase (trigonal, space group R3c, point group 3m), sense

of the c-axis and cleavage planes. It also describes separately the two most common choices
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of axes or unit cell abstractions (ferroelectric phase): hexagonal and rhombohedral. These
two choices are convenient for crystallographic purposes, the rhombohedral being the most
used in describing the LN structure. They are both shown in Figure I-3. For most physical
applications, the tensor properties are neither described in terms of the hexagonal system nor
the rhombohedral but in terms of a cartesian one, denoted as ‘orthohexagonal’ in [9]. The

conventional definition of the latter in terms of the hexagonal system is also described in [5].
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Figure I-3. Conventional rhombohedral and hexagonal unit cells in LiNbO3, having two formula
weights (10 atoms) and six formula weights (30 atoms), respectively. The oxygen atoms are omitted.
Reprinted from reference in [107]; © Physical Review B, 2010.

Hence, while the structure description given by Réuber stands out from the others,
perhaps the best approximation to it probably relies in properly combining and adapting the
information found on these three references. Complementary information and/or a different
way to introduce the concept may be consulted from references in [34, 107]. Réuber in
addition takes into consideration the description by Megaw [108-110], namely considering
the structure of LN resulting from a set of large distortions of the atomic arrangement within
a reference structure of higher symmetry, the ideal cubic perovskite; in this case, a fourth
unit cell abstraction takes place, the ‘pseudocubic’ setting [9]. This will be further discussed
in the next subsection.

Figure 1-4 shows a scheme of the LN crystal structure (stoichiometric composition)
stable for 7< T, ~ 1210 °C (ferroelectric); as before mentioned, the Curie point moves
accordingly to the chemical composition, roughly from 1100 to 1200 °C [9]. The basic net

is formed by six equidistant plane layers of oxygen per unit distance, stacked in the direction
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of the polar axis ¢ [9]. The essential feature to be noticed from the low-7 LN structure (non-
centrosymmetric, space group R3c, point group 3m) is the partial filling of the octahedral
instersticials in a c-row: one-third filled by Li ions, one-third by Nb ions and one-third are
empty. This can be schematically depicted as —-Nb—Li—-0—Nb-Li—, where o denotes a vacant
octahedral site. The Li octahedron is larger than the Nb one [30]. Such a distorted octahedral
environment is addressed to a transition from the nonpolar or paraelectric phase (for for 7>
T., centrosymmetric structure, space group R3c, point group 3m) to the paraelectric phase as
T decreases. Small displacements of the Li and Nb cations are involved, respect to the oxygen
layers and along the ¢ axis, measured to be of 45 and 25 pm, respectively [21, 30]. The
displacements in oxygen are neglected in first order (~ 6 pm) and, thus the oxygen
framework is assumed to be fixed [21]. In the paraelectric phase, the Li cations are localized
within the oxygen planes, whereas the Nb cations are in the center of the oxygen octahedra,

that is, between the planes.
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Figure I-4. Crystal structure of ferroelectric LINbO; under two cation displacement possibilities with
respect to each equidistant oxygen octahedra. Upper left: Z+ orientation of cation displacement.
Upper right: Z- orientation of cation displacement Bottom left: conventional choice of axes for the
‘orthohexagonal’ setting (XYZ) with respect to the hexagonal setting (a, ¢). Notice that whereas in
the hexagonal setting all axes have an equal length, in the cartesian one they all are different. Bottom
right: projection of the atomic arrangement along the c-axis. Reprinted/adapted from reference in
[111]; © Annual Review of Materials Research, 2007.

It is important to realize, however, that such a scheme of the LN structure is an idealized
one. Remind that, on regular circumstances of growth, LN single crystals are non-
stoichiometric (see Figure I-1 and the corresponding discussion in the introduction). Instead,
the congruent (CG) composition prevails, characterized by excess of Nb. Non-stoichiometry
in LN “must be made possible, or even favoured, by the structure of this compound”,
accordingly to Réauber [9]. Likewise, Kang et al have stated that the CG point of the “LN
material might be a macro behavior of the fundamental intrinsic defects” [34]. This can be
understood in terms of crystal chemistry: “during crystallization, the Li—O bond in the LN
crystal is much weaker than the Nb—O bond, and thus Li vacancies form easily in the unit
cell. Therefore, the non-stoichiometric crystal forms due to lack of Li in the lattice” [34].

It is thus natural to reason that a Li deficiency implies a Nb surplus, or better said, “a
decreasing Li content is accompanied by an increasing content of the heavier Nb” [30]. But
how do these tendencies simultaneously conciliate as to have a stable LN solid solution (SS)?
The occurrence of a stacking fault, envisioned as the relatively excess Nb partially occupying
Li vacancies, has been proposed and termed as ‘Nb anti-site’ (Nbyi) [60, 112]. This is
schematically shown in Figure I-5. A consensus does exist in this point. According to Volk
and Wohlecke, the existence of this type of anti-site defects has been repeatedly proven by
detailed structure studies, which might be consulted from references in [43, 59, 61, 113]; they
“formed the basis for defect models in LiNbO3” [30]. However, the way in how the cations
(both species) and their respective vacancies (Vi and Vnp) accommodate within the structure
for a charge compensation —that is, “the solution of the non-ST LN crystal structure with a
stable charge equilibrium” [34]—, has left to the construction of several defect models where
no consensus is to be found. The three most widely accepted models through the history of
LN research are summarized in the next paragraphs. This information has been mostly

adapted/reprinted from references in [30, 34].
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Figure I-5. Comparison between the ideal and nonideal LN structure. Left: free from point defects
(ST composition). Right: under the most likely situation in which Nb anti-sites are present (CG
composition). Reprinted/adapted from reference in [30],; © Springer, 2009.

Oxygen vacancy model: proposed by Fay et al (1968) [114], it can be illustrated by the
following constitutional formula: [Li1-2xV2x]Nb[O3.xVx]. Its basic viewpoint relies in that Li
vacancies form due to the lack of Li,O (used as a raw material in the initial melt, Czochralski
method) at the congruent point, while corresponding oxygen vacancies form for charge
compensation. At the earliest stages of discussions of the CGLN defect structure, it was
reasonable to assume oxygen vacancies as the most probable defect, which is characteristic
for all oxides. However, nowadays it is well known that LN “is to some extent a unique oxide
containing no oxygen vacancies” [30]. The model predicts the crystal density to decrease
with greater Li>O deficiency (i.e. increasing concentration of Vi), which is inconsistent with
the observations obtained in the experimental studies by Lerner et al (1968) [60]. The Nb
anti-site defect copes with this situation but the inexistence of oxygen vacancies in LN
crystals has been demonstrated by detailed structure measurements [59, 61, 113], supported
by electronic-structure calculations [115].

Niobium vacancy model: proposed by Peterson and Carnevale (1972) [112], it can be
illustrated by the following constitutional formula: [Li1-5xNbsx][Nb14xV4x]O3, where the Nb
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in the first bracket denotes the Nb anti-site defect Nbri. It successfully describes the
relationship between the density and the Li content of the crystal. Oxygen vacancies are
neglected, and Li are filled with excess Nb ions. Meanwhile, some Nb vacancies are
generated at the former Nb>" sites for charge compensation. However, according to this
model, in CGLN (R={Li}/{Nb}=0.969), there are 5.9 mol% Nbr; and 4.7 mol% Vnp. Such a
highly charged Nb anti-site concentration is believed to be structurally unstable. In principle,
the Nbri is in agreement with the Hume-Rothery rules for solid solutions given that the
measured ionic radii for Li* and Nb>*are 0.74 and 0.64 A (6-fold coordination), respectively
[116]. In the analysis of the atomic size effects and their influence within a structure, reliable
experimental data is usually taken from the ‘effective’ ionic radii as given in the important
contribution by Shannon and Prewitt (1969) [117].

Lithium vacancy model: proposed by Lerner et al (1968) [60], it can be illustrated by the
following constitutional formula: [Lii-5xV4xNbx]NbO3, it also includes Nby; and neglects Vo.
The concentration in of Nby; is four times higher compared to the Nb vacancy model. The Li
vacancy model differs from the Nb one in that no Nb vacancies are formed. Instead, four V;
stand for compensation of a single Nbri. The existence of a high concentration of Li vacancies
in CGLN was confirmed by structure report found in [113], as well as by Nuclear Magnetic
Resonance (NMR) studies [118]. Figure I-6 illustrates the filling of Nb anti-sites and
vacancies, according to the two different postures pertaining to the Nb and Li vacancy
models, respectively. Nowadays, the Li vacancy model is commonly accepted as valid and
considerations of all defect reconstructions in LN are discussed in this framework. Reports
supporting this model, based on computational simulations, can be consulted in [119, 120].
Nonetheless, recently a new model has been proposed based on the coexistence of all three
cation stacking faults Nbwi, Vb, and Vi [121, 122]. According to this model, the Nb and Li
vacancy models are simply the two opposite ultimate states of this model. In 1998, Wilkinson

et al had already indicated this possibility [113].
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Figure I-6. Lithium niobate structure in a projection onto the (001) plane. Left: ideal or
stoichiometric case. Right: congruent composition showing the Nby; intrinsic defect with two
alternatives of its compensation by Nb vacancies (right) and Li vacancies (left). Reprinted/adapted
from reference in [30]; © Springer, 2009.

On the other hand, “the defect scenario discussed [above] characterizes the LN structure
at moderate temperatures and cannot be applied to high temperatures. For example, neutron
diffraction studies led to the conclusion that at high temperatures the Li position is split, so
at 600K about 9% Li atoms are missing on the regular site, being distributed between Li and
vacant positions, i.e., the empty octahedron [123, 124]; this fraction increases with rising
temperature. A synchrotron X-ray diffraction analysis of stoichiometric LN evidenced a
small fraction of Li atoms on vacant sites even at room temperature [125]. It should be noted
that the properties of the relative crystal LiTaO3 [(LT)] is very often discussed in terms of
identical structure defects Tar; and missing oxygen vacancies. Actually, the structure and
optical properties of LN and LT are very similar. However, so far there is no direct proof of
the existence of such stacking faults in LT, so considerations based on this defect model are
speculative in contrast to LN. Summarizing [this discussion on defect models], the
cornerstone of the LN defect structure model is the existence of Nby; defects and missing
oxygen vacancies, established by structure investigations.” (quote in [30]).

A final remark is given regarding the non-stoichiometry of LN crystals. Kuz’minov and
Osiko have pointed out that the ‘disturbance’ of stoichiometry in LN crystals is primarily due

to the lack of oxygen in niobium pentoxide (Nb2Os), which is used as a raw material in the
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initial melt (Czochralski method) [126]. Accordingly, depending on the technology of its
production, niobium pentoxide can adopt a wide range of compositions Nb>Os., and
stoichiometric (ST) LN crystals were believed to only be obtained when ST Nb2Os is used
in the melt, that is, without deficit of oxygen. Although this last statement is less likely to be
correct because STLN crystals are hardly obtained without entailing a modification to the
Czochralski method or an assisting process, as described in the introduction (corresponding
references in [35-37]), the lack of oxygen in Nb,Os indeed can influence the CG point, which
is disputed to be in the range 48.38 mol% to 48.60 mol% of the Li content [34].

Regarding ferroelectricity, its origin relies on the “non-centrosymmetric arrangement of
the constituent ions and their corresponding electrons” (at low temperatures) [127, 128]. So
far, this accounts only for the so-called ‘spontaneous’ polarization but not for its switching.
The first concept stands for the existence of at least two discrete stable or metastable states

of different nonzero electric polarization in zero applied electric field, whereas switching

describes the possibility to switch between these states with an applied electric field f, which

“changes the relative energy of the states through the coupling of the field to the polarization

—E-P” [129]. Some non-centrosymmetric polar structures, the wurtzite structure as an
example, do not exhibit ferroelectric behavior since its intrinsic polarization cannot be
switched at known experimental conditions [127]. Ferroelectricity, as well as other related
properties like piezoelectricity, pyroelectricity and Second Harmonic Generation (SHG), are
sensitive to 7, and most ferroelectrics exhibit a “phase transition from the ferroelectric state,
with multiple symmetry-related variants, to a nonpolar paraelectric phase, with a single
variant, with increasing 77’ [129]. The measured Curie temperatures range for a gamut of
ferroelectric materials from 1 K to 1000 K; for very high 7s the probability of the material
melting down before the transition occurs, increases. The discussion that follows in the next
paragraph has been mostly adapted/reprinted from reference in [129].

The symmetry-breaking relation between the high-symmetry paraelectric structure and
the ferroelectric one is consistent with a second-order transition, described by the Landau
order-disorder theory, where a finite discontinuity in the heat capacity of the system having
this transition has been addressed as a direct thermodynamic consequence (thus it can be
probed by a thermometric procedure like DTA). Also, this analysis naturally leads to the

prediction that the dielectric susceptibility diverges at the transition. From there, the link is

29



made, through the Lyddane-Sachs-Teller relation, to the vanishing frequency of a polar
phonon, which is the central idea of ‘soft-mode’ theory of ferroelectrics [130]. Indeed,
observation of the 7-dependence of polar phonons was a key ingredient in the great progress
made in understanding the physics of ferroelectricity in the 1960s and 1970s. Phonon
spectroscopy continues to play a central role in the characterization of ferroelectric
transitions, both via neutron scattering and optical spectroscopy [131, 132]. For a detailed
description of the Landau theory, references in [133, 134] might be consulted. However,
despite the success of this theoretical framework, there is still a controversy regarding the
origin of ferroelectricity or of “ionic offcentering in known ferroelectrics” [127, 128].

Prototypical displacive transitions, characterized by a zone-centre vibrational mode —the
soft mode— “with a vanishing frequency at the phase transition and an eigenvector similar
to the displacements observed in the ferroelectric phases”, were long considered to be behind
this type of phase transitions [128, 135]. As already mentioned, at some point of history
Megaw stated that most ferroelectric structures, specially perovskites, can be considered to
be derivatives of a nonpolar, centrosymmetric prototype phase [108-110]. Thus, displacive
type transitions might be pictured as the physical multitudinous “shifting of either the A or
B cations (or both) offcenter relative to the oxygen anions™ [127]; and as consequence of the
dipole moment created by this shift, the emerging of a spontaneous polarization.
Nevertheless, in this respect the so-called order-disorder type transitions have become
popular lately. The difference between these types of transitions resides on whether a
collective displacement of the cation sublattice is involved (displacive) or rather several local
displacements of individual cations (order-disorder) [128]. In LN and LT, the latter are
thought to be induced by the second-order John Teller (SOJT) effect of the NbOs and TaOs
octahedral units, respectively [128].

These ideas can be traced back to 1992, when Cohen does a paramount contribution
regarding perovskite oxides [135]: he realized that the “great sensitivity of ferroelectrics to
chemistry, defects, electrical boundary conditions and pressure arises from a delicate balance
between long-range Coulomb forces (which favor the ferroelectric state) and short-range
repulsions (which favor the nonpolar [paraelectric] state)”. Most importantly, he concluded
that “for ferroelectric perovskites in general, hybridization between the B cation and O is

essential to weaken the short-range repulsions and allow the ferroelectric transition. Most
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ferroelectric oxide perovskites have B cations whose lowest unoccupied states are d-states
(Ti*", Nb**, Zr**, and so on). This allows for d-hybridization with the O that softens the B—
O repulsion and allows the ferroelectricity instability at low pressures” [135]. Hence,
generally speaking (not only perovskites), the existence or absence of ferroelectric behavior
s “determined by balance between these short-range repulsions, that favor the non-
ferroelectric symmetric structure, and additional bonding considerations which act to
stabilize the distortions necessary for the ferroelectric phase” [127]. The ‘additional bonding
considerations’ have had already being pointed out by Megaw in 1952 [136]. The discussion
that follows in the next paragraph has been mostly adapted/reprinted from reference in [127].

The changes in chemical bonding that stabilize distorted structures have been long
recognized in the field of coordination chemistry, and are classified as SOJT effects [137-
139], or sometimes pseudo-Jahn-Teller effects [ 140], in the chemistry literature. Their origin
can be seen by writing down a perturbative of the energy of the electronic ground state £(Q),

as a function of the coordinate of the distortion Q [127, 141]:
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Eq. I-1

E(0) is the energy of the undistorted ground state, and the E,s the excited-state energies.
The term that is linear in Q is the first-order Jahn-Teller contribution, which is nonzero only
for degenerate states. This term is responsible for the characteristic tetragonal distortions in

d' and d* perovskites, for example. Of the second-order terms, the first is always positive,

|>]

whereas the second, 2 ZnE—E(O)

is always negative, provided that it is nonzero. If the

second term is larger than the first, then a distortion will cause a second-order reduction in
energy. The first term describes the increase in energy on distortion, in the absence of
redistribution of the electrons, and is dominated by the Coulomb repulsions between electron
clouds. Therefore, it is smallest for closed-shell ions that lack spatially extended valence

electrons. Two criteria must be satisfied for the second term to be large. First, the energy
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denominator, E,, — E(0), must be small, therefore there must be low-lying excited states

: ) 5H ) )
available. Second, the matrix element (0| (E) [n) must be nonzero; this occurs if the
0

product of the symmetry representations for the ground and excited state and the distortion
is totally symmetric. Thus, for a non-centrosymmetric distortion, if the ground state is
centrosymmetric, then the lowest excited state must be non-centrosymmetric. Note that this
term represents the mixing of the ground state with the excited states as a result of the
distorting perturbation, and as such is associated with the formation of new chemical bonds
in the low-symmetry configuration [142]. A non-centrosymmetric distortion then results if
the lowering in energy associated with the mixing of term two is larger than the repulsion
opposing the ion shift, described by term one [143].

In conclusion, nowadays ferroelectricity is often associated with materials having 4’
transition metal ions (V>*, Nb>", Ta>", Ti*", Zt*', and so on) and cations with a lone pair s’
electrons (Pb?" and Bi*") [128, 144]. In terms of crystal chemistry, these are SOJT active
cations and, by breaking the centrosymmetric structure, have the potential of energy gain
[128, 145]. The d”ions tend toward more covalent character in their bonding, which can lead
to asymmetric coordination geometries that favor the development of a spontaneous

polarization [144]. In the case of LN and LT, the Nb and Ta ions have 5+ formal charge with

d’ configuration, leading to cation displacement along the trigonal ¢ axis [128].

1.1.1 Early thoughts on the structure of Lithium Niobate: its relation to basic
structures of higher symmetry

In this subsection an additional comment is given regarding the LN crystal structure, mostly
a historical recount. Volk and Wohlecke —as previously said, authors of the most
comprehensive monograph written on LN— refer to it as a ‘pseudoilmenite, taking a side on
the once important debate on whether it really could be formally considered as an ilmenite
or if it would better be conceived as a highly distorted perovskite, as postulated by Megaw
(1954) [108]. In 1928 Zachariasen described LN for the first time in history [ 10]. Reference
in [10] could not be consulted but by reading the first report on the ferroelectric behavior of
LN (and isostructural LiTaOs; LT) by Matthias and Remeika (1949), it can be inferred that
the LN structure was originally described by Zachariasen as being isostructural to that of

ilmenite [FeTiO3]. In putting the original mineral composition inside square brackets, it is
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meant the whole family of ilmenite structures, according to the convention introduced by
Muller and Roy [146]. Matthias and Remeika (1949) had pointed out that something did not
fit entirely by assuming that LN crystals adopt [FeTiOs3], stating that whereas the latter is a
centrosymmetric structure, at the same time “the existence of a spontaneous polarization [...]
indicates the absence of a center of symmetry” [14]. If LN manifested ferroelectric behavior,
why would it adopt a centrosymmetric structure?

By 1952 the ilmenite-type picture persisted, year in which a second article was written
by Schweinler [147], curiously under the same title to that of Matthias and Remeika:
“Ferroelectricity in the Illmenite Structure” (Schweinler cites the work of the other!).
Anecdotally, although the title is invariant to both references, apart from the content they
differ by a trifle: whereas the most recent one indeed labels LN as LiNbO3, the older does it
as ‘LiCbOs’... Historically, niobium (in Greek mythology the daughter of tantalum) was
originally named columbium in honor of America, continent whence arose the mineral; in
1950, 149 years after its discovery, the International Union of Pure and Applied Chemistry
(IUPAC) adopted “Niobium” as the official name [148]. In 1954 Megaw put perovskite into
the scene, refuting kinship between LN and ilmenite. In her own words: “it is misleading to
classify the LiNbO3 structure as a member of the ilmenite family” [108]. Her explanation
was based on the results presented in the doctoral thesis by Bailey [149], which is
acknowledged to be the first extensive study on the LN crystal structure (a room 7) [9].
Accordingly, Bailey was the first to show that the LN structure at room 7 is not identical to
that of ilmenite due to a different stacking sequence of the cations [9].

Megaw referred to the structures of ferroelectrics (the LN structure per se) as
psedosymmetric structures of polar symmetry that result as a competing effect between
isotropic (ionic character) and directed (covalent character) binding. By assuming that the
LN structure for the paraelectric phase at high 7 was the ideal cubic perovskite —back then
the experimental information on the LN structure was only available temperatures far low
from the curie temperature 7,~1210 °C —, she proposed the continuous transition to the
ferroelectric phase structure under the hypothesis of a monotonically increment of the
covalent character as 7" decreases, as far as the overall binding characteristics are still mainly
ionic [108]. Indeed, 12 years later Abrahams et al (1966) concluded (also supported on the

results by Peterson [ 150]) that LN “is not primarily an ionic crystal, but one in which directed,
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largely covalent, bonds play a determining role” [7]. Remarkably, Megaw’s prediction (the
covalency role in ferroelectrics) reverberates up-today because it is in full agreement to the
current most widely accepted theoretical framework regarding the innermost causal of
ferroelectricity, that is, the stabilization of structural distortion by means of SOJT effects
(introduced above). Moreover, it is interesting to notice that apparently back in 1954 Megaw
was not aware of the work by Buerger (1947), whom in the spirit of explaining the “genesis
of twin crystals” and superstructures developed a formalism to describe some of the relations
pertaining a crystal structure, called the basic structure, and those derived from it by
(mathematical) generalization, called the derivative structures [151, 152]. The derivative
structures would always present a lower symmetry respect to the basic structure. According
to Barnighausen whom refined and further extended the ideas of Buerger into the so-called
Bdrnighausen trees [153, 154], Megaw (1973) herself introduced the terms aristotype and
hettotype as synonyms of basic and derivative structure, respectively [155]; these are
nowadays widely accepted and used.

The conceptualization conceived by Megaw relied on a profound analysis of the
crystallographic data obtained for LN (Bailey, 1952 [149]) and ilmenite (Barth and Posnjak,
1934 [156]): disregarding details, she concluded that whereas the transition paraelectric-
ferroelectric in LN is continuous and reversible, implying however large atomic
displacements of the order of 2.0 A for Li and 0.7 A for oxygen, the ilmenite structure cannot
be attained by any distortion of a perovskite structure given that such a transition would
involve a “serious rearrangement of the structure and is irreversible” [108]. Instead of
considering a kinship between the LN and ilmenite structures, she rather proposed the former
to be more closely related to the rhombohedral variant of BaTiO3 which possibly “represents
the early stages of a distortion which LiNbO3 shows fully developed” [108]. Megaw herself
found an “obvious difficulty” in her explanation due to the large magnitude of the
displacements involved, which in 1957 changed to 1 A for Li and 0.6 A for O in a book she
wrote, where she also acknowledges that such displacements might not be physically possible
[109]. These values were in conflict to the results found by Abrahams et al in a series of three
papers which are considered the most extensive and detailed structure analysis of LN [7, 20-
21]. Reference in [21] is a study of the atomic arrangement in polycrystalline LN as a function

of T, from room 7 (24 °C) to 1200 °C. In it, and accounting also for the results in single
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crystal LN at room 7'by X-Ray and neutron diffraction (references [7] and [20], respectively),
it is shown that in this range of temperatures the atomic arrangement is essentially
unchanged: whereas a fixed oxygen framework exists given the non-significant displacement
of magnitude 0.06 A within the oxygen layers, the Nb and Li cations exhibit small
displacements (along the same direction) of magnitude 0.25 A and 0.45 4, respectively [21].
Besides this fact, Megaw’s model was refuted given that “evidence for a change in crystal
system between the ferroelectric and paraelectric phases” was not found: the comparison of
the diffractograms obtained below and above 7. did not show appreciable changes in the
positions of the lines, only did the intensities change in a non-reproducible way, “due to
sintering and probably to preferred orientation of the resulting larger grains” [21].

The large discrepancy to the calculated displacements by Megaw relied on the original
ambiguity in determining the Nb position relative to those of Li and O as originally done by
Bailey [7]. Also, in the large error of about 1 A present in the Bailey’s determination of the
atomic coordinate of Li [21]. Together, these two aspects constitute the main criticism from
Abrahams et al to Megaw’s work (1954). Accordingly, in view of the ambiguity and
inaccuracy present in the work of Bailey (1952), Shiozaki and Mitsui (1963) did neutron
diffraction on polycrystalline LN to improve the results [7, 9, 156], but these also conflict
with those obtained by Abrahams et al [20]. Hence it can be said that Abrahams et al favored
kinship of the LN structure to ilmenite instead of perovskite, and probably due to this they
erroneously addressed the space group for the nonpolar paraelectric phase as R3 instead of
R3c [21]. According to Megaw (1968), however, they did point out R3c as a possible
alternative [110]. On behalf of Landau’s theory of phase transitions, space group R3 can be
ruled out [9]. R3c being the proper space group for the paraelectric phase was shown by
Niizeki et al (1968) [157]. In case of ferroelectric phase, the space group assigned by Bailey
was confirmed, R3¢, with lattice constants @ = b = 5.148 A, ¢ = 13.863 A and atomic

positions in the hexagonal reference [21]:

Nb: (0, 0, 0)
0: (0, 0, 0.2829) + (0, 0, 23)
Li: (0.0492, 0.3446, 0.0647) + (4, 5, 4)
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where the error values, without decimal point, correspond to the least significant digit in
the function value. In R3c the z-position of the origin can be arbitrarily chosen [9]. Clearly
in the ferroelectric phase neither Nb nor Li is aligned to the oxygen lattice, hence Abrahams
et al chose the Nb site as the origin since it is the principal X-ray and neutron scatterer —given
it is bigger/heavier than Li [7]. Megaw did not give up and in 1968, based on all the results
by Abrahams et al [7, 20, 21], she found a better justification for the LN structure relationship
to that of perovskite by a reparameterization trick [110]. She proposed to redefine the origin
in z-position (this can be done because the choice is arbitrary) such as it lies midway between
two oxygen layers, in the vicinity of a Nb cation. In this way a high symmetry structural
reference is obtained, an “idealized structure with hexagonally close-packed oxygen atoms”
which upon successive approximations in terms of small quantities expressing displacement
parameters —the actual Nb—O framework in LN as determined by Abrahams et al— can be
obtained [110]. Other kind of successive approximations or displacement parameters would
lead to the ideal perovskite framework. The reparameterization gives the following
coordinates for the actual structure in terms of the ideal [110]:

Nb: (0, 0, w)
O: (u, % + v, %)
Li: (0, 0,5 +w")

with ¥ = 0.0492, v=0.0113, w=0.0186, w” = -0.01318. The value of the axial ratio is

2 =22 (1 + %n), with 7 = -0.0936. The idealized structure is then described when all the

parameters are equal to zero. It can be regarded as the zero-order approximation to the actual

Nb-O framework in LN and is a centrosymmetric structure with axis ratio c/a = 2v/2. In the
first-order approximation u # 0 while the rest of the parameters remain equal to zero, a higher
symmetry structure is described where c/a tends to decrease from its ideal value. Particularly,
the perovskite framework is described by this first-order approximation when u = 1/6.
Insertion of Li into the octahedral interstices causes a symmetry reduction, thus allowing
parameters u, w, w’ to be different from zero, that is, the second-order approximation which
describes the actual LN structure [110]. Moreover, regarding the effect of temperature,
unexpectedly as 7 increases the actual structure (ferroelectric phase) would not tend towards

the idealized structure, the zero-order model, but rather towards the first-order model with
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increasing u, while v and w would tend to zero. Again, by stating this Megaw avoids saying
that the ferroelectric LN structure can be derived from the ideal cubic perovskite, in her own
words: “it is not suggested that a change of framework configuration from one extreme to
the other can take place in any actual material” [110]. The fact that a ferroelectric phase
follows from a small distortion of a high symmetry reference phase has demonstrated to be
a powerful principle [129]. Yet according to Rauber, Megaw’s ideas were widely accepted
in the late 1970’s [9]. The detailed discussion of the LN structure, as presented by Réuber,
assumes the reparameterization trick originally proposed by Megaw.

Although this conceptualization might not be necessarily correct, however by
understanding its pros and cons, the LN structure might be grasped in more natural fashion.
For a deeper insight, perhaps prior knowledge on the corundum, ilmenite and perovskite
structures would be of advantage for a proper comparison: these can be consulted from
references in [159-161], [156, 159-160] and [129, 154, 160-163], respectively. In particular,
the book by Lima-di-Faria provides useful descriptive charts in pages [11]: 99, 100, and 103,
respectively. A review on the phase transitions between these polymorphs on titanates and
related systems, reveals a trend of ilmenites transforming into perovskite [CaTiO3] at high
pressures which then quench to the LN structure on pressure release [160]. By applying
pressure, the LN structure transforms reversibly to the perovskite one. Interestingly, at room
T both phase transitions [FeTiOs] (ilmenite) = [CaTiOs] and [LiNbO3] = [CaTiOs], the
same amount of pressure is needed, around 16 GPa [159-160, 164-165].

1.2 Precedents on the determination of the chemical composition of Lithium
Niobate single crystals: various nondestructive methods

X-RAY DIFFRACTION (DRX) + STRUCTURE REFINEMENT

Based on all the references that have been consulted to write this thesis, and to the best of my
knowledge, the first report showing an appreciable increase of the lattice constants of LN
with decreasing Li content was done by Abrahams and Marsh (1986) [61]. By use of a Bond
diffractometer [166], they were able to determine (at RT) the hexagonal a- and polar c- axes
in cuts from CG and near ST (nST) single crystals. Only two experimental points were
available, and little could have been said on the functional form that relates these parameters

to the chemical composition. Even so, it was stated back then that if “a linear relationship
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holds between the lattice constant and composition, the Bond measurement method would
provide a convenient way to determine the composition at room temperature” [61].

In the early 90s two independent investigations further extended the available knowledge
by preparing a larger number of samples and by applying structure refinement to both,
neutron and X-ray diffraction (RT) [43, 59]. Accordingly, the tendency reported by Abraham
and Marsh (1986) was corroborated, and furthermore the dependence of the lattice constant

on the Li content was found to be linear [43, 59]. The linear character of the trend is more

easily observed in terms of the cell volume (V=v3a?¢/2) though, according to Wdhlecke et

al (1996) [45], whom on account of the data given in [43], formulated the following equation:

ci = —2.965V +992.8

Eq. I-2
Noticing, however, that the studies in [43, 59] were done on powdered samples instead
of single crystals. Yet it can be said that this methodology or equation is seldom used for the
determination of the chemical composition (CC) of LN single crystals. It is possible that this
is due to the very small influence of one parameter on the other. A final comment is given
regarding the work of Abrahams and Marsh (1986). Crystals with a nST composition were
prepared and studied by them. In the Introduction to this work of thesis it was stated that
practically no ST or nST LN crystals were available until 1992, when the investigations in
[35-37] were published. Hence, the method based on lithium vapor-phase equilibration to
convert CG LN crystals into nST ones, developed by O’Bryan et al (1984; referenced in [61]

as a non-published article), precedes that of Bordui et al (1992) [37].

POLARIZED RAMAN SPECTROSCOPY

In the framework of the group theory, vibrations pertaining the LN system (space group R3c,
point group 3m, RT) with vanishing wave k vector can be divided —in first approximation—
into 54;, 54>, and 10 (twofold degenerate) £ phonon branches. Of these, one 4; and one E
are the acoustic branches, the five 4, fundamentals are Raman and infrared inactive, and the
remaining 44; and 9E optical branches are both Raman and infrared active. Accordingly,
with two molecules per unit cell, the irreducible representation of the optical modes,

according to group theory, can be expressed as: I' =4 A; + 54>+ 9E. Because the A; are
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nonpolar and inactive, therefore there are 13 directional dispersion branches of phonons. This
paragraph has been adapted/reprinted indistinctly from references in [167, 168]. According
to Sanna et al, the assignment of the phonon modes in LN has been a subject of debate for
long time [168]; the above description is adopted by these references, which is also supported
by earlier reports written by Hermet et al [169] and Margueron et al. [170]. All of these have
a common root on the seminal paper by Schaufele and Weber (1966) [171]. Likewise, the
next two paragraphs have been reprinted from different excerpts in [167].

As far as individual bands of interest in this discussion are concerned, bands located in
the range of 550-700 cm™ may be cumulative assigned to the Nb—O stretching modes
involving essentially oxygen atom shifts. In particular, the band at 631 cm™ involves only
Nb-O stretching, namely, oxygen atom shifts corresponding to the antisymmetric stretching
mode of NbOg octahedra. Among other bands available, only frequencies in the range of
250-400 cm! are influenced by Li cation displacements, while the O—-Nb—O bending modes
appear at and below 432 cm™!, thus they are strongly coupled with the Li-O stretching and
O-Li-O bending modes. The modes at 334 and 255 cm™! exhibit deformation in the NbOs
framework, mainly by oxygen atom shifts and small shifts of Li atoms. The mode at 276
cm "' mainly encompasses the lithium-oxygen framework represented by Li—O stretching and
O-Li-O bending modes. The lowest frequencies at 238 and 152 cm™ may be mainly assigned
to deformation of the Nb—O framework, while below 300 cm™ Nb vibrational motions
appear. The band observed at around 876 cm™! represents pure stretching vibrations of Nb—
O bonds. Non-polarized Raman spectra of synthesized LN, LisNbO4 and LiNb3Og powders
are shown in Figure -7, according to Bartasyte et al (2013) [40]. It can be noticed that LN
and its corresponding ‘parasitical phases’ have completely different Raman spectra, as a
consequence of having different symmetries. The frequencies of 15 (41) modes of LisNbO4

(LiNb3Og) have been determined by the same group, as shown in Figure I-8.
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Figure I-7. Non-polarized Raman spectra of LN powders and their corresponding parasitical or
secondary phases: LisNbOj4 (Li excess) and LiNb3zOg (Nb excess). Reprinted/adapted from reference
in [40]; © IOP Publishing Ltd, 2013.

Phase: LiNb,0O, LiNbO, Li;NbO,
Space group: P2,/a R3c I-43m
——1——
Bxas)
|
o po% F.f {‘o
|
s = 1)
“ ¢ ®
e ve v e
og ® _‘*A.'
| .
L_,. &\r. !_ 1

Raman active modes

36A,+36 B, 9 E+4 A, [ 13T, + 8 E+6 A,
Wavenumbers (em™)
5079 96
116 136 153 157 167 189 155 199 146 187
240 241 253 265 276 277 298 269

201 206 220 234 246 254 276
285 296

302 323 336 345 357 362 382

401 419 429 460 482

505 542 565

625 641 675

701 738 819 893 898

334 334 343 364 370
421 425 433 457

580

632 659 667

870 879

310 335 341 363
412 430 451 470
520 565

748 824

Figure I-8. Space group, structure, Raman active modes and their corresponding wavenumbers for
LN, LizNbO4 and LiNb3Os, as determined by Margueron et al (2012, first) [170] and Bartasyte et al
(2013, last two) [40]. Reprinted/adapted from reference in [40]; © IOP Publishing Ltd, 2013.
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On the other hand, regarding single crystalline materials with definite principal axes,
knowledge of the state of the linear polarization of the scattered light turns to be of great
importance. While the so-called selection rules for Raman-active phonons can be determined
univocally by standard methods of group theory, the relative intensities of given Raman
modes can be rationalized according to the polarization directions of the incoming and
scattered (monochromatic) light. Accordingly, the experimental collection of polarized
Raman spectra from known crystallographic planes might serve as a means for providing
physical insight into the actual symmetry of properties of phonon branches or, vice versa, the
knowledge of the selection rules for the investigated crystal can be applied to quantitative
assessments of unknown crystallographic directions. This powerful idea lies deeply on the
Raman tensor formalism, which is based on the simple concept that different phonon
branches in a crystal will correspond to different symmetries of vibration and will, thus, be
conditional on irreducible representations of the space group of the studied crystal lattice.
Yet a direct proportionality relationship exists between the second-rank Raman tensor that
describes the inherent properties of a phonon with respect to Raman scattering and the
polarizability tensor described in the theory of quantum mechanics, and from therein, the
term ‘selection rules.” The matrices of the Raman tensor components representing the 13
directional dispersion branches of phonons in LN (the 4; and E types of active phonon

modes) are expressed as follows (within the orthogonal coordinate system) [167-168, 171]:

a 0 0 0 —c —d c 0 O
‘RAl =0 a 0]; ‘RE(—X) =\| —C 0 0 |; :RE(Y) =10 —-c d
0 0 b —-d 0 0 0 d O

Eq. I-3

where, depending on the scattering geometry A; or E modes as well as longitudinal (LO)

or transversal (TO) modes can be observed [168]. The R,, tensor describes the scattering

process in which the polarization states of the incoming and scattering photons are parallel
[168]. The E mode is a composite one, consisting of two components E(-X) and E(Y) that
might turn to be fully overlapping [167]; it describes the scattering process in which the
polarization states of incoming and scattering photons are perpendicular [168]. The

cumulative Raman intensity can be described according to [167]:
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Ig = xlgx) + (1 — ) Igy
Eq. [-4
where the weight parameter x can be assumed equal to 0.5, provided that band symmetry
is observed. The scattering geometry in polarized Raman experiments is perhaps better
described in terms of the notation introduced by Porto and Krishnan (1967) [172]; in general,
A(BC)D stands for light propagating in the 4 direction with linear polarization B, before the
sample, while selective detection is done on the D direction with linear polarization C (D =
A represents a backscattering experimental configuration). The Raman selection rules and
effective tensor elements for all the possible backscattering configurations are shown in
Table I-3. The high sensitiveness of the functional form (and intensity) of the recorded
Raman spectra in LN with the experimental configuration might be observed from the
educational video ‘Convenient Application of Polarized Raman Spectroscopy,’ provided by
the HORIBA Raman Academy [173].
Table I-3. Selection rules and Raman tensor elements for all experimental backscattering
configurations. X, Y, Z refer to the orthogonal reference system for tensor properties. TO and LO

stand for transversal and longitudinal optical modes, respectively. Taken from the publication by
Sanna et al [168].

Configuration Symmetry Effective TO Effective LO

X(YY)X  A(TO), E(TO) @+

X(Y2)X E(TO) &
XX E(TO) &
X(ZD)X A/(TO) b
Y(XX)Y  A/(TO), E(LO) @ ¢
Y(XZ)Y E(TO) &
Y (ZX)Y E(TO) &
Y(Z2)Y A/(TO) v
Z(XX)Z  A(LO), E(TO) c @
Z(XY)Z E(TO) ¢
Z(YX)Z E(TO) ¢

Z(YY)Z  A(LO), E(TO) ¢ @




In 1993 two independent works, by Schlarb et al [46] and Malovichko et al [47], reported

a method to determine the CC of LN single crystals based on the relation of this parameter

to the characteristic broadening or linewidth of certain Raman bands of the Raman spectra

obtained under given polarization experimental conditions or selection rules. Accordingly,

under conventional right-angle scattering geometries at RT, and for the £ and A4; modes

located at 153 cm™! and 876 cm™, respectively, the corresponding linewidths continuously

increase as the Li content decreases (within the crystal and not in the melt). The trend is

linear, as shown in Figure [-9. Thus, the CC of LN single crystal might be determined

straightforwardly by use of any of the following equations (provided that the experimental

conditions regarding the state of polarization of the incoming/scattered light are fulfilled)
[45-47]:

cLilmol%] = —0.4739r[cm™1] + 53.03
band at 153 cm’!; experimental: Z(YZ)X
Eq. I-5(a)

cLilmol%] = —0.1837r[cm™1] + 53.29
band at 876 cm™'; experimental: Z(YY)X
Eq. I-5(b)

T I I I T

876 cm~! phonon

46 47 48 49 50
Li CONTENT [mol%]

Figure I-9. Experimental data (dots) and least-squares fits (lines) on the halfwidths of the Raman
lines at 153 cm-1 and 876 cm-1 in LN (vs Li content). Reprinted/adapted from reference in [46]; ©
Springer-Verlag, 1993.
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In equations I-5, /" represents the line broadening. However, it is not clearly stated,
neither by Schlarb et al [46] nor by Malovichko et al [47], whether the complete linewidth
(nominally being the Full Width at Half Maximum-FWHM) or just the halfwidth, is to be
entered into these equations. An absolute accuracy of 0.2 mol% govern the concentrations
data by use of this method [46]. Notwithstanding, again, no specifications regarding the
resolution of the Raman bands or fitting techniques are given by Schlarb et al [46] or by
Malovichko et al [47], although these procedures are critical for achieving great accuracy in
the determination of the LN CC [46, 167, 174-175]. In this investigation, two distinct line
shape fitting were explored (after normalization of the full spectra to maximum intensity):
Gaussian and Lorentzian. It has been set /"= FWHM and change of the intercept value from
53.29 to 54.8 (Eq. I-5(b)) was also tried, as suggested whenever no polished single crystals
are available [46]. The choice of the £ (153 cm™!) and 4, (876 cm™) modes is not arbitrary
bur rather based upon certain criteria that simplify the adjustments and evaluations necessary

to use Raman scattering as a standard characterization technique [46]:

» The recorded Raman intensity should be high enough

» The line should be well separated from the laser line and should not interfere
with other Raman lines

» The directional dispersion should be zero, or at least small

» Optical damage should be minimized

Lastly, here it is important to acknowledge the contribution by Scott and Burns (1972)
[176]. The idea of determining the CC of LN powders (LNPws) by means of a linear fit to
data obtained from Raman spectra was first conceived in their pioneering work. Indeed, no
equation is given in this work but it could easily be extracted from ‘Figure 3 in [176], to
describe LNPws instead of LN single crystals; again, it would not be easy to decide whether
the complete linewidth I, or just the halfwidth, is to be entered in such a hypothetical
equation, and if a Lorentzian or Gaussian distribution is to be used. Perhaps credit must also

be given, within this context, to the work of Balanevskaya et al (1983) [177].
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FUNDAMENTAL ABSORPTION EDGE

As it shown in Figure I-10 (left), the position of the fundamental absorption edge is very
sensitive to the composition of LN single crystals. One of the earlier reports on this subject
was written by Redfield and Burke (1974), whom also found that the spectral dependence of
the absorption edge or band gap is linear at low temperatures (RT) while exponential at high
ones (Figure 1-10, right) [178]. According to Foldvari et al (1984), a blue shift occurs from
320 to 311 nm upon moving from a near CG point to a near ST one [49]. Kovécs et al (1997)
have a given a corresponding linear equation for RT, with different sets of fitting parameters,
depending on the character of the refractive index (ordinary and extraordinary), and the
definition of the absorption edge (either corresponding to a value in the absorption coefficient

of 20 cm™ or 15 cm™) [50]:

Eq. I-6
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Figure I-10. Behavior of the fundamental absorption edge of undoped LN single crystals with respect
to: Left: the chemical composition at 80 K. Right: Temperature for a fixed congruent composition.
As reported by Redfield and Burke in [178]; © American Institute of Physics, 1974.
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In Eq. I-6, E is the photon energy corresponding to the absorption edge at the chosen
value of the absorption coefficient a, c; is Li2O concentration in the sample in mol%, k and
Ey are the parameters of the fit (given in Table I-4). Correction of reflection losses is

considered in the determination of a, according to [50]:

Lin( b+ |2 L)p- LR
a=—=In| - — |;b=—-—
X R? 2TR?
Eq. I-7
Table I-4. Parameters for T = 22 °C in the calibration equation, Eq. 1-6. The errors include all 46
uncertainties of measurement and fitting. Taken from the publication by Kovacs et al [50].
Refractive index k [ev/vmol%] Eo (eV) Eo (eV)
for ¢ =20 cm! for a =15 cm’!
Ordinary -0.189£0.003  4.112+0.002  4.092 + 0.002

Extraordinary -0.218 £0.003  4.136 +0.002 4.119 +£0.002

where x is the thickness of the sample along the light propagation direction, 7=I/Ip and
R=(n-1)*/(n+1)* the transmittance and reflectance, respectively. The dispersion of the
refractive index n is accounted for and calculated by use of the generalized Sellmeier
equation for LN single crystals [51]. Although Eq. I-6 is a nonlinear relationship, the
measurement of the UV absorption edge is a convenient method for characterizing the crystal
composition. This method has an absolute accuracy of 0.1 mol% [50]. As shown in the inset
of Figure I-11, a least squares linear fit can be applied in the dependence of £ on the square

)2, The method requires that the two

root of the deviation from the ST composition (50 - ci,
sample surfaces crossed by the light beam to be polished to a moderate optical quality with
a density of scratches less than 1% of the total area [45]. The orientation is not critical, better

than five degrees are sufficient [45].
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Figure I-11. The fundamental absorption edge of LN for T=22 °C at o = 20 cm™' as a function of the
crystal composition. The squares and circles indicate measured values for the extraordinary and
ordinary refractive index, respectively. The lines are calculated using Eq. I-6 with the parameter
values given in Table I-4. The inset shows a least square linear fit for the dependence of the
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Kovacs et al in [50]; © American Institute of Physics, 1997.

Regarding LNPws, there is no point in using Eq. I-6 to describe their CC since the terms
‘refractive index’ and ‘absorption coefficient’ lack sense when related to powders (a
powdered sample can be conceived as a material with infinite thickness from the optical point
of view). Instead, UV-Diffuse Reflectance (DR) measurements are usually done in this
respect under experimental circumstances that allow to describe the obtained functional form
by means of the Kubelka-Munk theory. These concepts are introduced in PART II. Also, for
practical purposes, a direct band gap is assumed for LN —noticing that it could also be
assumed to be indirect [179]. Thus, under this assumption, the fundamental band gap is

proportional to the square of the absorption coefficient o (or in the case of powders, to the

square of the Kubelka-Munk or remission function) [180].

49,5 50.0
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DIFFERENTIAL THERMAL ANALYSIS

Measurement of the Curie temperature 7. —the temperature at which the paraelectric-
ferroelectric phase transition takes place— is one of the earliest calibration methods for the
determination of the CC of LN crystals [58]. The Curie temperature has been found to change
linearly by roughly 150 °C in the solid solution (SS) range, which provides sufficient
sensitivity for composition determinations [45]. An absolute accuracy of 0.1 mol% has been
addressed to this method, yet it has the drawback that the crystal under investigation must be
heated up to rather high temperatures (close to the melting point) [45, 46]. O’Bryan et al
(1985) have determined 7. for a compositional range that covers SSs from 48.0 to 49.0 mol%

Li2O, by DTA. Both a linear and a nonlinear least squares fit have been reported [41]:

Tc=36.70c;; —637.30
Eq. I-8(a)

T = 4.228¢2, — 369.05¢;; + 9095.2
Eq. I-8(b)

where 7c and c¢;; are inserted in °C and mol% units, respectively. The quadratic
expression gives a better fit than the linear one, particularly for the compositional range close
to the ST point [41]. However, in the literature it is often used the linear trend as reported in

[37, 41]:

Tc=39.064c;; —746.73
(Bordui et al [37]) Eq. I-8(¢c)

T¢c=39.26¢c;; —760.67
(Iyi et al [41]) Eq. [-8(d)

where the units are preserved respect to the previous equations. Considering the
calculation of uncertainty values, the use of a linear least square fit might be preferred. As it
will be shown in PART III of this thesis, where the obtained results are presented, the

difference between the use of a linear and a quadratic expression in the calculation of T¢ in
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LNPws is of no more than 0.1%. Thus, in this investigation, a linear least square fit is

proposed to be used instead of a quadratic one for the calculation of the CC of LNPws.

Chapter 2: Nonlinear Optics

Second Harmonic Generation

When an electromagnetic wave propagates within a nonlinear optical medium —that is, a
medium in which its overall electric polarization depends nonlinearly on the applied electric
field—, waves at frequencies different from that of propagating wave are generated. Second
Harmonic Generation (SHG) is a well-known process of this type, where waves at frequency
2w are generated from incident waves at frequency w. In this chapter, SHG is conceptually
treated, including the experimental conditions to its optimization. It starts by

phenomenologically describing what it is understood by nonlinear optical phenomena.

2.1 Nonlinear optical phenomena

Generally speaking, in the field of optics it is assumed the existence of certain materials
possessing certain optical properties, which manifest depending on how light propagates
within the material, as well as near its surfaces. Any known optical property is attributed
and/or derived depending on the manifestation of a basic optical phenomenon: reflection,
propagation (refraction, absorption, luminescence, dispersion) and transmission [180]. For
example, birefringence is a property of materials which are identified by presenting a
refractive index dependency on the direction and polarization of the incident light, the
wavelength being fixed. Another clear example is the chromatic dispersion: when white light
impinges in a prism, the emergent light is decomposed into colors —characterized by a
corresponding wavelength— due to the phenomenon of dispersion, having thus as result a
refractive index which depends on A.

Since its very origin and up-to-today, conventional optics is a physics derived discipline
devoted greatly to study the phenomena and properties that manifest in materials due the
presence of light. On the other hand, intuitively it can be said that Nonlinear Optics (NLO)

studies the changes of such phenomena and properties as function of the intensity of the
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incident light. Typically, only a LASER system can generate light sufficiently intense to
modify the optical properties of a material. NLO then differs from optics in that the optical
parameters —ascribed to materials to describe the phenomena and optical properties:
reflectance, transmittance, refractive index (ordinary and extraordinary), absorption
coefficient, among others— are no longer treated as constant respect to the intensity of light,
instead they depend on this physical quantity [180]. In other words, in NLO the phenomena
and optical properties are nonlinear in the sense that they occur when the material response
to an applied optical field depends nonlinearly to the strength or magnitude of the electrical

field carried out by light, that is, elevated to a power greater than 1.

2.1.1 Classical description

In the classical treatment of the light-matter interaction, the optical field or optical
perturbation is described as a plane electromagnetic wave. The coupling between the
electromagnetic wave and the medium is characterized by the electric polarization P of the
medium, which is, to a first approximation, a collection of electric dipoles [181]. When the
optical perturbation propagates through a dielectric, the oscillation of the electric field exerts
a polarization force on the charged particles within the medium, changing its electronic
configuration somehow. This change is interpreted as a charge redistribution that results into
a collection of electric dipolar moments p, as shown in Figure I-12. It is expected that the
charged particles oscillate in time coupled to the oscillation of the applied electric field and,
thus, behave as microscopic antennas that transmit electromagnetic radiation. In the linear

optical regime the frequency of the transmitted wave equals that of the applied wave [182].
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Figure I-12. Scheme representing the response of a dielectric medium to the application of an
oscillating electric field. Left: in absence of the field. Right: in presence of the field.
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The electric polarization is defined as the average of the net induced dipole moment per

volume and given by the following equation:

P = N(p)
Eq. I-9

where N is the number of dipole moments per unit volume. By inserting time explicitly,
the capacity of the electric field E(t) to move the charged particles can be expressed in terms

of the linear polarization P (t) as [80]:

P~ Py(t) = egxVE(t)
Eq.1-10

if nonlinear effects are considered this equation is merely a first order approximation.
The nonlinear effects are associated to higher-order magnitudes of the electric field. The
constant € is the vacuum electric permittivity and ¥V the linear electric susceptibility. The
tilde (~) denotes physical quantities which vary rapidly in time; those that are constant or
vary slowly in time are usually written without the tilde. The complete description of the
phenomenon, that is, the equality in Eq. I-10, is obtained by means of its generalization by

introducing a power series of the polarization respect to the electric field:

P(®) =Py(t) + Py(t) = €o[xVE®) + X PE2(t) + xPE3() + -+ |
Eq. I-11

where the quantities ¥ and ¥® are the second-order and third-order nonlinear electric
susceptibilities, respectively. They acquire their tensor nature when the vector nature of the
electric field is considered [80]. The physical processes that occur as a result of a presence
of the second-order polarization, defined as P = €,y @ E?(t), are different from those that
occur as a result of a presence of the third-order polarization P® = €,y ®E3(t). The linear
polarization ¥V is in principle much bigger in scale compared to nonlinear terms. This can
be easily grasped by a simple estimation of the orders of magnitude for the common case in

which the origin of the nonlinear optical processes steps out mainly from electron mobility
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in an atom. When the magnitude of the applied electric field is of the same order of the

electric field within an atom:

e
Eat

- 2
4megag

Eq. I-12

where e is electron charge and a3 the Bohr radius for the Hydrogen atom. It is natural to
think that the first nonlinear term, P®, is comparable to the linear one P;. Under non
resonance conditions it can be estimated that ¥® is of the order of ¥y(V/E., and ¥® of the

order of y(W/EZ,. For condensed matter y¥ ~ 1, and also E, = 5.14x10'" V/m, then:

m
x® =1.94x10"12 7
2

m
x® =3.78x107%4 vz

Under normal circumstances it is known that the second-order nonlinear optical
processes (NLOPs) only are present under the absence of spatial symmetry within a crystal,
that is, in non-centrosymmetric crystals; the third-order NLOPs might occur in both,
centrosymmetric and non-centrosymmetric media [183]. Now, in equations [-10 and I-11 it
has been assumed that the polarization at time ¢ only depends on the instantaneous magnitude
of the electric field, which also implies the treatment of a lossless and dispersionless nolinear
medium [80]. In the case where a dispersive material that might also present loss of energy,
the intrinsic vector property of the electric field must be considered. In this way, both the
electric field and total polarization depend on the position and frequency of the applied

optical field. Then Eq. I-11 writes more generally as:

P(r,t) = Z P(w,)e i@nt

Eq.I-13
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where a Fourier transform relates the time dependence to the frequency regime. The sum

goes on both the positive and negative frequency components of the applied optical field.
Likewise, the components of the second-order susceptibility tensor, )(512,2 (wy, +

W, Wy, W), are defined as the proportional constants that relate the nonlinear polarization
amplitude with the product of the amplitudes in the other components of the electric field,

that is [80]:

Pi(wn + wm) = Z Z XE}ZIE (wn T Wiy, Wy, wm)Ej(wn)Ek(wm)
jk (mn)

Eq.1-14

where the indexes ijk denote the spatial components of the fields. The notation (nm)
indicates that in doing the summation over » and m, the value of w,, + w,, is fixed, regardless
of the interchange between w,, and w,,. The product E(w,)E(w,,) is associated to the time
dependence e~ {@nt@m)t 3 contribution to the nonlinear polarization oscillating at a

frequency w,, + w,. In the same fashion are defined the components of the third-order

susceptibility tensor )(E].Slzl(wo + W, + Oy, W, Wy, ®,y,) [80]:

Pi(wo + Wy + wm)
3
= Z Z nglzl (wo + Wy + W, Wy, Wy, wm)Ej(wo)Ek(wn)El(wm)
jkl (mno)

Eq.I-15

The reason behind the electric polarization plays a significant role in the classical
description of the NLOPs is because a polarization that varies in time acts a source of new
components of the electromagnetic field. This is noticed in the nonhomogeneous wave

equation for nonlinear media [80]:

25 6(1) 62E' 1 azf’NL

2 A2 €yc® at?

Eq.1-16
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This equation expresses the fact that when the term on the right side is different from
zero, there are accelerated charges and, thus, according to the Larmor theorem, these induce
new components in the electric polarization, not present in incident radiation [ 184]. Noticing

also that in the absence of sources the equation describes the case of a wave propagating at a

velocity ¢/n in a medium with refractive index n = Ve,

2.1.2 Quantum Mechanics description

When light is thought as a photon flux its interaction with matter is described as a scattering
of the photons due to the electrons present in the atoms or molecules in the material. Each
photon carries a linear momentum p=F/c, which at the interaction instant is partially
transferred to the molecules, the electrons remain bounded to the atoms. This process is
considered an elastic scattering for the case of low intensity applied optical fields, that is,
energy is conserved and thus the frequency of the scattered photons equals that of the incident
ones [182]. In the interaction the photons are considered as absorbed and the molecules as
reaching a virtual excited state with intermediate energy respect to the stationary states.
Notwithstanding, the duration of such interaction or lifetime of the virtual state t is

sufficiently small so that it violates the following uncertainty relation:

p‘
>
Ry
IA
N| st

Eq. 1-17

where AE stands for the energy difference between the virtual state of the molecule and
its nearest excited state. Let us picture the molecules as a two-level system. Then the virtual
state will be occupying an energy level close to state |1), as shown in Fig. I-13. Relaxation
of the system, in other words the transition from the virtual state to ground state |0), is
interpreted as the spontaneous emission of the scattered photons, associated to linear optical
processes. For high-intensity applied fields the incident radiation increments the probability
of multi-photonic interactions, that is, two or more photons are ‘destroyed’ and absorbed by

a molecule in a unique process. Generally, in these cases the frequency of the scattered
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photons is not the same as that of the absorbed photons. For example, two photons of
frequency w each, can be absorbed, ‘creating’ a third photon of frequency 2w. This is the

case of SHG, the main NOLP treated in this work of thesis.
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Figure I-13. Scheme of a two-level description of two distinct optical processes. Left: elastic
scattering of incident photons with a frequency w. Right: SHG in which two incident photons at
frequency w are involved and photon at frequency 2w is generated. Reprinted/adapted from
reference in [182]; © Springer, 2006.

Starting from these basic principles a great variety of multi-photonic interactions can be
described, including the incidence of photons possessing different frequencies. However, it
is important to have in mind that when AE — 0, the resultant optical processes cannot be
considered as of an instantaneous scattering since the absorption in the excited state by the
molecule must be considered. The theoretical treatment in the Quantum Mechanics
description of NOLPs requires the solution to the time-dependent Schrodinger equation via
the Density Matrix formalism and use of approximation methods (the quantum theory of
perturbations), among other considerations. This approach can be further studied in
references: [80] (chapter 3, p. 135-185), [86] (chapters 6.7 and 6.8, p. 49-58) and [182]
(chapter 3, p. 10-27).

2.2 The process of Second Harmonic Generation

Let P® = €,x®E2(t) be the second-order polarization contribution to the overall electric
polarization of the medium. Let us also assume the simplest case in which the incident light
is a plane wave composed of a single frequency w (monochromatic), so that the electric field

is given by:

55



E(t) = Ecos(wt)
Eq. I-18

where, inserting the polarization and using the trigonometric identity cos?(4) =

1+cos(24)

, then
2

~ 1
P? = Eeo)((z)[l + cosRwt)]

Eq.1-19

Thus, the second-order nonlinear polarization is composed of a zeroth-frequency
contribution and one at frequency 2m. Now according to the nonhomogeneous wave equation
for nonlinear media (Eq. I-16), and given that the second derivative of the first term in Eq. I-
19 vanishes, which implies that such a term does not induce a new frequency component in
the electric polarization. However, it gives place to an optical process known as optical
rectification, in which the established static electric field in the presence of a light pulse is
exploited to generate ultrafast pulses in the THz regime with practical applications in the
generation of femtosecond LASER pulses and in the study of water absorption in biological
tissue [86]. The second term describes an optical response at frequency 2m and is interpreted
as the induced electric polarization at the harmonic frequency. On the other hand, SHG can
also be thought as a particular case of other second-order NOLPs, namely sum and difference
[frequency generation. Let us assume, for example, an electric field carrying two frequencies,

wjand w,, being incident in a nonlinear medium with nonzero y. In this case [80]:

E(t) = Eje” i1t + E,e™i2t 4 ¢ c
Eq. I-20

Again, letting P® = e, x P E2(t), it gives:
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f)(Z)(t) — GOX(Z) [E%e—iZwlt + E%e—iszt + 2E1E2e—i(w1+w2)t + ZEIEEe—i(wl—wz)t
+c.c| + 2e0xP[ELE; + E,E3]
Eq. I-21

The first two terms represent SHG for each frequency w;. The third and fourth terms
stand for the sum and difference frequency generation processes, respectively. The last one
represents the optical rectification. By use of notation in Eqgs. I-14 and I-15, it is possible to

express with ease some of these processes in terms of the second-order susceptibility tensor:

)(512,2 (0, w, —w) Optical rectification

X (20,0, @) SHG
X 512;2 (w1 + w2, W1, W3) Sum frequency generation
)(512,2 (w1 — Wy, w1, W3) Difference frequency generation

Even though there are four components with nonzero frequency and, in principle, all of
these take place simultaneously, in practice no more than one will be present at an appreciable
intensity since the nonlinear polarization only produces a significant response if an
experimental condition known as optical phase-matching is satisfied, which can only be done
for a single frequency at a time. Theoretically, and seen from the point of view of wave-like
phenomena, what determines which of the processes is favored respect to others is the
coherent summation of all the generated waves within the nonlinear medium [8]. When the
pumping beam propagates along the material a multitude of secondary waves of different
frequencies are generated and, due to the chromatic dispersion of the refractive index, each
generated wave has its own propagation velocity which depends mainly on its frequency,
among other considerations. For a given frequency, the relative phase between the generated
waves will depend on their intrinsic propagation velocity as well as in the phase of the
fundamental beam just at the location where the secondary waves are generated — thus, it also
depends on the propagation velocity of the fundamental beam [8]. Optical phase-matching —
hereafter referred simply as phase-matching— is the mostly used experimental technique to

optimize the SHG process. Yet, it is not the only one. In the next subsection the main
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techniques to optimize SHG in different type of materials are discussed. The importance of
SHG optimization has already been highlighted in the introduction by retelling the anecdote
with the original contribution by Franken et al (1961) [83], originally told by Skipetrov
(2004) [78] (see Fig. I-2).

2.2.1 Phase-matching

Let us begin this subsection by performing a simple calculation, for which it is necessary the
use of a result previously reported. Assume a plane wave of amplitude E and frequency
w, linearly polarized. Also, that the medium is infinite and that the plane wave propagates

along the Z-axis. Then, the wave equation in Eq. I-16 can be restated as [185, 186]:

dE(2®) iw
9z  2nRe¢

x®( E(w))z

Eq. [-22

where also the ‘slowly varying envelope approximation’ has been utilized. Since it is a

plane wave the amplitudes of the fields can be of the form:

E(Zw) — Ale—i(kZa,z—Zwt)’
E(a)) — Aze—i(sz—wt)

Eq. I-23
so that the differential partial equation in Eq. [-22 rewrites:
dA, .
; —_ _ 2) 2 ,iAkz
dz + lkaAl Zn(Z,‘,)CX (AZ) e
Eq. I-24

where Ak = 2k, — k,,. Neglecting the second term and integrating for nonlinear

medium of length L:
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PO IR Limd _ e ettkl — 1
1= " gt A2 ]0 e dz = e A" Tk
Eq. I-25
Using the general expression for the Poynting’s vector [80]:
I] = 2anOC|A]-|2
Eq. I-26
Moreover, since:
ekl _ 1)? L AL | 1 — cosAkL sin’? (ATkL)
- | = LZ — 2 — LZ
| Ak < AKL >< AKL ) (AKL)? AkLN\?
(%)
Eq. I-27
Then [186]:
2]2 sin AkL ’
[20) — “ x@ (1) | —2—
8¢yc3n2w) (n(@)2 AKL
2
Eq. I-28

where the exact form of the term | x® |2 depends explicitly in the election of the linear
polarization state respect to the orientation of the nonlinear crystal. The las term denotes that
the intensity of the harmonic wave is a function that oscillates according to the quantity Ak.
A deviation from the maximum in intensity can be predicted whenever the condition Ak = 0
is not satisfied. This oscillatory behavior was first corroborated in 1962 by Maker et al (see
Fig. I-14) [187]. The experiment is considered one of the fundamental experiments in SHG:
it consisted in monitoring the intensity of the harmonic signal from a crystal quartz as a
function of the rotation angle of the crystal, that is, as a function of the effective propagation

length L (as a source a pulsed rubi LASER system was used) [187].
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Figure I-14. Maker fringes: first experimental evidence of the necessity to match the involved waves
(fundamental and harmonic) in the SHG process, respecting their phases. 4s reported by Maker et al
in [187]; © Physical Review Letters, 1962.

The condition Ak = 0 implies:
ka = ka
Eq. I-29

where k, and k,, are the wavevectors of the fundamental and harmonic waves,
respectively. It is said that when this condition fulfills, the phase-matching (PM) condition

has been achieved. Furthermore, if the beams are collinear, using the next dispersion relation:

K| = wn(w)

Eq. I-30

Eq. 1-29 then reduces to:
n2w) = n(w)
Eq. I-31

In case this equality does not hold, the generated waves at different locations within the
medium will not be in phase, so that constructive interference would not be present. Due to

chromatic dispersion in the refractive index it is impossible that Eq. I-31 holds for isotropic
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media [8]. On the other hand, PM can be achieved in anisotropic nonlinear media such as
uniaxial crystals (i.e. LINbOj3 single crystals), which are birefringent materials. Hence, by a
proper choose of the propagation direction regarding both beams, it is possible to fix, for
example, the ordinary refractive index to the beam at frequency w, while the extraordinary
refractive index to the beam at frequency 2w, achieving this way the PM condition.

On experimental grounds and regarding only uniaxial crystals, the PM condition is
usually achieved by adjustment of the 0 angle, defined by the optical axis of the crystal and
the propagation direction of the fundamental beam. Control in the temperature of the crystal
might also be used for this purpose. In the specific case of lithium niobate (LiNbO3; LN),
usually 0 is kept fixed and the temperature is varied. This mainly due to two reasons: 1) the
birefringence of LN single crystals is very sensitive to changes in 7, and 2) for 0 values
different from 0 and 90°, and given certain technical limitations related to the Poynting’s
vector (S) and of propagation of the extraordinary ray (k), it results that the conversion
efficiency significantly decreases due to a diminished spatial overlap between the involved
beams [80]. Thus, as it is shown in Fig. I-15, PM is usually achieved in LN by fixing 6 =

90°, whereas the temperature inside the crystal is varied [80, 188].
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Figure I-15. A single crystal of LN at T=32 °C, to phase-match a fundamental beam with A = 1064
nm and its corresponding harmonic wave. For A = 1350 nm the phase-matching conditions is
achieved either by adjusting 6=34.9 ° or T=396.3 °C. 4s reported by Wood in [188]; © Wood, B.D.;
Master thesis: Simon Fraser University, 2009.
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In principle the PM condition would also be achieved by exploiting the phenomenon of
anomalous dispersion for materials presenting a large optical absorption [80]. In other words,
under circumstances of resonance there exists a narrow spectral zone in which the refractive
index of the material decreases as the frequency of the incident beam increases [180]. Given
that certain material might absorb light strongly at certain frequency, say 2w, and being
transparent for another —that would be w—, the equality in the refractive indexes could be
obtained since in one case the refractive index decreases with frequency, whereas in the other
it increases. However, the use of anisotropic nonlinear media is the main strategy to optimize
SHG, also in the case of the more complex processes of sum and difference of frequencies,
either regarding type-I PM or type-II [81, 189].

Lastly, in Eq. I-28 it can be noticed that for values Ak # 0, the first intensity minimum

. . . . AKL . . . .
in the harmonic wave is obtained when - =T Regarding conversion efficiency, it is thus

convenient to define and optimum length for which the polarizations of both waves
(fundamental and harmonic) are out of phase by 7 radians. This parameter is denoted as the
coherence length and it is defined as:
Lo A
¢ Ak 2|An|
Eq. I-32

where A is the pump or fundamental wavelength and An = n(2w) — n(w). The
coherence length describes the length within the material for which the intensity of the second
harmonic signal falls dramatically to zero. What does this mean? If for example, one has a
pumping beam with A=1064 nm and a material in which An = 0.01, then I, = 53.2 um, that
is, even though a piece as a large as desired of this material could be at hand, say 1mm, only
the first 53.2 um will be effective for SHG. This is the reason behind why materials with
large coherence lengths are nominally sought for frequency doubling, although their intrinsic
magnitude of the second-order nonlinear susceptibility must always be considered. Larger
coherence lengths are obtained as An — 0. Fig. I-16 aids the visualization of the SHG
intensity sensitivity on the coherence length. This parameter is an intrinsic property of the

material, usually of the order of tens of micrometers [185].
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Figure I-16. The effect of the coherence length in the SHG intensity delivered by a material. Left:
oscillatory term in Eq. I-28: deviations from Ak = 0 have an influence on the intensity of the
converted signal, which becomes nonsignificant from a distance [, within the material. Right:
simulation on the propagation of the second harmonic wave within the material, showing distinct
cases of the effective length of the crystal. Reprinted/adapted from references in [188, 190];, ©
Wood, B.D.; Master thesis: Simon Fraser University, 2009 and The American Ceramic Society,
2011, respectively.

2.2.2 Quasi-phase-matching

For a given anisotropic nonlinear material, the frequency regime in which PM can be
achieved is generally small. Thus, to obtain more converted frequencies the use of other type
of materials is necessary. Another technique to have large conversion efficiencies is known
as quasi-phase-matching (QPM). It is based on the periodical alternation along the nonlinear
medium on the phase of the generated waves [8, 22, 80, 191].

It is known that inside a material for which ¥ = 0, the SHG processes being involved,
the generated waves will constructively interfere whenever L < I, with [, the coherence
length of the material, defined by Eq. I-32. Assume now that a fundamental wave enters a
nonlinear medium for which the PM condition cannot be achieved. If somehow the phase of
the generated waves could be inverted each I, distance, then most of them would
constructively interfere. This can be done if instead of a homogenous medium, it used one

for which y@® periodically changes its sign each I, distance, as it is shown in Fig. I-17.
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Figure I-17. Propagation of the second harmonic wave in two different media. Left: homogeneous
medium for which the generated waves by two regions, separated by a distance [, are out of phase
by m radians. Right: nonhomogeneous medium in which the sign of its optical nonlinearity is
alternated each distance [.: on this instance, the generated waves by the two regions separated by the
same distance, will be in phase. Reprinted/adapted from references in [8]; © Revista Mexicana de
Fisica, 2002.

Let A be the period on the alternation of the sign in ¥®, in this case given by A = 2.
The QPM condition will be thus stated as follows [8]:

ZoolA I_Zn
c M=

Eq. 133

Or, equivalently:

A
In(2) ~n(4/2)| = 7

Eq. 1-34

where 4 is the fundamental wavelength. In short, what determines which frequencies or
wavelengths are efficiently generated in QPM is the periodicity of the nonlinear medium A.
QPM presents various advantages over PM, but the main one is that the medium can be
altered so that a specific nonlinear process is exploited. It is even possible to generate
multiple nonlinear processes simultaneously or in cascade, for example, to generate two
tunable waves and then to have SHG from one of them within the same nonlinear crystal by
simple inserting two different periodicities in a structure of ferroelectric domains. This cannot
be done by regular PM [8]. Experimentally, to change the sign of the second-order optical
nonlinearity is relatively simple if ferroelectrics are used. As previously described (last part

of section 1.1), ferroelectrics can be described as anisotropic media having a spontaneous
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polarization pointing towards a preferred direction, which can be inverted 7 radians by the
application of a proper electric field. This is schematized in Fig. I-18. It turns out that in
ferroelectrics with Y # 0, both the magnitude and sign of the optical nonlinearity depends
on the magnitude and sense of the spontaneous polarization. Hence, by the application of an
electric field in selected regions of the material, the spontaneous polarization can be inverted
locally and, consequently, and spatial alternation in the sign of the optical nonlinearity will

be obtained [8].
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Figure 1-18. Scheme of a periodic structure of ferroelectric domains. Left: 2-D. Right: 3-D.
Reprinted/adapted from reference in [22, 192]; © Springer-Verlag and Wiley, respectively.

The original idea of QPM dates back to 1962, when Armstrong et al suggest the fine
slicing of a nonlinear dielectric into various segments to be alternated periodically by a 180°
rotation [193]. Several methods have been proposed in the literature to fabricate structures to
achieve QPM [8, 194-196]; to mention just a few and, of which, references in [8, 195, 196]
concern a material based on LN. The basic principles behind ‘Ferroelectric Switching’ —that
is, polarization reversal in ferroelectric domains— has been, and continues to be, an
important research subject. The number of scientific works devoted to it is just
overwhelming. It is out of context in what concerns this work of thesis. A phenomenological
description, the approach of various models to describe the problem, and the most important
results regarding the specific case of LN, can be consulted in [192] and the literature therein

referenced.

2.3 “Disorder is the new order”

In the previous discussions, either concerning PM or QPM, the generated waves within a
crystal interfere constructively because of the experimental conditions already described,
however, it also happens due to the fundamental fact that there is sufficiency in what respects

the dimensions of the material. Said differently, the phases are matched because: they have
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enough space to do so! By contrast, it is said that in nanocrystals or harmonic nanoparticles
(HNPs) the SHG cannot be phase-matched, given that the characteristic size of the nonlinear
medium is much smaller compared to its intrinsic coherence length [185, 197]. This also
implies that both, the orientation of the nanocrystals respect to fundamental beam
propagation and their temperature, play a minor role in the SHG intensity.

In 2004 the term disordered material is coined to refer to a polycrystalline material
consisting of several crystalline domains highly random regarding their size, shape and
orientation, capable of frequency doubling. Back then, the possibility of having efficient
processes for optical conversion in isotropic media is stated for the first time: SHG by
Skipetrov [78] and difference frequency generation by Baudrier-Raybaut et al [198]. Given
the context within this work of thesis, the work written by Skipetrov —entitled “Disorder is
the new order”— is more relevant because it specifically treats SHG, apart from the fact that
it gives a detailed discussion on the report written by Baudrier-Raybaut et al. Next, the main

aspects of the work authored by Skipetrov are summarized [78]:

» Regarding only single crystals, the most viable ways to optimize SHG is by
means of the experimental techniques of PM and QPM. However, there
important limitations. On one hand, PM can only be achieved in anisotropic
nonlinear materials, thus restricting the use of materials for SHG. QPM lessens
this issue, but “the technology required to fabricate such a material is
unfortunately rather involved, expensive and not widely accessible”.

» PM can be achieved indirectly in a disordered material and, for this reason, the
term employed is ‘random-quasi-phase-matching’ (introduced by Baudrier et al
[198]) or ‘stochastic quasi-phase-matching’ (introduced by Morozov and
Chirkin [199]).

» “The frequency-converted waves generated by different domains achieve
random phases and interfere neither constructively nor destructively. The total
intensity of the generated wave is then the sum of the intensities arising from
individual domains and it grows linearly with the number of domains or the

length of the sample”.
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» “Clearly the random phase-matching is less efficient than the ‘truly’ phase-
matched process, because the latter benefits from the constructive interference
of waves generated by different parts of the nonlinear medium. But it
outperforms the phase-mismatched process for which the interference of partial

waves 1s destructive”.

Fig. 1-19 shows the theoretically expected conversion efficiencies for different
circumstances of the PM condition. From 2004 up to date, the researching field of SHG in
disordered materials has growth and evolved considerably. Around 2006 various researching
groups worldwide put efforts into the study of this field, aiming to exploit random-quasi-
phase-matching for a practical application, namely as a an efficient optical-constrast
mechanism to acquire images in cells and/or biological tissue [89]. Nowadays, ‘bio-imaging’,
‘cell-imaging’ and ‘multi-photon microscopy’ are well-stablished disciplines that offer a
prominent alternative within the field of biomedicine in attempting to replace fluorescent

biological markers [85, 200-202].

(a) with perfect phase-matching .
t  (b) with quasi-phase-matching

(¢) with a wavevector
mismatch

field amplitude

st el P T T il

<

z/ Lcoh

Figure I-19. Comparison in the conversion efficiency for various types of phase-matching
conditions; L.,, = 2/Ak. (a): phase-matching, Ak = 0. (b): quasi-phase-matching, Ak # 0. (c):
neither phase-matching nor periodic modulation on the sign of the optical nonlinearity. Presumably,
the conversion efficiency describing a disordered material is higher than that corresponding to curve
in (¢). Reprinted/adapted from reference in [80],; © Elsevier, 2008.
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2.4 The Kurtz-Perry method

The synthesized powders and studied for their SHG response are polycrystalline materials.
They are conceived as formed by micrometer size particles made up of several single
nanocrystals. However, although still a disordered or random material in the sense of optics,
powders do not necessarily fit the description of disordered materials as conceived by
Skipetrov and Baudrier-Raybaut, as discussed in the previous section —thin films and
xerogels better fir such a description. In 1968 Kurtz and Perry developed a semiquantitative
theoretical framework to describe the SHG arising from powders [97]. Even though within
the context of this work of thesis this framework contributes little to the analysis of the
obtained results (given in PART III, Chapter 6), it is considered important to be succinctly
discussed at least, given its popularity and practical importance. To begin with, the SHG
capabilities of yet unavailable single crystals can be predicted, the latter classified into five
main categories of materials for SHG, among which those that are predicted to be phase-
matchable and not phase-matchable. Also, with the concept of the averaged coherence length
of the material, introduced by Kurtz and Perry, a reasonable explication could be grasped to
the results previously obtained to this investigation (published in [24]).
In principle, the following approximations should hold within the Kurtz-Perry method:

» The powder particles are immersed in an index matching liquid

» The particles are single crystals with a narrow size distribution, random
orientation and form a compact material

» In the analysis, the consideration of a plane wave and without pump depletion is

valid if the an averaged is performed over the particles

The first approximation is stated to avoid tracking of the scattered light by each particle.
It does not represent a necessary experimental condition as far as the total SHG signal is
collected. Aramburu et al have done a detailed revision of the Kurtz-Perry method [100]. In
it, it is “argued that many of the experimental works based on [this] method oversimply the
technique and contain important errors”: the use of an index matching liquid is seldom used
in the experimental procedures, according to the revised literature, and most important, also

the collection of the total SHG intensity is usually neglected, situation that naturally led to
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nonreliable results. Besides, an extension to the consideration of scattering effects has also
been done by Aramburu et al [100]. On the other hand, the second approximation is hardly
satisfied by the synthesized materials in this investigation.

The averaged coherence length of a not phase-matchable material is defined as [181]:

Ao
(Le) = 7))

4‘(”2(» - nw)

Eq. 135

where n,,, and n,, are the refractive indexes of the material for the second harmonic and
fundamental waves, respectively. The brackets represent an average over the particles with
averaged size (r). Thus, if the SHG takes place in efficient way only over a distance (L) of
the material, (1) > (L.) would then imply that there exists no correlation between the second
harmonic waves arising from different particles [181]. Kurtz and Perry considered the net
effect of each single particle (summation on the SHG intensities coming from every particle)
and that of the random orientation (average of the nonlinear coefficient d over the spherical
angles (@, 0)), relating in this way the total SHG intensity in terms of a set of intrinsic

parameters of the (not phase matchable) material itself [97, 181]:

Tow @ (@ILL)EE () > (Lo)
Iow @ (d2) 505 ({r) < (L))

Eq. I-36

where L is the sample thickness. The description for phase-matchable materials follows
a similar analysis. Both behaviors or tendencies are shown in Fig. 1-20. Phase-matchable
materials tend to saturate regarding its SHG intensity for a given ratio (r)/(L.). On the other
hand, not phase-matchable materials are characterized for presenting a maximum on the SHG

intensity for a ratio close to 1.
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Figure I-20. Normalized SHG intensity showing the characteristic trends of two main categories of
nonlinear powders in terms of the averaged particle size (r) and the averaged coherence length (L_).
As reported by Kurtz and Perry in [97]; © AIP Publishing, 1968.
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Chapter 3: Materials Science + Nonlinear Optics

Basics on the synthesis and characterization

Concerning the work done so far in the current investigations, the synthesis of the studied
materials practically summarizes into the successive combination of the following processes:
grinding (high-energy ball milling) and thermal annealing or calcination. In short, the
precursors in the form of powders, lithium carbonate (LioCO3) and niobium pentoxide
(Nb20Os), are mixed in solid phase (RT) and grinded, and then subjected to a thermal
annealing process (calcination). The precursors are bought (Alpha Aesar), and the technique
used in the grinding process is closely related to that of mechanochemical synthesis.

Strictly speaking, mechanochemical synthesis (MS) denotes a grinding process in which
chemical reactions are necessary involved: the simultaneous grinding of more than one
precursor (chemically distinct), so that with the breaking of certain chemical bonds, the
formation of new ones is favored. In the cases when no chemical reactions are involved, as
in the case of the present investigation, where (in principle) the precursors are only grinded,
it is convenient to denote them simply as grinding. However, given the similarity between
concepts and involved variables in each of these processes, the former will be described in
this conceptual framework pertaining the synthesis of the studied lithium niobate (LiNbO3;
LN) powders. On the other hand, to state that no chemical reactions take place in the grinding
process might be not accurate to some extent. Apart from contamination issues depending on
the chemical and physical characteristics of the used vial and grinding medium [1-3], in the
preparation of LN powders (LNPws) by high-energy ball milling the product usually shows
a greyish coloration (before calcination), also observed for LN single crystals after chemical
reduction (near the surface) [4].

Kocksor et al have suggested that the sample darkening is a direct consequence of the
“mechanochemical reduction of Nb (V) via polaron and bipolaron formation, oxygen release
and Li,0 segregation, while subsequent oxidizing heat-treatments recovered the white color
with evaporation of Li,O and crystallization of a LiNb3Og phase instead” [1]. These authors
report a loss of Li at the calcination stage —causing the formation of a more stable LiNb3Os,
a secondary phase highly deficient in Li—, whereas in the present investigation it is sustained

the hypothesis of no loss of Li neither at the grinding stage nor at the calcination one. The
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hypothesis is demonstrated by the self-consistent obtained results, noticing however, that
none of the synthesis processes were exactly reproduced regarding this investigation in
respect to the work by Kocksor et al [1, 5]: not only the temperature conditions and time
intervals in the thermal treatments slightly differ but also the used mill: a Spex 8000 Mixer
Mill was used in [1], in contrast, in here a less energy MSK-SFM-3 mill (by MTI
Corporation) was used. The former type of mill is one of the most commonly used ball mills
for this purpose (the latter one might be considered a generic mill). Interestingly, according
to the experience accumulated within our researching group, the darkening of the samples is
much more obvious when the Spex 8000 miller is used compared to the generic one.

Another common finding, which (again) was not observed in the present investigation,
is the remaining of non-reacted and amorphous materials in the milled powder [6, 7]. This
was noticed ever since the work of De Figueiredo et al, whom might be considered pioneers
in the synthesis of LNPws via mechanical alloying [6]. Of course, these results and those
described in the preceding paragraph, which contrast with the results herein reported, are
subject of scrutiny and further investigation. The preparation of pure LNPws by a
mechanochemical method assisted by a subsequent calcination at relatively high
temperatures has been previously achieved and reported in [8-10].

The basics on the experimental configurations to do the combined analysis resulting
from the depth profiling of the polarization-resolved powder Second Harmonic Generation,
are omitted. Some relevant technical aspects will be treated explicitly in the corresponding

presentation and discussion of the results pertaining this secondary investigation (PART III).

3.1 Mechanosynthesis/Milling

Two main categories exist regarding the grinding mechanisms to produce fine powders. The
first is denoted as ‘volume grinding’, in which the solid particles are pulverized through the
existent collisions between the particles and the grinding medium. Unimodal distributions
regarding the particle size are typically obtained with this type of grinding, as shown in
Figure II-1(top). The second one is known as ‘surface grinding’, where ultrafine particles are
produced from the surfaces of the particles constituting the raw material, resulting from the
existent frictional forces at the surfaces of the solid particles [11]. At this instance, bimodal

particle size distributions are obtained under regular circumstances, that is, an agglomerate
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of particles that share a common size (averaged) and another one with particles being
considerably smaller, schematized in Figure II-1(bottom). Thus, surface grinding is a more
efficient mechanism to produce fine and ultrafine powders, and it is nominally achieved via
the principle of operation of different grinding machines or mills, used in the following
techniques [11]: roller milling, friction milling, ball milling and agitation ball milling. Soon
it will be shown that the grinding mechanism pertaining to MS is that of surface grinding
because, regardless of the utilized mill, this will always be one —or a variant— of the just

above mentioned.
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Figure II-1. Particle size distributions obtained via a grinding process. Reprinted/adapted from
reference in [12]; © Elsevier Inc., 2003.

The process of MS starts at the stage of the preparation of the precursors with the correct
proportions, followed by their mixing and placement into a via/ in conjunction with the
grinding medium. Once the vial has been sealed, it is fixed to the mill and agitated for a
determined time interval, typically the necessary time to reach a stationary state for which
(ideally) the chemical composition of each particle of the milled powder equals the initial
proportion of the precursors [13]. Notwithstanding, this is only a suggestion and not a
necessary condition, given that the milling time is a study variable. This is, without further

ado, the MS process. It can be accompanied with the consolidation of the milled powder into
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a uniform and compact solid, followed by a proper thermal annealing, aiming a designed
microstructure and, thus, certain sought macroscopic properties. Hence, the main
components involved in the MS process are: the raw materials in the form of powders (the
precursors), the mill and the process variables. These will be further described by separate in

the following lines.

3.1.1 Precursors

In general, the powders utilized in MS as precursors are accessible since they are normally
produced at the industrial level and are commercially available. Of low cost and with high
purity. Typically, the particle sizes fall in the range 1-200 um [12, 14]. This is not a critical
parameter, except for the fact that, in principle, it must be smaller than the dimensions of the
grinding medium —usually reinforcing steel or zirconia (ZrO») balls. The characteristic size
of the particles within the powder decreases as the milling time increases, obeying an
exponential law; the value of a just a few micrometers is reached just after a few minutes of
being initialized the process [13]. To avoid chemical reactions inside the vial, the used
precursor might then be: noble metals, master alloys, prealloyed powders and refractory
compounds. In the case which chemical reactions are sought, it is necessary to consider
proper combination of these with compounds belonging to the family of oxides such as
carbides and nitrates, among others [13]. As an example, a common type of reaction that
takes place in MS is:
MO+R->M+R

in which, a metallic oxide (MO) is reduced by the presence of a reactive metal (R:
reducing agent), converting into a noble metal (M). Compounds such as chlorides and
metallic sulfides have been reduced by MS [13]. Several reactions of this sort have been
reported in the literature, for example, see Table 21 (p.126-127) in [13]. Some of these are:

3A20 + 2A1 2 6Ag + AlLO;
CoCly + 2Na = Co + 2NaCl

3Fe304 + 8Al & 9Fe + 4 AlL,O3

27n0 + Ti = 27Zn + TiO»

34



There are no limitations regarding the mechanical properties of the precursors. The
possible combinations are: ductile-ductile, ductile-brittle and brittle-brittle [13]. Moreover, it
is sometimes convenient to stablish the grinding in a liquid medium, denoted as wet grinding
[15-17]. Compared to dry grinding, the wet grinding is considered a better method to produce
fine powders; it is believed that in this process the produced particles absorb the particles of
the solvent at a surface level, thus decreasing the surface energy of the produced particles at
a higher rate [14]. It has also been reported that the amorphization of the powder is achieved

faster under a wet environment compared to a dry one [18].

3.1.2 Mills

Different types of high-energy mills are commercially available. They differ, one from
another, in the load capacity, mill efficiency and the coupling of additional devices for
temperature control. The mostly used mills are classified as vibrational shake, planetary ball
and attritor mills [13, 14]. Since in the present investigation the milling process was carried
out with a mill of the first type, next it is only described the operational principle of this type
of mills.

The SPEX is the vibrational shake mill most used by the community advocated to do
research related to MS; designed and assembled by SPEX CertPrep (Metuchen, NJ) [19].
Figure II-2 shows a photograph of this mill and various of its internal components. A
common variant of this mill is that it has a vial that contains within itself both the sample and
the balls (grinding medium). The vial is tightened with a clamp and agitated at a rate of
several thousands of times per minute [14]. The agitation movement —a sway— is combined
with lateral movements at both ends of the vial, such that it would describe an ‘8’ figure or
infinity symbols in its movement. With the oscillatory movement of the vial, the balls impact
the sample and the ends of the vial, thus simultaneously carrying out two process: grinding
and mixing of the sample. The induced force or transferred energy by each impact is very
high, since given the oscillation amplitude of the vial (~ 5 cm) and the frequency in the
movement of the clamp (~ 1200 rpm), the speed of the balls is high (~ 5 ms™) [13]. The vial
can be fabricated with different materials. Among these the following are highlighted:
reinforced steel, aluminum oxide, tungsten carbide, zirconia, stainless steel, silicon nitride,

agate, plastic and methacrylate [13].
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Figure 11-2. Photographs. Left: typical SPEX 8000 mill in the assembled condition. Right: tungsten
carbide vial set consisting of the vial, lid, gasket, and balls. Reprinted/adapted from reference in
[13]; © Elsevier Science Ltd., 2001: Courtesy of SPEX CertiPrep, Metuchen, NJ.

On the other hand, the only apparent limitation of the SPEX mill, as compared to others,
is its load capacity (~ 10-20 g). The planetary and attritor mills lead it in this point, they are
capable to grind around 100 g and 0.5-40 kg at a time, respectively [13]. However, their main
disadvantage, compared to the SPEX, is a much lower impact frequency of the balls,
particularly the attritor mills, for which the speed of the balls hardly surpasses the limit of
0.5 ms!. For this reason, the planetary and attritor mills are not considered high-energy mills.
The characteristic energy of a mill is relevant, given that as this parameter lessens, the
necessary time to produce the same effect will considerably be extended. Industrial mills
with load capacities around 1250 kg have also been constructed. It is nonetheless important
to bear in mind the milling time. Quoting Suryanarana: “as a rule of thumb, it can be
estimated that a process that takes only a few minutes in the SPEX mill may take hours in an
attritor and a few days in a commercial mill even though the details can be different
depending on the efficiency of the different mills™ [13]. Figure II-3 shows the three different

types of low-energy mills just mentioned.
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Figure II-3. Photographs of low-energy mills. Upper left: planetary (courtesy of Gilson Company,
Inc., Worthington, OH). Bottom left: attritor (courtesy of Union Process, Akron, OH). Right:
industrial (courtesy of Inco Alloys International). Reprinted/adapted from reference in [13]; ©
Elsevier Science Ltd., 2001.

3.1.3 Variables of the process

In MS the optimization of certain variables is involved so that a sought phase and/or
microstructure is ultimately obtained. Some of the parameters that have a net effect in the
characteristics and properties of the milled powder are: type of mill, vial, time and speed of
the milling, grinding medium (composition, size and size distribution), ball-to-powder
weight ratio (BPR), extent of filling the vial, temperature and atmosphere conditions, process
control agent (surfactant), among others. The variation of two or more is not completely
independent: it is well known that the milling time depends on the type of mill, the size of
the grinding medium, the temperature and the BPR [13].

In the subsequent lines, the possible variations —and corresponding consequences— of

some of these parameters are succinctly described; these have been chosen according to their



relevance to the present work of thesis. When a given variable is being treated, it is assumed
that the rest do not have influence on it. Meanwhile it is worth mentioning that in the case of
a SPEX mill, typically 5 g of sample are milled with a cylindrical vial (stainless steel) of 40
mm in diameter and 40 mm in length. Balls made of the same material as that of the vial

usually stand for the grinding medium, with diameters of approximately 12.7 mm [14].

» Milling time: it is the most important of all the parameters. In general, it is
chosen so that an equilibrium is reached between the fracture and cold-welding
processes experienced by the powder particles [13]. The required milling time
for a determined effect depends mostly in the used mill, the milling intensity,
the BPR and the temperature inside the vial. Once these parameters have been
fixed, the required times are estimated according to the sample that is to be
milled. Even though it is possible to perform the process continuously along
large time intervals, it is not recommended to extend this parameter further than
the time just necessary, since the probability of contamination increases with the
milling time [20]. The determination of the required time to obtain the desired
result is, in most of the cases, only empirically done, that is, based on trial and
failure. Yet in the cases in which it is necessary to employ large milling time
intervals (t = 60 min, SPEX mill), it is suggested that the process is performed
discontinuously, that is, programming the mill so that it operates between shorter
time intervals, alternated as follows: milling-pause-milling-pause-milling...
This because the use of the mill in a continuous mode for large time intervals
might cause a nonnegligible increment on the temperature at the surroundings
of the engine and other components of the mill, probably causing a detriment in
the efficiency and/or a breakdown of the mill.

» Grinding medium: the grinding medium must exert a high impact force on the
surfaces of the powder, thus its density should be sufficiently high. According
to the consulted literature, no other representation of the grinding medium has
been found than a set of balls, made of dense material and of different diameter
sizes. The balls are usually made of steel: hardened chromium, templated,
stainless, as well as of tungsten-cobalt carbides [ 13]. Specific cases exist, where

the balls are made of: copper, titanium, niobium, zirconia, agate, ytria-stabilized-
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zirconia (YST), sapphire, and silicon nitride (Si3N4) [13]. The milling efficiency
also depends strongly in the size of the balls: the energy transfer improves as the
size of the balls increases [21-23]. Takacs and Pardavi-Horvarth have reported
that a higher collision energy can be achieved by means of a proper combination
of the diameters of the balls used in the process [24].

Vial: to avoid possible contamination of the powder with more than one
chemical species, the material of the vial must be the same as that of the balls.
Regarding its shape, it has been reported that the process of metal alloying
(without chemical reactions) becomes more effective when flat ended vials are
used instead of concave ended ones [25].

Ball-to-powder weight ratio (BPR): the BPR has a strong influence on the
milling time. One is inversely proportional on the other. For example, in the
milling of a mixture of a Ti-33 at. % Al powder mix with a SPEX mill, the
amorphous phase was obtained in three different pair of variables [26]: BPR
(milling time): 10:1 (7 hours), 50:1 (2 hours) and 100:1 (1 hour). The effect of
the BPR has been studied for values going from 1:1 up to 220:1 [27, 28]. A BPR
10:1 is usually used, considering only the use of a SPEX mill.

Extent of filling the vial: both production and efficiency will be low if the total
mass (balls and powder) inside the vial is too small. On the other hand, when the
vial is too full, less space is left for the movement of the balls and thus the
collision energy is significantly reduced, translating into large milling times.
Extent filling of the vial around 50 % (or less) of the capacity of the vial is
recommended, considering both the mass of the processed powder and the total
mass of the grinding media [13].

Atmosphere: the main effect of this parameter has in the process is its influence
in the contamination of the powder. Thus, to empty out the air, or rather that an
inert gas (Ar or He) is applied into the sealed vials, is a common practice. It has
been found that Nitrogen reacts with metallic powders, so that it is avoided,
unless the goal is the production of nitrides. Argon is the most utilized element

in the milling process, which prevents oxidation and contamination of the
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sample. It has also been reported that the presence of regular air within the vial

favors the production of oxides and nitrides [13].

3.2 Mechanisms in the high-energy ball milling process

In this process the particles that constitute the milled powder are exposed to an iterative
combination of the following mechanisms: flattening, cold welding, fracture and
recombination. Because there is a high mobility regarding the balls, there exist mainly three
types of collisions: ball-ball, ball-powder and ball-walls (the internal walls of the vial).
However, ball-powder-ball type collisions also exist; at some instances a given fraction of
the powder is being pressed by two or more balls. It has been estimated that approximately a
thousand particles with a total (aggregated) mass of 0.2 mg are confined in this type of
collision [13]. This instance is schematized in Figure II-4. At the initial stage the impact force
deforms the particles inelastically. As a result, work hardening and fracture take place at the
surface level. New surfaces are formed, allowing the particles to weld. Thus, an effective
increment of the averaged size of the particles follows. The size distribution widens with
cases in which the new particles can be as three times larger than the original ones [13]. Then,
deformation keeps its pace and the particles harden due to mechanical fatigue and/or
fragmentation of their layers or fragile sheets. The formation of this type of fragments might
continue as far as no significant agglomeration forces exist. This translates into the reverse
effect: an effective decrease of the averaged size of the particles. At this stage, the tendency
of the particles to fragment dominates their tendency to weld [13]. Yet because the ball
impacts continue, the structure of the particles keeps being refined and refined, no matter the
size of the particles remains constant (it repeatedly increases and decreases due to the
mechanism competition above described). Consequently, the inter-layer spacing decreases,

whereas the number of layers per particle increases.
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Figure 11-4. Scheme of the ball-powder-ball type of collision that exist during the high-energy ball
milling process. Reprinted/adapted from reference in [13]; © Elsevier Science Ltd., 2001.

Now, so far only the refinement mechanism of the particles has been discussed. The
chemical reactions between the precursor have not been considered. Assuming the precursors
are oxides, then the particle refinement (and fragmentation) results in defect formation and
in an effective reduction of the diffusion distances. The interaction between the precursors
thus enhances. Moreover, given the formation of new surfaces and interfaces, a substantial
increment in the reactivity of the precursors is achieved [14]. This is what is understood by
the ‘chemical activation’ of the precursors. If the process keeps going on, the chemical
activation will also continue and, at some instance, the necessary chemical reactions for the
formation of a new phase start to appear. If the process still goes on further, it is possible that
other processes also take place, such as nucleation, particle growth and crystalline phase
formation. The formation of an amorphous phase can even occur, which is not other than the
extreme case of defect formation [14]. The localized heat transfer right at the impact zones
(ball-powder-ball collisions) might contribute in this process. This hypothesis is justified by
the fact that even when the temperature inside the vial hardly reaches 100 °C, the in situ
temperature at each impact event can be large enough to activate the solid state reactions (~

> 800 °C) [29, 30].
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3.3 Other methods of synthesis

Conventionally, LN powders are prepared by solid state-reactions between corresponding
oxides (or oxide and carbonate) at temperature above 1000 °C. Although this method is
simple, it may lead to the composition deviation from stoichiometry because of lithium
evaporation at higher temperatures [31-33]. The topic of other non-conventional methods to

produce LN powders of high quality has been extensively discussed by a Chinese group at:

State Key Laboratory of fine Chemicals, Department of Materials Science and Chemical

Engineering, School of Chemical Engineering, Dalian University of Technology, PR China.

This group has mainly focused in soft-chemistry synthesis methods such as sol-gel and
hydrothermal processes [34], combustion method with urea as fuel [32] and wet chemical
synthesis [33]. Within references in [32-34], Liu et al have provided information on other
methods of synthesis for this purpose. Also, a proper discussion on the advantages and
disadvantages of some of these is also presented, as well as other reports on the ones already
mentioned. These are: sol-gel [35-37], Pechini method [38], metal alkoxides [39],
hydrothermal process [40], and the peroxide route [36]. The synthesis of other ferroelectric
powders by similar methods can also be consulted in the literature: chemical coprecipitation
[41-43], sol-gel process [44-46], hydrothermal process [47-50], combustion [51], and molten
salt [52, 53]. Lastly, in PART III —where the results obtained in this investigation are
simultaneously given and discussed— it will be shown that references in [32-34] are central
to the conceived explanation of the results herein presented.

To show the superiority of the mechanochemical-calcination route employed in this
work of thesis, compared to above described, in the lines that follow it will be succinctly
described the method employed by Liu et al in [33]. It is based on the adoption of a kind of
a-carboxylic acid (citric acid) to coordinate with niobium. Quoting [33]:

“The commonest and cheapest starting material used in niobium chemistry is niobium
oxide. If niobium oxide is employed as a raw material to synthesize LN powders, the
production cost would be dramatically decreased, which is of benefit for use in large scale
production. However, niobium oxide shows an extremely high chemical stability, which

reduces its application to a few systems. In contrast, hydrated niobium oxides (Nb2Os-nH>O,

92



often called as niobic acid), are usually obtained as white precipitates with indeterminate
water content [54], which are more reactive than niobium oxides, e.g., they can dissolve in
aqueous solutions of NaOH, oxalic acid, tartaric acid, citrate acids and others [54]”. Hence,
in this method “niobium oxide is first activated into niobium acid, then citric acid is employed
to coordinate with niobium acid to form Nb—citric acid complex. LN precursor is synthesized
through evaporating the water soluble Nb-—citric acid complex and lithium hydroxide.
Finally, pure LN powders are obtained by calcinating the precursors at 600 °C” [33].

As described in section 3.2, in the present investigation the reactivity of the niobium
oxide (Nb2Os) is carried out by means of the high-energy ball milling process (dry
environment). Although the method by Liu et al effectively achieves the use of lower
temperatures at the calcination stage (because a better reactivity of the niobium oxide is
obtained), by employing MS the use of any kind of acids (inorganic or organic) is avoided.
This is advantageous since the use of acids usually implies regulations to the exposure of
hazardous or toxic fumes and vapors (ventilation issues), and thus the following of certain
security protocols. On the other hand, the work by Liu et al is important because the obtention
of a crystalline phase at the lowest possible temperature in the thermal treatment is a subject
of intense research. The main characteristics on thermal or heat treatment can be consulted

in [55, 56].

3.4 Characterization

Quoting Czichos: “whenever a material is being created, developed, or produced the
properties of phenomena the material exhibits are of central concern. Experience shows that
the properties and performance associated with a material are intimately related to its
composition and structure at all levels, including which atoms are present and how the atoms
are arranged in the material, and that this structure is the result of synthesis, processing and
manufacture” [57]. Thus, these main elements, composition and structure, properties and
performance, as well as their correlation, define the main categories of methods to
characterize the materials.

Nowadays a great variety of methods and techniques are at hand to study practically any
aspect of a material. The employment of a method or technique depends, as a starting point,

in the nature of the material, as well as in the goal of the study. Some are more suitable than
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others, can be destructive or not, difficult or not to implement, and some other could be
inaccessible to most due to the complexity of the measurement devices and lack of
infrastructure. As previously mentioned, in this investigation four nondestructive
techniques/methods have been employed to describe the chemical composition (CC) of the
synthesized LN powders: X-ray Diffraction (XRD) + structure refinement, Raman
Spectroscopy (RS), UV-vis Diffuse Reflectance (DR), and Differential Thermal Analysis
(DTA). Scanning Electron Microscopy (SEM) was also utilized to verify that the particle size
distributions do not vary drastically from one sample to another. All these are considered
standard characterization techniques and are nowadays accessible to most potential users,
including the scientific communities in developing countries.

To attempt to discuss in detail all the experimental techniques used in this work of thesis
not only would seem redundant but also is out context. Thus, in the subsections that follow
only the appropriate references where the theoretical and experimental aspects regarding
these five characterization techniques, will be given. In the case of DRX, a succinct
discussion regarding powder DRX —as its theoretical and experimental aspects differ from
single crystals— will be presented. Meanwhile, it is worth introducing the Springer
Handbook of Materials Measurement Methods, which is a comprehensive monograph on the
principles and bases of (almost) any characterization technique [58]. For example, regarding
only the methods and techniques to characterize the CC and structure of a material, the
chapters 4 (p. 105-152) and 5 (153-227) are useful, respectively. Furthermore, it only suffices
a glance to tables 5.1, 5.2 and 5.3 in [58] to notice that they can be a good starting point
whenever a decision must be taken, without previous experience, on which method or
technique is to be used to characterize the structure of a given material. In such reference, the
description of four characterization techniques herein utilized can be consulted in pages (not
DR): (standard) DRX (159-163), powder DRX (181-182), Raman scattering:RS (176-
177:111-112), DTA (586-588), and Microscopy and Topography i.e. SEM/TEM (163-171).

3.4.1 Powder X-ray Diffraction and Rietveld refinement
XRD is a well stablished characterization technique ever since the early 20" century. The
available references (books, reviews and technical papers) discussing its principles and

experimental aspects is just abundant. The book by Cullity et al is a canonic reference
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regarding the fundamental aspects of standard XRD [59]. The book by Compton and Allison
is also recognized as an authoritative reference in this field [60]. A more recent book on
Crystals and Crystal Structures also provides more actualized information [61]. On the other
hand, regarding powder XRD the references in [62-65] are recommended. Also, a book has
been written regarding solely the abstract mathematical basis for powder DRX [66].
Powder DRX differs from that in single crystals (standard DRX) in that the reciprocal
lattice in the powder is fully random regarding its orientation respect to incidence of X-rays
beam. Consequently, the rays diffracted by equivalent crystallographic planes occurs in all
possible directions, forming a cone of common diffraction angle 20, 6 being the incidence
angle with respect to the surface normal (Bragg angle) [67]. The diffraction pattern thus
consists of rings of different diameters (Debye rings), which are correlated to interplanar

distances d, according to the Bragg condition [62, 67]:

2dsenf = ni
Eq. II-1

where 7 is an integer, A the wavelength (~ 10° m), and d the atomic interplanar distance.
Thus, the peaks in the diffraction pattern, well defined and narrow in the case of single
crystals, tend to widen or to broaden for powders. This behavior is known as line broadening,
it is schematized in Figure II-5. Nevertheless, the line broadening is not only due to the small
dimensions and random orientation of the crystallites within the powder. There is also a
contribution from instrumental errors, as well as from the strain distribution [13, 67]. The
instrumental contribution originates from the spatial, angular and wavelength distribution of
the incident X-ray beam, and it can be empirically evaluated by using a standard sample,
usually a large and perfect single crystal such as Si [67]. The line broadening due to lattice

strain is in most cases due to lattice defects such as dislocations [67].
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Figure II-5. Graphical reconstruction of the diffraction of waves by an Ewald sphere in the reciprocal
space, and its corresponding graphical representation of a diffraction pattern. Above: single crystal.
Bottom: for a powder constituted by several crystalline domains with a random orientation.
Reprinted/adapted from reference in [56],; © Springer-Verlag., 2006.

The line broadening is a parameter directly related to the averaged crystallite size.
Scherrer first showed that the average size of the crystallites that constitute a powder, D,

relates to line broadening, 8, by means of the following equation [62-65]:

D KA
~ Bcosb

Eq. 112

with K a constant with a value close to 1, related to the crystallite shape, as well as the
form in which f and D are defined. The angle 6 is the Bragg angle (half the angle in a typical
diffractogram) and A the wavelength of the incident X-ray beam. Care must be taken with the
interpretation of (8, since this parameter differs to the experimental breadth, usually denoted
as B [62]. B is the line broadening due only to the material. Thus, if B, is the instrumental

contribution to the line broadening,  is then defined as [67]:

B =B — Binst
Eq. 1I-3



[ 1s usually associated, statistically, as being equal to the angular part of the Full Width
at Half Maximum (FWHM) of the intensity of given diffraction peak (usually the main
diffraction peak), after f;,s; has been subtracted from the experimental breadth [13, 62].
Other authors associate it with the integral breadth, which is defined as the width of a
rectangle having the same area and height as the line profile of interest [67]. Eq. II-3 is known
as the Scherrer equation, it estimates the average size of the crystallites within the powder.
Short after its deduction in 1918, it was validated based on the independent works by von
Laue, Bragg and Seljakow, among others [62, 68-70]. Its functional form is not altered
according to the interpretation taken regarding the line broadening f, but it does have an
influence on the value of K (a typical value is 0.9) [13, 14].

In the quantitative analysis by DRX (line broadening of the main diffraction peak) it is

important to remind that the averaged crystallite size is determined. Two key words:

» Crystallite: in general, a powder particle is made of several individual particles.
Likewise, each individual particle contains several crystallites, which are
elsewhere defined as ‘coherently diffraction domains’ [13]. The determination
of the average size of the particles can be done be standard optical microscopy
techniques, or of grains in the case of high-resolution techniques. The use of
diffraction-based techniques, such as DRX, allows the estimation of the
averaged crystallite size.

» Average: the main shortcoming of the characterization of the averaged
crystallite size by the determination of the line broadening in powder DRX
pattern, is that is only correct within the range of crystallite sizes of 10-100 nm
[13, 62, 67]. This is reason behind the fact the estimated values do not always
agree with those measured on individual crystallites by Transmission Electron
Microscopy (TEM), capable of characterizing univocally any crystallite,

regardless of its size.

In the determination of the averaged crystallite size by means of the Scherrer equation
(Eq. II-2), reliable results can only be obtained if the proper corrections are made to the line

broadening contributions due to instrumentation and lattice strain. This can imply certain
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technical problems or limitations. Nevertheless, in case these cannot be resolved, for example
not having a standard sample to calibrate the instrumental contribution, the equation still
might be used to do a study of trends; for example, whether the crystallite size tends to
decrease or increase based on the change of certain parameters of synthesis.

Lastly, instead of calculating the FWHM of a single diffraction peak (the most intense
one), the estimation of the averaged crystallite size can be further improved if all the
diffracted peaks are considered, involving the calculation of weighted averaged line
broadening (the full use of the information content of a powder diffractogram). This is
normally done by means of a structure refinement method among which the Rietveld
refinement method is highly used. Originally developed and implemented for neutron
diffraction experiments in the late 60’s, today it has become a standard method in powder
DRX for structure determination and quantitative phase analysis [71-73]. In the following
paragraph the method is succinctly described. This information has been adapted/reprinted
from different parts in [65].

In short, the Rietveld method is a complex minimization procedure: a least squares
refinement procedure where the experimental step-scanned values are adapted to calculated
ones. It uses step intensity data y(i), whereby each data point is treated as an observation. The
profiles are considered to be known, and a model for a crystal structure available. Hence, it
can only slightly modify a preconceived model built on external previous knowledge. The
starting parameters for such a model must be reasonably close to the final values. Moreover,
the sequence into which the different parameters are being refined needs to be carefully
studied. Nowadays the use of program packages specifically designed for this purpose, both
commercial and public, is a common practice. Some of these are (CA: commercially
available; FS (FS: free software): TOPAS (by Bruker; CA) [74], AUTOQUAN (BGMN;
CA) [75], HighScore Plus (Malvern Panalytical; CA) [76], FullProf (FS) [77] and GSAS-2
(FS) [78], among others. With years and the steadily improving of the programs the number
of parameters to be refined has been increased dramatically. In this investigation, the package
X’Pert HighScore Plus from PANalytical, version 2.2b (2.2.2), released in 2006, has been
used [79]. For a deeper introduction to the Rietveld method, references in [64, 65, 80-82]

might be consulted; the book authored by Young is particularly recommended [80].
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3.4.2 Raman Spectroscopy, UV-vis Diffuse Reflectance, Differential Thermal
Analysis and Scanning Electron Microscopy

For the theoretical and technical aspects regarding Raman scattering and Raman
Spectroscopy (RS), a comprehensive review has been written by Pezzotti [83]. This reference
might well suffice for a quick introduction, as well as for a more profound study to these
subjects; practical examples on the explicit morphology of the Raman selection rules
pertaining different crystal structures are worked out and validated. The Handbook of Raman
Spectroscopy (Lewis and Edwards, Eds.; 2001) might also be consulted [84]. Besides the
general approach to Raman scattering based on Quantum Mechanics, a Classical theoretical
treatment might bring a deeper insight of the process, this can be consulted in ‘Chapter 3’ of
the book written by Long et al [85].

Knowledge on the UV-vis Diffusion Reflectance (DR) technique can be acquired by
consulting the work authored by Torrent and Barron [86]. The seminal papers by Kubelka
should also be studied [87, 88]. For Differential Thermal Analysis (and Thermogravimetry
in general), references in [89, 90] are useful. Lastly, regarding Scanning Electron Microscopy

(SEM), references in [91, 92] may be consulted.

Chapter 4: Materials Science + Nonlinear Optics

Experimental

All the experimental procedures done in this investigation are described in detail.

4.1 Synthesis
High purity lithium carbonate (Li2CO3) and niobium pentoxide (Nb2Os), from Alpha Aesar,

were used as starting reagents in a 1:1 molar ratio. The respective masses of the precursors
were determined such that 1 g of lithium niobate (LiNbO3; LN) was produced from the

following balanced chemical equation:

Li2CO3; + Nb2Os = 2LiNbO3 + CO»
Eq. 1I-4
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The resultant product was labeled—and hereafter referred to—as LN-STm (ST:
stoichiometric, m: mixture) because, in principle, a ST mixture was obtained after milling
with a 1:1 molar ratio in terms of Li and Nb. Variations in the chemical composition (CC) of
the final resultant powders were sought by adding, at the milling stage, 1-5% of the mass in
one of the precursors (with steps of 1% with resolution of 10 g) while keeping the mass of
the other precursor constant, in both cases with respect to the masses measured for sample
LN-STm, as shown in Table II-1. In this way, 10 more samples were synthesized and labeled
as LN+1%LiP, LN+1%NbP, LN+2%LiP, and so on up to LN+5%NbP (P stands for
precursor). It must be clarified that the percentages that appear on these labels are not in terms
of the ion species solely, but in terms of the whole mass of the precursors that contain them.

Table II-1. Measured values for the masses of the precursors used in each of the 11 synthesis
procedures.

Sample  Nb20s mass (g) Li2CO3 mass (g) Sample Nb20s mass (g) Li2CO3 mass (g)

LN+5%LiP 0.8989 0.2622 LN+1%NbP 0.9079 0.2498

LN+4%LiP 0.8988 0.2598 LN+2%NbP 0.9167 0.2496

LN+3%LiP 0.8991 0.2574 LN+3%NbP 0.9259 0.2497

LN+2%LiP 0.8990 0.2547 LN+4%NbP 0.9348 0.2498

LN+1%LiP 0.8989 0.2523 LN+5%NbP 0.9438 0.2498
LN-STm 0.8990 0.2498

The high-energy milling was carried out in an MSK-SFM-3 mill (MTI Corporation)
using nylon vials with YSZ balls; a powder:ball ratio of 0.1 was used for each sample
preparation. The milling was performed in 30 min cycles, with 30 min pauses to avoid
excessive heat inside the milling chamber, until 200 min of effective milling time was
reached. Calcination of the resultant materials (amorphous) was done with a Thermo
Scientific F21135 furnace in an air atmosphere. All samples were simultaneously calcined
with the following programmed routine: 10 °C/min = 600 °C for 30 min - 2 °C/min >

850 °C for 120 min > cooling down slowly to room temperature.

4.2 Powder X-ray Diffraction and Rietveld refinement
These patterns were measured in air at room temperature using a Bruker D-8 Advance
diffactometer with the Bragg-Brentano 0-0 geometry, a source of CuKa radiation (A =1.5406

A), a Ni 0.5% CuKp filter in the secondary beam, and a 1-dimensional position sensitive

100



silicon strip detector (Bruker, Linxeye, Karlsruhe, Germany). The diffraction intensity, as a
function of the 20 angle, was measured between 5.00° and 110.00°, with a step of 0.02° every
38.4 s. Sample LN-STm displays a pure ferroelectric LN phase, with Bragg peaks resembling
those of the COD-2101175 card previously deposited with the Crystallographic Open
Database; supplementary crystallographic data can be obtained free of charge from the Web
page of the database [93].

Rietveld refinement was performed using computational package X’Pert HighScore Plus
from PANalytical, version 2.2b (2.2.2), released in 2006 [79]. Instructions in the section
named Automatic Rietveld Refinement from the HighScore Online Plus Help document were
first followed and then adapted for phase quantification of the samples. In short, an archive
with information about the atomic coordinates of LN (“2101175.cif””) was downloaded from
the Crystallopgraphic Open Database [93]. For the secondary phases LiNb3Og and Li3sNbOs4,
ICSD-2921 and ICSD-75264 from The Inorganic Crystal Structure Database were used,
respectively [94]. The archives were then inserted, along with the experimental data, and
Rietveld analysis in “Automatic Mode” was executed, followed by iterative executions in
“Semi-automatic Mode,” in which different “Profile Parameters” were allowed to vary until
satisfactory indexes of agreement were obtained. The averaged crystallite size was also
calculated by Rietveld refinement, following instructions from the Size/Strain Analysis
section; a single lanthanum hexaboride (LaBe) crystal was used in this case as the standard

sample, analyzed with the ICSD-194636 card.

4.3 Raman Spectroscopy

Two Raman systems were employed in this investigation: one custom-made and one of
standard use and commercially available. The former allowed for the set-up of different
experimental conditions in terms of the polarization state of light at the incident-on-sample
and detection stages, including non-polarized, parallel polarized (p), and cross polarized (s)
situations. Adopting the Porto’s formalism, these experimental conditions were: Z(——)Z,
Z(YY)Z,Z(YX)Z.

The commercially available system only featured the non-polarized configuration. It was
a Witec alpha300R Confocal-Raman microscope with a 532 nm source of excitation

wavelength and 4-5 cm™! of spectral resolution. With this equipment, the Raman spectra were
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collected in the range 100-1200 cm™ at room temperature and light incident on the normal
component of the sample with a power of 3.4 mW; a Nikon 10 objective was used to focus
the incoming light on a 1:5 mm spot. An intensity of approximately 11Wcm™2 was delivered
to the sample. The customized open-air Raman system consisted of an excitation beam output
of a continuous wave diode laser at 638 nm wavelength with a power of 37 mW (Innovative
photonic solution). The beam was linearly polarized from variable angle mounting and
transmitted through a beam splitter to focus the excitation beam into the sample by an
aspherized achromatic lens (NA = 0.5, Edmund optics). The excitation spot diameter
measured at the focus point had a ~10 um radius. The collected Raman scattered light from
the sample through the aspheric lens and the beam splitter was focused by two silver coated
mirrors and one bi-convex lens into a fiber Raman Stokes probe (InPhotonics) that was
connected to a QE65 Raman Pro spectrometer (Ocean optics) for a Raman shift range
detection between 250-3000 cm™. In its use for the characterization of the powders, the light
at A = 638 nm was incident at razing angle with P = 10 mW. The Raman spectra were
collected in the range 200-1200 cm™! at RT with a spectral resolution of 8 cm™. In this case,
a laser intensity of approximately 3 kWem™ was delivered to the sample. Due to technical
issues, most of the utilized experimental conditions were different from one Raman system
to another—it is shown how this did not alter the obtained results—, except for the detection

mode which in both cases was fixed at the backscattering-detection mode (see Figure 11-6).
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Figure II-6. Scheme of the experimental configurations used for the acquisition of Raman spectra.
Left: custom-made featuring both configurations, polarized and non-polarized. Right: commercially
available featuring only non-polarized measurements. From left to right: RP—Raman probe, F—
filter, M—mirror, L—Iens, P—polarizer, BS—beam splitter, AL—aspheric lens, PS—powdered
sample, S—spectrometer, O—objective.
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4.4 UV-vis Diffuse Reflectance and Scanning Electron Microscopy
An Ocean Optics USB2000+ UV-VIS Spectrometer and an R400-Angle-Vis Reflection

probe were used to collect the diffuse reflectance (DR) spectra of the samples and an Ocean
Optics DH-2000-BAL Deuterium-Halogen light source was utilized. Commercially available
aluminum oxide (Al,O3) was chosen as the standard reference. Precautions were taken so
that the approximations necessary to apply the Kubelka-Munk Theory were accomplished
[86-88]. These approximations are, mainly speaking, a preparation of the sample being thick
enough so that the measured reflectance does not change with further increasing of this
parameter (avoidance of Fresnel reflection) and an averaged size of the particles being
smaller than such thickness, but larger relative to the wavelength (scattering independent of
the wavelength).

The first of these experimental conditions was fulfilled by using a self-supporting
pressed powder rectangular mount (3 X 3 X 3 mm); in all the experiments, an amount of
approximately 1 g of powder was deposited. The second requirement was fulfilled by
determination of the average size particle in the powders, using a field emission Scanning
Electron Microscopy (SEM), with a JEOL JSM 5600-LV microscope (V =20 kV, at 1500 X,
Mitaka, Tokyo, Japan). The micrographs were analyzed with Image] software: the edge
length histograms were obtained from statistical analysis of at least 200 particles. Lastly, we
followed the recommendation of grinding the powders in an agate mortar for a few minutes
to avoid sample heterogeneity and regular reflection [86]: all samples were grinded for 10

min before measurements.

4.5 Differential Thermal Analysis
The Curie temperatures for the samples LN-STm, LN-+1%NbP, LN+2%NbP, and

LN+3%NbP were measured using differential scanning calorimetry (DSC) equipment
coupled to thermogravimetry (TGA), SDT Q600 of TA instruments. The calorimeter was
calibrated with respect to the copper melting point (1084 °C). The samples were analyzed in
a wide temperature range between room temperature and 1200 °C, at a heating rate of 20
°C/min under a nitrogen atmosphere and using alumina containers. The ferroelectric-
paraelectric state transition was observed around 1050—1080 °C. Subsequently, the samples

were analyzed in four cooling cycles from 500 °C to 1200 °C at the same heating rate, 20
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°C/min, and the process was seen to be reproducible, indicating that there was no permanent

change in the volume of the pseudo-ilmenites.

4.6 Depth profile of the polarization-resolved Second Harmonic Generation in
a pressed and compacted sample of LiINbO; micropowders

In this second and independent investigation, only the powder sample with a stoichiometric
(ST) composition was studied —sample LN-STm. Regarding the sample preparation, instead
of thick sample (hundreds of microns), a rather thin sample of pressed and compacted
powder, about 8 pm thick, has been prepared by gently pressing the micropowder —with an
average particle size of 2.6 um and averaged crystallite size 100-300 nm— and then remove
surplus by gently knocking and edge of the coverslip on which is supported the adhered
powder. We hereafter refer to this prepared sample the “powder-print,” in analogy to a
fingerprint.

For Z-sectioning the second harmomnic response of a LN powder-print, a microscopy-like
experimental arrangement (similar to that in [95]) has been constructed on a vertical plane, as shown
in Figure II-7. At the entrance, light at the fundamental frequency (A=800nm) moves downwards and
passes through a dichroic mirror positioned about 45 degrees respect to the direction of propagation
(z axis). Then it is focused into the sample by 10x objective (OLYMPUS Plan N, NA=0.25) which
is mounted on a motorized translation stage (Thorlabs KMTS50E) with minimum incremental step
of 0.05 pm. The backscattered light at both frequencies is collected and collimated by the same
objective and, re-directed to the dichroic mirror which changes its direction by 90 degrees
approximately. Then it is spectrally cleaned with a high-pass filter to remove any fundamental light,
and properly re-aligned with a set of blue mirrors (i. e. with high reflectance at A=400nm). At the exit,
light propagates again on a horizontal plane and is focused (positive lens, /=5mm) for detection with
a SPEX 500M spectrometer coupled to a photo-multiplier tube working in the photon counting
regime. This is the experimental setup for the depth-profiling of the samples which always precedes
polarization-resolved (PR) experiments. For a PR analysis at different z positions —chosen according
to de depth profile—, the linear polarization at the entrance is rotated from 0 to 360 degrees with half-
wave plate (HWP) put in a motorized computer-controlled holder, while at the detection stage the p-

polarized and s-polarized modes with respect the zero at the entrance, are resolved by using an
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analyzer (fixed in position) and HWP (fast axis positions 0 and 45 degrees), placed before
spectrometer in the following order: HWP-A-S.

detection stage
SPEX 500M spectrometer

. .
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Figure II-7. Microscope-like experimental setup used for the SHG measurements. Left:
schematized. Right: actual picture showing the installation at the laboratory of the Optique Non
Linéaire et Interfaces group, at the Institut Lumiere Matiere, Université Claude Bernard Lyon 1.

As a light source, it has been used a Chameleon Discovery laser system by COHERENT,
featuring 140 fs pulses operating at a repetition rate of 80 MHz, with an average power of about 700
mW at the laser exit for a fundamental wavelength of 800 nm. In here, details on the sample
preparation of the powder-print are given. By gently pressed, it is meant the pressure applied to very
small quantity of powder (about 0.1 mg) by means of putting three commercial microscope slides (1
mm thick according to provider) on top of the powder, without exerting any additional pressure. The
powder is supported in a microscope coverslip (130 pum thick according to provider) and prior to
pressing it is homogenously sliced with an edge of another coverslip. The (8 & 2) um thickness of the
powder-print has been determined by comparing several depth profiles performed by roster scanning
a 10x10 um square (2 um step) with a XY piezo-translation stage. It is being assumed that the
maximum SHG intensity in the profile corresponds to a physical situation in which the beam focus
is at the air/powder interface (z=0). Thus, by depth profiling the SHG intensity of an HWP (which is

made of two different layers of crystal quartz), an estimate of the powder-print thickness can be



obtained by subtracting the zmax position of its profile to that of a profile done on the HWP placed on
top of another coverslip (see Figure II-8). The thickness of the HWP is of 0.5 mm, and because these
optical components have high flatness quality control, this value is precise and thus no uncertainty is
associated to it in the calculations. Adding the HWP-on-bottom configuration, the thickness of the
microscope slide and coverslip are measured to be (1.102 + 0.002) mm and (127 = 1) um,

respectively; these were obtained by roster scanning an area of 50 x 50 pm with a step of 10um.

Crystal On Top Config  Crystal On Bottom Config
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Figure II-8. Schematization of the experimental configurations used in combination with crystal
quartz to determine the thickness of the analyzed powder-print sample preparation.
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Chapter 5: Materials Science

Results on the Chemical Composition of Lithium Niobate
powders

In here, the results on the principal axis of this investigation, regarding only the material
aspects of Lithium Niobate (LiNbO3; LN) powders, are given. These can also be consulted

in the corresponding article recently published [1].

5.1 Powder X-ray Diffraction and Rietveld refinement
The obtained XRD pattern for sample LN-STm (see section 4.1 in PART II) is shown in the

bottom line of Figure III-1. The corresponding pattern of single crystalline LN is in
agreement with the one indexed in COD-2101175 [2]. For all samples, the difference between
the obtained XRD patterns (/.xp) and their respective calculated patterns by means of Rietveld
refinement (/o) is also shown in the upper half of this figure; for the secondary phases
LiNb3Og and Li3sNbOs, ICSD-2921 and ICSD-75264 from The Inorganic Crystal Structure
Database were used, respectively [3]. For all cases, this difference function tends to a
common baseline, so that neither the formation of thermodynamically stable phases (other
than LiNbO3, Li3sNbOs4, and LiNb3Og) nor the presence of one of the precursors in an
interstitial fashion can be deduced, that is, without having been participated in the formation

of one of the involved phases.

318.5
—— LNSTm D —— m =0.1160 £ 0.0148
W LINEO ROR2HNES 9, b = 312.3325 £ 0.7514
_____ i 2 i
et -
= LNt5%NBP = 3184+
R PR R S e -
- -4 —
: -2 <
= 5 - 3183
= - = £
2 : g =
7] LN+S%LIP = Q 3182 .
c * i > &
] = .
b= [
= Q
318.1 !
- . s
- *
P T
I I U o W Vi
T T y T T v T T 318.0 T v —— Y T T v
@ 10 20 30 40 5 60 70 80 480 486 492 498 504 510 516 522 528

29 (degrees) mol % Nb, O,

113



Figure I1I-1. XRD results. Left: experimental pattern of sample LN-STm and, for all samples, the
differences between experimental and their respective calculated patterns by Rietveld refinement.
The central sample, LN-STm, is distinguished from the rest by the solid line. Right: cell volume as
a function of mol % Nb precursor. The edges of the ferroelectric pure LN phase are represented by
the vertical dashed lines.

As seen in this figure, most of the synthesized powders resulted in a pure ferroelectric
LN phase, except for samples LN+4%NbP and LN+5%NbP (blue lines). Figure I1I-2 and
Table I11-1 have been added for a better visualization of this argument. A loss of Li equivalent
to the loss of 5 mol % Li>COs3 could be hastily addressed for the central sample LN-STm due
to the calcination process. Nevertheless, this information can also be interpreted as having
no loss of Li and thus the assumption of a non-ideal sensitivity for the XRD technique must
be taken. In other words, a detection threshold of 5.0 mol % Li>CO3; = 1.4 mol % Nb,Os
exists for ‘seeing’ a secondary phase by the XRD analysis combined with the structure
refinement done in this investigation. This assumption has been considered in this
investigation, thus defining the boundaries that delimit the pure ferroelectric LN phase for
samples LN-STm (L1 excess) and LN+3%NbP (Nb excess). For the calculation of the mol %
equivalence between the precursors, the values for the relative atomic masses of Li and Nb
have been used as presented in the Periodic Table provided by the Royal Society of
Chemistry [4].
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Figure II1-2. XRD patterns close to the boundaries of pure ferroelectric LN phase. Left: under the
assumption of no Loss of Li, sample LN-STm is on the excess of the Li boundary. Right: sample
LN+3%NDP is on the excess of Nb boundary.
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Table III-1. Phase percentages present in the synthesized samples, along with the calculated cell
volumes and relevant agreement indices of the refinement process.

Sample Y % % Cell Yolume Weighted R Goodness of
LiNbO3 LisNbO4 LiNb3Os (A3) Profile Fit
LN+5%LiP 99.9 0.1 0 318.0820 5.82 2.03
LN+4%LiP 100 0 0 318.1917 5.24 1.48
LN+3%LiP 100 0 0 318.1732 5.58 1.50
LN+2%LiP 100 0 0 318.1546 5.60 1.49
LN+1%LiP 100 0 0 318.0787 5.70 1.52
LN-STm 100 0 0 318.1374 5.71 1.57
LN+1%NbP 100 0 0 318.1930 5.52 1.55
LN-+2%NDbP 100 0 0 318.3095 5.71 1.53
LN+3%NDbP 100 0 0 318.3149 5.54 1.65
LN-+4%NDbP 98.2 0 1.8 318.3566 5.54 1.51
LN+5%NDbP 97.8 0 2.2 318.2735 5.54 1.57

The calculated cell volumes are plotted in Figure III-1 (right side) as a function of the
averaged Nb content in the crystallites {(cyp), as calculated by the previous procedure (re-
labeling of the samples in terms of their predicted chemical composition). A clear linear trend
exists for a chemical composition (CC) range of 49.7-52.1 mol % Nb2Os. Hence, for future
reference, it is first proposed the determination of {(cy;) for LN powders (LNPws) in this CC

range with the following equation:

(cap) = (8.6207V,0; — 2692.5216)mol % + 0.5 mol %
Eq. I1I-1

where V,,;; stands for the cell volume in (angstrom)® units, calculated by a standard
structure refinement method. The 0.5 mol % uncertainty is determined by the sum of the
uncertainty associated to the linear fitting (0.14 mol % Nb2Os) and half the longer step in the
Nb precursor (0.53/2 = 0.27 mol % Nb20Os), both multiplied by the square root of the averaged
goodness of fit factor for the six involved samples (v/1.55). The uncertainty associated with
the linear fitting has been determined following several calculations according to Baird [5].

See Appendix A for an example of the calculation of the overall uncertainty.
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5.1.1 Justification of the assumption made in the X-ray Diffraction analysis

The reasoning behind the assumption made can be summarized in three main points. First, a
good agreement can be seen with the phase diagram (Figure I-1), upon which by close
inspection around T = 850 °C, a CC range of approximately 1.7 mol % Nb20Os is deduced for
the pure ferroelectric LN phase. In this investigation the observed range goes from the ST
point = 50.0 mol % (sample LN-STm) to a near-CG point {(cy,) = 53.0—1.4 = 51.6 mol %
(sample LN+3%NbP), that is Acyyrery =1.6 mol % Nb2Os. A direct explanation would not
be found for an estimated range of 4.4 mol % Nb2Os if this assumption had not been taken.
Secondly, under these circumstances it follows that out of 11 synthesized samples, only
samples LN-STm, LN+1%NbP, LN+2%NbP, and LN+3%NbP resulted to have a pure
ferroelectric LN phase. It will be soon shown that, for all the performed studies, unmistakable
linear relationships happen to exist among these samples and their corresponding
experimental parameters (related to the CC); a striking, very sensitive, deviation from these
trends is observed for all samples out of this range, in some cases even under the
consideration only of neighbor samples such as LN+1%LiP and LN+4%NDbP. Lastly, besides
the well-known difficulties to produce single-phase ST LN at temperatures used in solid-state
reactions (T = 1200 °C) [6, 7], much ambiguity can be found in the literature concerning
deviation from stoichiometry in the formation of LNPws at calcination temperatures near T
= 850 °C. Whereas only one work is found to report no loss of Li after two 16-hour reaction
periods at 1120 °C [8], other authors have observed the loss of Li at 600-800 °C within at
least three different investigations [7, 9, 10]. However, these methods of synthesis are very
different from one from the other, except for those in the works published in 2006 (Liu et al.)
[7] and 2008 (Liu et al.) [ 10], which are aqueous soft-chemistry methods. The deviation from
stoichiometry tendency in the formation of LNPws through aqueous soft-chemistry methods,
in comparison to non-aqueous (as in this investigation), has already been identified [11].
Besides, high-energy milling has previously been proposed as a method to prevent loss of Li,
in contrast to Pechini’s method, sol-gel, and coprecipitation [12].

It is also worth mentioning that De Figueiredo et al. [13] had a similar observation in
their investigation: they had a small amount of non-reacted Li».CO3 not detected by XRD, but
only identified after Differential Thermal Analysis (DTA) and Infrared Spectroscopy; the

LNPws were synthesized via mechanical alloying. They explained this observation by
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assuming that the number and size of the LioCOj3 nanocrystals were sufficiently low and small
to not being detected by XRD. Hence, the assumption taken of no loss of Li and the existence
of a detection threshold of 1.4 mol % Nb>Os in XRD might have been justified with these
lines. This detection threshold can be considered unique and expected to change according
to different experimental variables and analysis tools, including spatial and temporal size of
the step during the experiment, brand and model of equipment utilized, as well as the software

used for Rietveld refinement, among others.

5.2 Raman Spectroscopy

Verification of the linear equation for the Raman active mode centered at 876 cm™ [14-16]
was done by using the assembled Raman system (Figure II-6, left side) on bought
stoichiometric (ST) and congruent (CG) LN single-crystal wafers [17]. Even though the
experimental conditions therein described were not exactly reproduced, this could be
accomplished within the given absolute accuracy and, thus, calibration of this equipment
could be done. At this instance, use of the equation for the Raman band located at 876 cm’!
has been done [15, 16]. A detailed description of the phonon branches of single crystal LN
and their assignment can be found elsewhere [18, 19]. No specifications regarding the
resolution of the Raman bands or fitting techniques are given by Schlarb et al. [15] or
Malovichko et al. [16], although these procedures are critical for achieving great accuracy in
the determination of the LN chemical composition (CC) [15, 18-20]. Moreover, it is not
clearly stated whether the complete linewidth (/"), or just the halfwidth, is to be entered in
this equation.

The resolution of this Raman band was explored after normalization of the full
spectra, by two distinct line shape fittings: Gaussian and Lorentzian (see Figure III-3). The
Full Width at Half Maximum (FWHM; ') was extracted from the fitting (Origin Pro 8) and
used in the calculations. Change of the intercept value from 53.29 to 54.8 had also been tried,
as suggested whenever no polished single crystals are available [15]. From all the
calculations performed, it was noticed that only for those (halfwidths) under a Lorentzian fit
and using the intercept value of 54.8, the calculated Li contents follow this equation within
the uncertainty of 0.2% mol, which “govern the absolute accuracy of the described method”

[15]. As shown in Table III-2, the values obtained by this calculation were (c;;) =50.3 mol
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% for the ST wafer and 48.5 mol % for the CG one. Thus, this approach has been adopted
for the investigation with the LNPws. Before presenting these results, one more point needs

to be further discussed.
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Figure I1I-3. Polarized Raman spectra of lithium niobate single crystals, measured with the custom-
made Raman system (no detection of Raman intensity for shifts below 200 cm™). Left: resolution of
the spectra by means of a multi-peak Lorentzian fitting, a good fitting of the band located at 872 cm-
! can be seen. Center: unresolved Raman bands of stoichiometric (ST) and congruent (CG) crystals.
Right: resolution of the spectra by means of a multi-peak Gaussian fitting; in this case, a lesser
agreement can be seen for the band at 872 cm’!. For means of calculations, values from multi-peak
fitting were not used, this type of fitting is here presented only for a better visualization.

Table I11-2. Halfwidths determined by two different band resolution (876 cm™) procedures and Li
contents calculated according to the equation given by Schlarb et al [15] and Malovichko et al [16];
* [=FWHM, these authors do not add the division by 2, it is not clearly stated whether /" stands for
the full width of the band or just the halfwidth. The measurements were done with the custom-made
Raman system under polarization conditions in the experimental configuration Z(YY)Z.

Congruent crystal (48.6 mol%) Stoichiometric crystal (50.0 mol%)

I'2Lorentzian (cm™) 34.1122 24.5301
I'/2Gaussian (cm™) 20.2160 14.6859
ci[mol %] = 54.8 — 0.1837 * (I'/2) [em ]S (£ 0.2 mol%)
CLi, Lorentzian (M01%) 48.5 50.3
CLi, Gaussian (Mo01%) 51.1 52.1
ci[mol %] = 53.29 — 0.1837 = (I'/2) [em™]'5 16" (£ 0.2 mol%)
CLi, Lorentzian (M01%) 47.0 48.8
CLi, Gaussian (M01%) 49.6 50.6

It can be argued that the value of 50.3 mol % for the ST wafer goes out of the uncertainty
range, thus not justifying the implications made above. Nevertheless, it must be noticed that
the experimental conditions used in this investigation are subtly different from those

described by Schlarb et al. [15] and Malovichko et al. [16]. Succinctly, they used an



experimental Z(YY)X configuration (using Porto’s convention [21]), whereas for our case,
given certain technical limitations, a Z(YY)Z configuration was used in this investigation.
Besides, no direct statement concerning the propagation of light along an axis of the studied
crystals is done by these authors, but it can be inferred that they excited along the
crystallographic Z-axis by recalling the condition of zero (or small) phonon directional
dispersion to simplify their adjustments (band resolution) [15]. In the present case, wafers
with Z-cuts were used, upon which light was made to impinge on normal to the surface. The
incident radiation then propagates in a plane containing the extraordinary axis, inducing in
this way short-range atomic forces (extraordinary refractive index) that compete to long-
range atomic forces behind the splitting of longitudinal optic (LO) and transverse optic (TO)
phonons [22]. Significant changes in the Raman spectra of LN single crystals, especially in
the position of the bands located at 153 cm™ and 578 cm™! (red and blue shifts, respectively),
have already been identified and addressed to the overlapping of the LO and TO lattice
vibrations [22-24]. Such an overlapping is clearly a drawback for band resolution, and it
might be the reason behind the discrepancy between predicted and measured values;
interestingly, this is only relevant in single crystals of ST composition.

Application of the same procedure to the synthesized LN powders (LNPws) gives
unsatisfactory results, according to the implications obtained from the XRD analysis (re-
labeling of the samples in terms of their predicted CC, Figure III-1, right side). As expected,
the same occurs if this is applied to the non-polarized Raman spectra, as shown in Table I1I-
3. It worsens by considering the Raman band located at 153 cm™!, where the corresponding
linear equation is used and the Raman spectra are measured with the commercially available
Raman system (Witec), which features the recording of intensity in the range 0-200 cm™'.
However, well defined linear trends can be seen for the calculated Raman halfwidths around
the pure LN ferroelectric phase, but only for the case of the band at 876 cm™ as measured
under non-polarized experimental conditions. For both situations (Witec and self-assembled
systems), the trend is of an increasing halfwidth with decreasing Li content; surprisingly,
despite the great differences between both experimental configurations and conditions
(Figure II-6), both trends are very similar. This feature can also be seen for the positions of
the bands (x.), and it remains for the resultant values of the halfwidths divided by the
positions (/72x.). See Figure I11-4.
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Table I11-3. Li contents calculated by Raman measurements for different experimental conditions.
Equations given by Schlarb et al [15] and Malovichko et al [16] have been used; * I=FWHM, these
authors do not add the division by 2, it is not clearly stated whether /" stands for the full width of the
band or just the halfwidth. The aim of this table is to show that these equations, which describe
lithium niobate single crystals, are not suitable for the case of powders. The Li contents according to
the phase percentage analysis done based on XRD data are given for each sample in between

parentheses.

Sample

cLi (mol%)
Z(YYZ

cLi (mol%)
Z(--)Z
(custom-made)

cLi (mol%)
Z(--)Z
(Witec)

cLi (mol%) Z(— —)Z
(Witec) Equation for band
at 153cm™

ci[mol %] = 54.8 — 0.1837 * (I'/2) [em']"5h

c;; =53.03 —0.4739
(['/Z)IIS,IGI,*

NL+5%LiP (51.4
mol%)
NL+4%LiP (51.1)
NL+3%LiP (50.8)
NL+2%LiP (50.6)
NL+1%LiP (50.3)
LN-STm (50.0)
NL+1%NbP (49.5)
NL+2%NbP (48.9)
NL+3%NbP (48.4)
NL+4%NbP (47.9)
NL+5%NbP (47.3)

51.0

50.9
50.9
50.5
50.5
49.2
493
49.7
49.6
50.1
493

50.7

50.7
50.6
50.7
50.8
50.6
50.2
49.7
49.8
49.7
49.4

50.7

50.8
50.4
50.7
50.9
50.8
50.0
49.9
49.6
49.7
49.5

47.0

47.1
46.5
46.8
46.9
46.5
45.6
46.3
45.7
46.2
46.5
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Figure III-4. Calculated parameters, halfwidth and center of Raman band, by Raman measurements
obtained for different experimental conditions. Upper left: halfwidth as a function of the Nb content
for p-polarized Raman band at 876 ¢cm'; an apparent decreasing trend between these quantities is
pointed out by the dashed red line. Upper right: same as the previous one, but for the non-polarized
band at 153 cm™!, measured with the commercially available (Witec) Raman system; not a trend can
be seen in this case. Bottom left: same as ‘Upper left’, but for non-polarized measurements done
with both available Raman systems; one curve closely resembles the other, despite of the great
differences between both experimental configurations. Bottom right: as in the previous one, the
similarity remains for the center positions of the Raman band at 876 cm™!, for both experimental
configurations.

Figure III-5 (right side) shows how this /7/2x. parameter relates to the Nb content of the
synthesized powders, as determined by XRD analysis. Given the similarity between the
results obtained by both experimental configurations, this graph represents the average of
such results. For sample LN-STm, the Raman spectra measured with the Witec system are
shown in Figure I1I-5 (left side); these closely resemble those obtained in polycrystalline LN
by Repelin et al [19].
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Figure I1I-5. Results obtained by Raman Spectroscopy. Left: non-polarized Raman spectra of the
central sample LN-STm. Obtained with the commercially available Raman system. Right: linear
trend upon which Eq. III-2 is based for the case of band resolution with a Lorentzian fit. The points
represent the averaged calculated data from those obtained by the two distinct Raman systems.

As the resolution of this Raman band (876 cm™') by means of a Gaussian fitting does not
entail significant changes either, the following equations are proposed for the determination

of (cyp) in LNPws:

I;
(cnp)L = <256.4103 * (i) + 43.5385) mol % + 0.4 mol %
[
I
(cap)g = <588.2353 * (g) + 42.7059) mol % £ 0.5mol %
[

Eq. I1I-2

where I stands for the FWHM in cm™! of the Raman band around 876 cm!, resolved by
linear fitting either using a Lorentzian or a Gaussian line shape, x. denotes the center of this
Raman band. Normalization of the full Raman spectra precedes the linear fitting and,
regardless of the line shape, enlargement around this band is suggested, extending as much
as possible (precise determination of the baseline) and applying a single or double-peak
fitting, rather than performing a multi-peak fitting of the full Raman spectra. Like in the XRD
analysis, the uncertainty is determined by summation over half the longer step in the Nb
precursor (0.53/2 = 0.27 mol % Nb20Os), the uncertainty associated to the linear fitting (0.12
mol % Nb20s (0.23 mol % Nb2Os) for the Lorentzian (Gaussian) case, and dividing by the

square root of the averaged (five involved samples) reduced y° fit factor obtained in the



resolution of the band v0.9823 (v0.9866). Once more, the uncertainty associated to the
linear fitting is determined following several calculations according to Baird [5].

The fact that the trend remains linear is not surprising. Scott and Burns [8] have
previously demonstrated this, based on experimentation; showing in this way that the Raman
spectra from poly-crystalline LN inherits the essential features of those from single crystal
LN [25]. Conceptually, this can be understood by recalling the intrinsic nature of LN to
deviate from the stoichiometric point. Under regular circumstances, LN contains high
amounts of intrinsic defects such as anti-site Nb ions (Nbvi), which are compensated by their
charge-compensating Li vacancies (Vi) [26, 27]. Such a substitution mechanism imposes
fundamental changes on the electronic structure, inducing in this way, variations in the
macroscopic dielectric tensor of LN [15]. Yet, because in this substitution mechanism the
gradual Nb increments are proportional to the decreasing of Li, the variations of the dielectric
tensor are expected to be linear as far as the Nb-Li interchange is sufficiently small. Lastly,
interestingly it can be noticed that the graph in Figure I1I-4 (bottom right) is akin to those
reported by Doyle and Forbes after application of the method of continuous variations to
determine the stoichiometry —that is, the coefficients within a chemical balanced equation—
of solid products in inorganic solid-solid reactions by Diffuse Reflectance measurements
[28]. Further investigation on this observation could bring new insights into the subject of
the determination of the CC of powders, at least within the categories of oxides and/or

materials adopting a perovskite-like structure.

5.3 UV-vis Diffuse Reflectance and Scanning Electron Microscopy

The sensitivity of the chemical composition (CC) of LN to the fundamental band gap or
fundamental absorption edge has been previously reported for LN single crystals [29, 30].
Kovacs et al have given a corresponding linear equation with different sets of fitting
parameters, depending on the character of the refractive index (ordinary and extraordinary)
and the definition of the absorption edge (either as corresponding to a value in the absorption
coefficient of 20 cm™ or 15 cm™) [30]. There is no point in using this equation to describe
the CC of LN powders (LNPws) since these terms (refractive index and absorption

coefficient) make no sense when related to powders.
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In this investigation, the direct measurements of the Diffuse Reflectance (DR) spectra
for the 11 samples are transformed to the Kubelka-Munk or remission function F(R),
straightforwardly with the acquisition software (Spectra Suite). Since this function is a proxy
of the actual absorption spectrum [31], these data are used to find the fundamental absorption
edge for all the samples. For practical purposes, a direct band gap is assumed for LN —
noticing that it could also be assumed to be indirect [32]. Thus, under this assumption, the
fundamental band gap is proportional to the square of the remission function, as is shown in
Figure III-6 (left and central). The Nb content of the LNPws is linearly related to the
fundamental band gap E, (Figure III-6, right side). Eq. III-3 allows then to accurately

determine the Nb content of a determined sample, in terms of E, (in eV units).

(cap) = (3.9078 % E; + 34.6229)mol % + 0.4 mol %
Eq. I11-3

=
=

— 4 4.8
— LiMbo. I} { —— LN-STm (E.=3.87 eV} —_
1 it - f EHpaNEE: L DL . 4.5 ™ = 0.2559 £ 0.0365

o LiNbCly + Lighba, | SIS S AT 0E
= 0.8 3TEaTEg i | LMN+2%MbP| b =-73 5168 + 00490 % 4 b =-8.8600 £ 1.8616
" | UINb0 + LiNbgTlg | | 24 @ 444 5 o
— i1¥ ~ - x|
[ = o 434 .
- E ] D 42] "
@ il - L]
M 04 —_ @
= o 414
] ] & 7
E 14 m 4.0
5 924 . _g "

Ln & ad
= " y: / ] 1

0.0 AT T e S b T T T T T T T 2 38 ————T——T—T— T
3.5 36 3.7 3.8 39 4.0 41 4.2 43 4.4 45 46 3.2 34 36 33 40 42 44 48 48.0 48,6 49.2 49.8 50.4 51.0 51.5 52.2 52.8
band gap energy (eV) band gap energy (eV) mol % szos

Figure I11-6. Graphics derived from the analysis of the data obtained by UV-vis Diffuse Reflectance
measurements. Left: normalized Kubelka-Munk or remission functions in terms of the energy of the
light in eV units. Central: demonstration of the determination of the onset for sample LN-STm
(assuming a direct interband transition) to determine the fundamental band gap energy. Right:
fundamental band gap energy as a function of mol % Nb precursor.

On the other hand, the interaction of light with matter at a fundamental level must be
considered in the DR and Raman Spectroscopy techniques. In other words, because of the
ubiquitous randomness of the media, strong scattering effects are present in both Rayleigh
(crystallite size) and Mie scattering (particle size) regimes. The study of the intensity and
angular distribution of the scattered field by the powders has not been done on this
investigation, however, certainty of the results obtained by these techniques is expected under

certain limits if no large variations in the crystallite and particle average sizes are found.
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Considering all the synthesized samples, the resultant average crystallites are distributed in
a 100-300 nm range, with overall mean and standard deviation values of 157 and 58 nm,
respectively. Also, for four randomly chosen samples, the distributions in particle size were
determined by statistical analysis of micrographs obtained by Scanning Electron Microscopy
(SEM). The obtained distributions were very similar and the centers (x.) of these distributions

fall within a band 1 pm thick, centered at 2.6 um, as shown in Figure I11-7.

[ LN-STm
—— X, =226%0.09um

Zoku * - 18 m IEUNAM

particle size (um)

T T T T
LN+4%LiP LN+2%LiP LN-STm  LN+4%NbP

sample

Figure III-7. Information derived from SEM. Left: micrograph of sample LN-STm. Upper right:
particle size distribution for sample LN-STm. Bottom right: centers of the particle size distributions
obtained for four randomly-chosen samples.

5.4 Differential Thermal Analysis

Regarding the ferroelectric-paraelectric phase transition, a change in the crystalline structure
of LN occurs in which the symmetry of the system increases [26]. This second-order phase
transition is described by the Landau order-disorder theory, where a finite discontinuity in
the heat capacity of the system having this transition has been addressed as a direct
thermodynamic consequence [33]. Figure III-8 (left side) shows the difference in temperature
between the reference container for each of the studied samples; with this technique, only

samples presenting a pure LN ferroelectric phase have been investigated. The Curie
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temperatures are determined by the extrapolated departure from the baseline, these being
plotted in Figure III-8 (right side) in terms of the Nb content. A nonlinear quadratic trend
better describes this relation, with fitting coefficients A = 18623.560, B = -667.969, and C =
6.383; as expected, this is also the case for LN single crystals [34]. Nevertheless, use of the
linear fitting coefficients is done in the analysis that follows, so that a simple calculation of

an uncertainty value follows by use of Eq. I1I-4, where the Curie temperature Tc is in Celsius.

(cap) = (—0.0515 * T, + 110.8505)mol % + 0.4 mol %

Eq. 111-4
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Figure III-8. Thermometric results. Left: Curie temperatures as a function of mol % Nb precursor.
Right: obtained curves for samples within the pure LN phase. The Curie temperatures are determined
by extrapolation of the departure from the baseline.

Use of this equation gives an estimate of Tc = 1181.56 °C (1153.41 °C) for a ST (CG)
powder, whereas with the quadratic expression it is of 1182.61 °C and 1153.01 °C,
respectively. These values vary in no more than 0.1%. Regarding single crystals, a variation
0f 0.7% can be found for the Curie temperatures calculated for these CCs, by use of equations
reported in two independent investigations [34, 35]. Using the equation given by Bordui et
al. [35], the calculated values are Tc = 1206.47 °C (1149.83 °C) for the ST (CG) crystal.
Thus, contrary to what was believed, not a unique description of the LN CC regardless of its
version (powder or single crystal) can be formulated by Differential Thermal Analysis (DTA)
neither. This observation of the Tc being lower for ST LNPws with respect to ST LN crystals,

has been previously noticed [36]. A straight explanation of this subtlety cannot be found



nowadays in the literature. A classic theoretical development shows that the energy of the
vibrations within the structure is the dominant contribution to the heat capacity—if the elastic
response of a crystal is a linear function of the applied forces [37]. Thus, it is inferred that
this might be explained under consideration of anharmonic crystal interactions, that is,

phonon-phonon coupling. Still, further investigations on these matters are needed.

5.5 Grinding of a single crystal

The bought single crystal with stoichiometric (ST) composition, described above, was turned
into powder with ST composition. Low-energy grinding with an agate mortar was employed
discontinuously in several steps until an averaged particle size of 1.6 um (checked by SEM)
was reached. In some instances, commercial acetone (purity = 99.5%, Sigma-Aldrich) was
used to ease the grinding, especially during its initial stages. Verification of Equations III-1
and III-2 was sought by repeating the experimental procedures performed on the synthesized
powders; in the case of Raman Spectroscopy (RS), only the commercially available system
(Witec alpha 300R) was used.

The results obtained are shown in Table III-4. While RS does imply a chemical
composition according to what was expected, stoichiometrically (50 mol % Nb2Os), the
structure refinement does not. This can be attributed to changes of the lattice parameter
(lattice distortion) due to a variable local lattice strain frequently observed in nanocrystalline
materials, induced by excess of volume at the grain boundaries [38]. Remarkably, the
powdered single crystal differs from the synthesized powders in the averaged crystallite size:
whereas on the latter, a myriad of nanosized crystals (100-300 nm) form large particles of
the order of 2-3 um (see Figure III-7, bottom right), on the former it can be argued that
crystallite size equals the particle size; actually, the applied Rietveld refinement for the
calculation of the averaged crystallite size of the grinded crystal did not converge. These
implications must be confirmed and scrutinized by further investigation. Lastly, since Eq.
I11-2 is strongly dependent on the XRD analysis (re-labeling of the samples in terms of their
predicted CC), the Raman results shown in Table III-4 demonstrate the reliability of the
method.
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Table I11I-4. Estimated chemical composition for the grinded single crystal.

Experimental Measured parameter Associated error Equation Nb content
technique parameter utilized (mol %
Nb20s)

XRD + Rietveld Cell volume: Goodness of Fit: 2) 48.2
refinement 317.9234 A° 1.8756
Raman I/xe: Reduced ¢?: (3), Lorentz 50.2
Spectroscopy 45.3038cm™/873.9676 cm™! 4.70x10%° fit

I/x.: Reduced y?: ), 50.1

21.8202cm™/874.1964 cm’! 8.38x10¢ Gaussian fit

5.6 Equations in terms of the averaged Li content in the powders

It is acknowledged that in contrast to pioneering works (on LN single crystals, references in
[14-16]), the Equations III-:1-4 here give the averaged Nb content in the crystallites {(cy;)
instead of (c;;). Although a simpler comparison with data in the literature could have been
attained by putting these equations in terms of (c;;), it was decided to do it in terms of (cy})
because of a simpler interpretation and association with a phase diagram describing LN, like
that given in Figure I-1. It has been noticed that most of the phase diagrams existent in the
literature to describe LN, not to say all, are presented in terms of Nb2Os mol %. This is readily
understood since even in the fabrication of large LN single crystals, melts of Nb2Os and
another compound containing Li are used [26, 38]. The equivalent equations in terms of {c;;)

are:

(L) = (—7.6453V,,;; + 2482.2171)mol % + 0.5 mol %

Eq. III-1*
I
(cuidy = (—259.0674 x <2x ) + 56.8135) mol % =+ 0.4 mol %
Cc
Ig
(cLide = (—588.2353 x <2x ) + 58.0412) mol % =+ 0.5 mol %
Cc
Eq. I1I-2*

(i) = (—3.9602 * E; + 65.5987)mol % =+ 0.4 mol %
Eq. 11I-3*
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(c;) = (0.0519 * T, — 11.3805)mol % =+ 0.4 mol %
Eq. [1-4*

Chapter 6: Nonlinear Optics

Results on the depth profile of the polarization-resolved
Second Harmonic Generation in a pressed and compacted
sample of LiINbO3 micropowders

The Second Harmonic Generation (SHG) intensity profile obtained from Z-sectioning the
powder-print is shown in Figure III-9 (left side). The step is of 2 um, a power of 0.5 mW was
measured before the objective, and the exposure time of the photomultiplier was of 1 s. The
data is plotted as obtained. No z-correction is needed as in [39] for the case of single
nanocrystals measurements. Because this plot is symmetric, itself represents the squared
intensity profile of the fundamental beam (Gaussian) and thus a Lorentzian distribution fits
satisfactorily with parameters yo =-0.0411, xc = 0.0012, w = 0.02996, and A = 0.05018. To
get information on the scattering properties, the same treatment is applied as in [39]: the
plotted data is considered a convolution integral resulting from the convolution of an arbitrary
Lorentzian function (impulse response function) and an exponential function (sample
response function). Hence, by deconvolution a decaying exponential function is obtained
(Figure III-9, right side), which describes the optical extinction of light at the harmonic
frequency according to the Beer-Lambert law. Since no absorption is present, the scattering
length or mean free path /= (14 £ 2) um is extracted from the fitting. This means that light
tends to scatter more forwardly, as observed typically on the Mie scattering regime (R>>\)
[40]. The collected SH light thus corresponds only to a small fraction of the scattered light,
the backscattered one, differentiating in this way the SHG from the bulk at all instances.
Hence, the surface properties of the powder-print can readily be probed at the air/powder

interface and at layers beneath it, down to the powder/substrate interface.
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Figure III-9. Intensity profile of the powder-print sample preparation (powder with a ST
composition). Left: Z-sectioning with a 2 step. Right: after deconvolution, obeying a decaying
exponential function according to the Beer-Lambert law.

Figure III-10 shows the polar plots extracted from the polarization-resolved (PR)
experiments done at the air/powder interface (z=0) and at two consecutive positions to both,
above and beneath this plane, as shown by the scheme on the inset. These have not been
corrected for distortions caused by the dichroic mirror, as pointed out in [41]. Correction
could have been done by means of recording the polar plots of a known reference sample
with and without the dichroic mirror; this is in the process of being done by collaborators
from France. We also recall that the used 10x objective has a sufficiently small numerical
aperture (0.25) so that polarization distortion effects can be neglected [41], while this NA is
large enough to neglect a significant contrast between the phase-matched SHG arising from

properly oriented crystallites and the most probable non-phase-matched SHG that arises from

a larger number of randomly oriented crystallites [39]. For lower numerical apertures [ I(,fww) >

I(Zw)

vpu o this dramatic difference becoming small for a NA=0.3 has been attributed to the effect

of the material coherence length /. becoming small relative to depth of field, set by the NA
of the objective and the wavelength incident on it [39]. On this investigation, the depth of
field has been calculated to be of approximately 15 pm for the fundamental wave (A=800
nm), as being twice the Rayleigh range, which is determined by measuring a beam waist

radius at the focal plane of @o= 1.4 um. On the other hand, for bulk single LN crystals it has
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been roughly estimated that /. = 5A [42], resulting thus on a /I ratio of nearly 4. Lastly,
influence by the Gouy phase shift on the results is also discarded for this low NA [39].
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Figure I11-10. Stack of the characteristic polar plots obtained after polarization-resolved experiments
done at different Z positions of the beam focus, showing the sensitivity of SHG to surface properties
of powdered samples. A corresponding scheme displaying the possible physical situations has been
drawn in the inset.

Let us focus first on the results obtained for the analyzer set at 90 degrees with respect to the zero
position of the incident-on-sample linear polarized light (red data points). A full 90° rotation in the
counter-clockwise direction is observed as the focal point translates 4 um from the z=+4 plane to the
7=0 one, passing through intermediate positions. The sense of rotation is reversed as the focal point
moves further into the sample, and the initial polar plot at z=+4 is almost recovered for a physical
situation where the focal point is close to the bottom of the powder-print at z=-4. Hence, it seems that
the coupling of both surfaces of the sample to their respective surroundings have been probed. At the
edges of the sample this coupling varies according to the change in refractive index ratio
Nsurrounding/Npowder, hOWeVeT, it also appears to vanish for z=0 which has been previously defined as the
air/powder interface. Thus, the layer at z=0 looks more like it to be the physical center of the sample
(separated enough from both edges), a situation that would imply that the maximum SHG observed
in Figure III-9 (left side) corresponds to the SH light collected from a layer 4 pm beneath the

1



air/interface. Such an implication might seem natural if it is considered the existence of Weak
Localization of light or Coherent Backscattering (CBS) [43, 44]; for an effective constructive
interference between the incident photons at the second harmonic frequency and the counter-
propagating ones, it is admissible to think that incident photons must penetrate the random media
first, and secondly, they also must have enough energy to participate in several scattering events. This
argument will be further discussed below.

The five polar plots in Figure III-10 have not been normalized to the maximum SH intensity on
purpose. According to Knabe et al, the differences in intensity can be addressed to the size and
orientation distributions of single LN nanosized crystals. Only the former being closely related to the
minimum, whereas both to the maximum [45]. This can be further extended to powders made of a
myriad of crystallites, in this case however the characteristic dipole moment emission pattern is not
addressed to the polarization of incident light lying on the a-axes of a single (nano) crystal, but to a
net macroscopic polarization of an ensemble of crystallites resulting in an overall polar distortion
along the direction of the characteristic double-lobe plot. As it can be seen in Figure III-10, a constant
minimum SHG intensity of approximately 175 counts remains for all instances, except perhaps for
the case z=0. This agrees with the small dispersion in the distribution of average crystallite sizes,
determined to be of 100-300 nm by Rietveld refinement; as previously stated by Knabe et al, the
minimum values in a polar plot obtained by polarization-resolved-SHG (PR-SHG) is a “hard
benchmark” to test the SH response of single nanocrystals [45]. Likewise, a variation is indeed
observed for the maximum value that goes from 300 to 700 counts approximately, accounting for a
larger spread of possible orientations of the crystallites. Noteworthy, at z=0 the difference between
maxima in minima is less evident, compared to the other planes, implying a smaller distribution of
orientations.

Considering the re-definition made above, that is, the z=0 plane being the physical center of the
powder-print, this implies that the crystallites closer to the edges are more easily randomly oriented
than those that have been more compacted inside the powder. In other words, at the center of the
sample it is more likely to exist a single-type of domain in which most of the crystallites are oriented
along a common axis, this being induced doubly by the exerted pressure on both ends, although it
was gentle. This interpretation of results agrees satisfactorily to previous results highlighted in [46].
In fact, by taking into account the 90° full rotation of SH response with the HWP at the detection

stage, it can be seen that the obtained polar plots in this investigation (in red color) are identical in
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orientation to those presented in figure 8 in [46]: the horizontally oriented (vertically in here)
addressed to the probing of a single c-domain state emerging from a large strain in PbZro2TiosOs
ultrathin films (less than 60 nm thick), while the vertically oriented (different from vertically in here)
to a mixture of a-/c- domain state, a coexistence which results from strain relaxation (film thickness
above 60 nm) and the c-domains nucleating either from the top or the lower interface. In the present
investigation, both the maximum and the minimum intensities at z=0 being less than the
corresponding maxima and minima to the other planes can be attributed to a slight difference between
the 90° axis of detection and the direction of net macroscopic induced polarization at this layer; the
maxima and minima at the other planes are larger because in those cases the other orientations of
crystallites, absent at z=0, contribute as well to the overall SHG.

The results obtained for the analyzer set at 0° with respect to the zero position of the incident-
on-sample linear polarized light (blue data) are rather intriguing. Identical patterns to those in red
color were expected but rotated 90°. Although the appropriate characteristics of the material and
experimental conditions are unknown, it is possible that the prepared powder-print acts as an efficient
HWP for light at A=400 nm. For example, it has been reported that a 3 pm thick particle of calcite
suffices to have an HWP for light at 1064 nm [47]. Thus, any linearly polarized light at the harmonic
frequency that enters the HWP with a polarization angle of 45° respect to its fast axis would emerge
as a circularly polarized light. This would explain both the form of the polar plots in blue color and
the larger SHG intensities compared to the other polarization channel. It is interesting that, according
to this conceptual frame, the polarized SH light emerging from the sample emerges at fixed angle of
45° with respect to the zero polarized state defined at the entrance of the setup, irrespective of the

angle of linear polarization of the fundamental wave.

6.1 Determination of the powder-print thickness and the possibility of the
observation of Coherent Backscattering at the harmonic wave

In the corresponding experimental section pertaining this second investigation (section 4.6), it
was mentioned that the (8 + 2) um thickness of the powder-print has been determined by comparing
several depth profiles performed by roster scanning a 10x10 pm square (2 pm step) with a XY piezo-
translation stage. Again, this was done by use of half-wave-plate (HWP), which is a crystal quartz
made of two different layers: the thickness of the powder-print could be estimated by depth profiling
the SHG intensity of the HWP and subtracting the zmax position of this profile to that of a profile done

133



on the HWP placed on top of another coverslip, as exemplified in Figure II-8. Besides it was needed
to do the estimation, also to test this method, the thickness of the coverslip (and a thicker microscope
slide) was determined in this fashion and compared to values given by the corresponding providers,
giving satisfactory results. The obtained profiles for the crystal-on-top and crystal-on-bottom

configurations are shown in Figure III-11.
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Figure III-11. Depth profiles obtained for both experimental configurations to determine the
thickness of various elements including the powder-print. Left: thin coverslip. Right: thick
microscope slide.

The sensitivity of SHG to measure a high contrast at the microscale can also be noticed by means
of Figure III-12. On this instance, a thick powder sample was prepared and incised on purpose with
an edge of a coverslip. The furrow could be tracked with the very same method used to determine the
thickness of the powder-print, coverslip and microscope slide; in this case, however, only a lower

limit on the thickness of the sample can be determined since no external aiding object is used.
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Figure III-12. Aiding figure to show the surface sensitivity of SHG Z-sectioning. Left Top: picture
of the prepared powder sample, which was incised on purpose with an edge of a thin coverslip. Right
top: typical stack of profiles extracted from the roster scan and for a fixed y-position. Left central:
reconstruction of the surface within a 400x400 pum rectangle. Right central: mapping of the
normalized SHG intensities within a 400x400 um rectangle. Left bottom: reconstruction of the
surface within a 200x200 um rectangle. Right bottom: mapping of the normalized SHG intensities
within a 200x200 pm rectangle.

Now regarding the possibility of the observation of the phenomenon of Coherent Backscattering
(CBS) —implying Weak Localization of light conditions—, a striking result is herein described. For
another powder-print sample preparation (not the same as in Figure I1I-9 and Figure I1I-10) and by



simple modification of the experimental apparatus (insertion of a closed iris laterally, before the lens
at the detection stage, see Figure 1I-7), it has been able to observe what appears to be the CBS
characteristic cone for the harmonic light (A =400 nm). Notwithstanding, this result is not considered
as conclusive, given the known difficulties to experimentally achieve CBS for photons at the
harmonic frequency created in a medium which is both nonlinear and disordered [48, 49].

The apparent CBS cone is shown in Figure I1I-13. It was observed for a z=0 position, located
after performing a depth-profile. Several measurements had to be performed at this position, so that
the resulted signal could be effectively averaged on sample rotation along the optical axis, avoiding
this way noise of the results due to speckle. The polarization state of light is disregarded both at the
entrance and detection stages. From the FWHM of the cone, the transport mean free path [g~ 30 um
is calculated from a simple linear equation given elsewhere [43, 50]. On the other hand,
deconvolution of the depth-profile gives a scattering length of /= 53 um, having thus an asymmetry
parameter of g = (cos ) = 1 — [, /15=-0.77 which describes anisotropic scattering of light which
favors backscattering [40]. This might be the reason the CBS cone could be observed, and
interestingly, an almost equal value of /= 51 um was extracted from the deconvolution of the depth-
profile of a thicker powdered sample of approximately 200 um. Thicker samples of powder are
known to ease the visualization of the CBS cone, but on this instance somehow the preparation a
thinner powder-print (8 pum) allows for it. Thus, the powder-print might enhance coherent
interference between propagating and counter-propagation photons at the harmonic frequency. We
also recall that the powder-print sample preparation to which Figure III-9 and Figure III-10
correspond to, a /=14 um was calculated, and if 3= 30 um holds for this sample preparation, then g
~(.53. This describes a situation in which light is scattered more to the forward direction, as discussed

above. Further investigation on these issues is needed.
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Figure ITI-13. Characteristic CBS cone obtained for a powder-print sample preparation, measured
at the harmonic wave A = 400nm.

Conclusions and perspectives
FIRST INVESTIGATION-LITHIUM NIOBATE:

Despite the increasing interest in lithium niobate powders (LNPws) due to their importance
in possible applications in actual and future nanooptoelectronic devices, as well as the facility
to produce them in large quantities, an accurate and trusting method to determine their
chemical composition (CC) does not exist, to the best of my knowledge. Therefore, in this
work a first step is given in this direction by developing a facile method based mainly on
imposing X-Ray Diffraction (XRD) as a seed characterization technique. Raman
Spectroscopy, UV-vis Diffuse Reflectance and Differential Thermal Analysis enrich this
work, representing various alternatives for the independent and accurate determination of the
CC of LNPws. An empirical equation that describes this fundamental property in terms of a
corresponding experimental parameter is given for each of these four characterization
techniques.

I wish to underline here the main aspects of the method. It is primarily based on the
quantification of pure and secondary phase percentages by XRD, followed by Rietveld
structure refinement. Secondly, relying on the LN phase diagram, the CCs of the studied
samples are inferred, and thereafter labeled in terms of the Nb content in the crystallites.

Lastly, having done this, any of the mentioned characterization techniques can be used to
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relate such a labeling with their corresponding experimental parameter. In the case of a user
who wants to determinate the CC of LNPws only, he/she would only need to perform the last
step and make use of any of Equations III-:1-4 (or in terms of the Li content, Equations III-
1*-4*), respectively. On the other hand, in the case of wanting to describe other powders
apart from LNPws, the whole method (three main steps described above) might be further
applied inasmuch as akin materials are to be investigated, lithium tantalate (LiTaO3) powders
for example.

The validity of this methodology is proven self-consistently with the determination of
the CC of several samples, where the content of Li and Nb is varied in a controlled way.
However, the main shortcoming of this investigation is the large uncertainty associated with
Equations III-:1-4. Rigorously, they should not be used for a practical composition
determination and, instead, it only could be stated with more confidence that, by using these
equations, the composition of a LN powder would be closer to the stoichiometric or
congruent compositions, or rather in an intermediate state.

Both the resolution and the associated uncertainties of this methodology can be
significantly improved by analyzing larger quantities of powder. As mentioned in the details
related to the uncertainty calculations, the major contribution to uncertainty emerges from
the determination of the boundaries of the pure ferroelectric LN phase: determined by
dividing the Acpyrery = 1.6 mol % Nb2Os by three increasing steps of Nb content, and then
dividing by 2 (0.53/2 = 0.27 mol % Nb20s). The associated uncertainty to Equations III—:1—
4 can be significantly reduced if a larger number of samples are synthesized in this range,
which can be more easily achieved if larger quantities of powder are prepared. As an
example, it is expected that by synthesizing approximately 10 g of powder, around 40 points
would be available for analysis if the increasing step is fixed at 0.1% in the mass of the Nb
precursor, resulting in a decrease in the overall uncertainties of about 50-80% (noticing that
the uncertainty associated with the linear fitting would also be reduced significantly).

Conclusively, although it is acknowledged that the proposed equations are not universal
in the sense that they may only describe the CC of LNPws with specific physical properties
(crystallite and particle dimensions), this work paves the way to furnish a general description
and claims the attention of the community advocated to this field to broaden the present

results. For a more general description, besides the synthesis of larger number of samples,
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the influence of other experimental factors and parameters such as the method of synthesis,
the beam spot size, the intensity of light (Raman Spectroscopy), the averaged crystallite and
particle size, and randomness (among others) should be considered in future investigations.
At last, apart from providing four distinct alternatives to describe accurately the CC of
LNPws (instead of single crystalline LN), what is innovative in the present work is the self-
consistency character of the whole method: no other technique is needed to confirm the CC
of the powders since the determination of the pure ferroelectric LN phase boundaries by XRD
analysis suffices for this purpose. The four distinct methods are based on standard
characterization techniques, accessible nowadays to large scientific communities in

developing countries.

SECOND INVESTIGATION-SECOND HARMONIC GENERATION:

By combining the depth profiling with polarization-resolved experiments it was found that
the overall polar distortion along a direction of a characteristic double-lobe plot, rotated in
counter-clokwise sense for instances in which the focal point stood above the air/powder
interface and rotated back (not fully) for layers beneath this interface. Analysis of the
collected double-lobe plots happened to shed light on the size and orientation distributions
of the crystallites constituting the powder. In accordance to previous reports, it was found
that a small dispersion in the values for the Second Harmonic Generation (SHG) intensity
minima stands for a fixed averaged crystallite size which is consistent layer by layer of the
prepared sample, while variations in the maxima values stand for various distributions of
possible orientations of the crystallites. It is believed that the crystallites closer to the edges
are more easily randomly oriented than those that have been more compacted inside the
powder; at the center of the sample it is more likely to exist a single-type of domain in which
most of the crystallites are oriented along a common axis, this being induced doubly by the
exerted pressure on both ends, although it was gentle.

This puts in evidence the SHG potential application for non-invasive and remote sensing,
which in turn may open interesting areas for the nonlinear optics of granular media such as
the study of earthquakelike dynamics by SHG, among others. Such a visionary statement has
been constructed based on recent reports found in [51-55]; although no mention has been

done on these references to SHG, it is believed that the experimental developments presented
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in this work of thesis (or similar) might give a further insight into this subject. Yet it is still
in a very early stage and, thus, most of the concepts involved need to be scrutinized. It is out
of the scope of this work of thesis. Soon further experimental developments will be designed
and performed so that further information in this direction can be achieved. A first theoretical
approach will also be constructed (details are omitted). These two main working perspectives
will take place in a close collaboration with the Optiqgue Non Linéaire et Interfaces group, at
the Institut Lumiere Matiere, Université Claude Bernard Lyon 1. Lastly, the possibility of
have had been detected the characteristic CBS cone at the harmonic wave is promising since,
according to the revised literature, this has not been beforehand achieved. This will also be

soon further investigated.
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Appendix A: uncertainty associated to the linear fitting
involving Eq. III-1

According to Baird (section 2-9, equation 2-2; reference in [5], Chapter 5), the general
method for the calculation of the uncertainty of a function of two or more variables (derived

value) z=f(x, y) is:

62 =YLsx + Ly
dx ady

(A)
where dx and Oy are the uncertainties associated to quantities x and y, respectively.

Moreover, by application of the statistical principle of least squares (section 6-7) to a set of

points with a linear trend, the values of slope and intercept to best line are given by

_ NYGy)-Zxi Xy
ONIxP-(Zx)?

b= YxiYyi- Lxi X(xiyi) (B)
T NIxF-Cxp?

where N is the number of observations or measurements. The uncertainties of these

quantities are thus represented by their respective standard deviations, given by

N
Sm =Sy X |vs-Gar
C
~ 57 ©)
Sp = Sy X NYx?-(Zx;)?’

where Syis the standard deviation of the distribution of Jy values about the best line,

s = 2(8y;)?
y N-2 '’ (D)

From Figure III-1 (right side), we have m1=0.1160, 6m1=0.0148, b:=312.3325 and

given by:

0b1=0.7514. But these values correspond for a least squares fitting to a relation of the cell

volume in terms of the Nb content, and because for future reference it is preferable to give

an equation that directly determines the latter in terms of the former, a second equation of

the form y=m2+b: is to be considered, where:
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Thus, by use of equation (B), 6m2 and 0b2 are equal to:

1
d (ﬁ) sm,
(sz = dm 5m1 = 2m2 = 054‘99
1 1

= 165.2741

b b
A2y g . )
m1 m1 1
b, = ~|(= 5 (—)6b
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Having then m:=8.6207, dm2=0.5499, by= -2692.5215 and 6b2=165.2741. Letting
Omy=Sm, 6b2=Sp, N=6, ¥, x} =X V2, ; = 607628.4880 and (¥ x;)? = 3645770.5540, we
have by use of Equations (C):

5 g — Sm _0.5499 01373
yory ~4.0053
N
\/Nin2 — (2 x;)?
5 s — S, 1652741 01297
Yoty A ©1274.6274
X X
NY xf — (X x;)?
where, x; = {318.0787,318.1374,318.1930,318.3095,318.3149, 318.3566}.

Having thus an overall uncertainty associated to the linear fitting of 0.14 mol% Nb2Os. This

procedure is repeated for the rest of the calculations regarding Equations III-:2-4.
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Abstract: Existent methods for determining the composition of lithium niobate single crystals are
mainly based on their variations due to changes in their electronic structure, which accounts for the
fact that most of these methods rely on experimental techniques using light as the probe. Nevertheless,
these methods used for single crystals fail in accurately predicting the chemical composition of
lithium niobate powders due to strong scattering effects and randomness. In this work, an innovative
method for determining the chemical composition of lithium niobate powders, based mainly on the
probing of secondary thermodynamic phases by X-ray diffraction analysis and structure refinement,
is employed. Its validation is supported by the characterization of several samples synthesized by
the standard and inexpensive method of mechanosynthesis. Furthermore, new linear equations are
proposed to accurately describe and determine the chemical composition of this type of powdered
material. The composition can now be determined by using any of four standard characterization
techniques: X-Ray Diffraction (XRD), Raman Spectroscopy (RS), UV-vis Diffuse Reflectance (DR), and
Differential Thermal Analysis (DTA). In the case of the existence of a previous equivalent description
for single crystals, a brief analysis of the literature is made.

Keywords: chemical composition; lithium niobate; powders; microparticles; nanocrystals

1. Introduction

Nowadays, more than 50 years after Ballman managed to grow large lithium niobate (LiNbOs;
LN) crystals with the Czochralski method [1], synthesizing stoichiometric LN single crystals is still a
state-of-the-art matter: The reason behind this is the fact that a Z-cut of a stoichiometric grown crystal
costs around 12 times more than one possessing a congruent chemical composition [2]. Compared to
this version of the material, while comprehensively studied [3] and well exploited technologically [4—6],
powders are tacitly considered easier and far less expensive to synthesize. LN powders (LNPws) have
served in the past only as survey materials, for example, in the prediction of the nonlinear second order
optical capabilities of unavailable single crystals by applying the Kurtz-Perry method in the powdered
version [7,8]. Nevertheless, recent developments in LNPws are certainly attracting the attention of
scientists and engineers who seek to exploit their potential use in a wide range of applications that
span from the construction industry to nonlinear optics.
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Cementation materials based on LN have been proposed as a way to improve the air quality
of the environment by Artificial Photosynthesis; this is considered important for the reduction of
global warming [9]. Regarding LNPws, we emphasize that not only would they be easier than single
crystals to implement into cemented materials, but they would also probably enhance the intrinsic
surface effects, which are the basis for an improvement of the lifetime of the carriers (photo-generated
electrons and holes) involved in Artificial Photosynthesis [10]. Fe-doped LNPws also show, after a
post-thermal treatment in a controlled reducing atmosphere, a rather strong ferromagnetic response at
room temperature for a doping concentration of the order of 1% mol; this may be considered a first
report of the manifestation of ferromagnetism in nanocrystalline LNPws within the regime of very
low doping concentrations [11]. Yet in another application based on the powder-in-tube method, a
novel fabrication process has been demonstrated for the realization of polarization-maintaining optical
fibers [12]. Comprehension of the main mechanism behind this technology, and by looking at the
LN mechanical properties [3], it can easily be seen that LNPws are, in principle, good candidates
for the fabrication of this type of optical components. Also, possible tuning on the intensity of the
Second Harmonic Generation (SHG) that arises from LN micro powders could be ascribed to a proper
control of their chemical composition and grain size [13]. This could soon translate into major technical
benefits given that neither a critical adjustment of the orientation or temperature in the material
(phase matching condition) nor the accurate engineering of a microstructure (quasi-phase matching
condition) are substantially needed when the SHG from disordered materials—such as LNPws—are
exploited [14].

The performance of LNPws for most of their potentially attributable properties are expected to
drastically depend upon their chemical composition (CC), like in the case of single-crystalline LN [3].
Indeed, it has been already demonstrated that size at the nanoscale does not affect the structural
symmetry of single LN crystals and that nanosized LN single crystals (down to 5 nm) inherit the
nonlinear optical properties from that of large or bulk single crystals [15]: Both the magnitude and the
orientation nature of the nonlinear coefficient d,,, are preserved. Our work arises from noticing that at
least one of the two linear equations that describe the CC of LN single crystals by polarized Raman
Spectroscopy measurements [16,17] is not accurate for the case of powders. Hence, it is necessary to
properly characterize LNPws, starting by unambiguously determining their CC. Most of the reports
found in the literature are only devoted to LN single crystals, where optical and non-optical methods
can be found [16-18]. Some of the non-optical methods might also be applied to powders; however, in
some cases they would not be accessible to everyone, like neutron diffraction methods, and might also
give rise to discrepancies like in cases determining the LN CC by measuring the Curie temperature Tc.
Since temperature is a scalar quantity (light propagates and interacts with matter in vector-like form),
it would be permissible to expect a single description of the LN CC in terms of T that serves for both
large single crystals and powders. Interestingly, this is not the case: the systematic measurement of
lower T¢ values (about 10 °C) for LNPws compared to equivalent single crystals has already been
addressed and the reason behind this remains unexplained [18].

In this investigation, a custom-made Raman system has been crafted to obtain control on the
polarization state of the light at the excitation and detection stages. With this system, verification of
the linear equation for the Raman active mode centered at 876 cm™, as given by Schlarb et al. [16]
and Malovichko et al. [17], can be done on stoichiometric (ST) and congruent (CG) lithium niobate
single-crystal wafers, according to the provider [2]. Likewise, this serves to calibrate this assembled
system and to confidently state that the aforementioned linear equation does not describe LNPws.
Then, with a commercially available system, we observed that the linear relationship remains between
the CC of LNPws and the linewidth (I') of the same Raman mode (876 cm™!), under which in simpler
circumstances the polarization state of light at the excitation and detection stages would be disregarded.
In accordance to References [16-19], the accurate determination of the CC of LNPws is proposed by
means of a linear fit in terms of the calculated I from non-polarized Raman spectra. Yet, the main
contribution of this work is based on an a priori probing of the formed phases from 11 different
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synthesized samples by analysis of X-ray diffraction (XRD) experimental data, while relying on the
existent information in the phase diagram that describes the pure LN phase along with its surrounding
secondary phases (Figure 1). In this way the linear relationship obtained for the averaged Nb content
in the crystallites (cyp), in terms of T, is affixed to two known or expected values of {cy;) for the two
edges that delimit the pure ferroelectric phase: The boundary with phase LiNb3Og on one side (Nb
excess) and the boundary with phase LisNbOj, on the other (Li excess).

stoichiometric . CO_ngruenf
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Figure 1. Schematic phase diagram of the LiyO-Nb,Os pseudo binary system in the vicinity of
LiNbOz—redrawn from the publications by Volk and Wohlecke [3] and Hatano et al. [20].

The nanocrystalline LNPws are obtained by a mechanochemical-calcination route [21,22]. Gradual
addition of Li or Nb has been systematically performed by increasing the mass percentage of a
precursor containing the desired ion species. Quantification of secondary-phase percentages is carried
out with structure refinement by a standard Rietveld method. An alternative linear equation to
determine the CC is also given in terms of the calculated cell volumes by means of the same structure
refinement. Additionally, linear fitting of the measured band gap energy (E;), by means of UV-vis
Diffuse Reflectance (DR), is also used for this purpose. Differential Thermal Analysis (DTA) is utilized
as a verification technique for specific samples and a fourth empirical equation that describes the CC
in terms of the Curie temperature is obtained this way. Scanning Electron Microscopy (SEM) is utilized
to verify that the particle size distributions do not vary drastically from one sample to another.

2. Materials and Methods

2.1. Synthesis

High purity lithium carbonate (Li;COs3) and niobium pentoxide (NbyOs), from Alpha Aesar, were
used as starting reagents in a 1:1 molar ratio. The respective masses of the precursors were determined
such that 1 g of lithium niobate (LiNbO3; LN) was produced from the following balanced chemical
equation:

Li,CO3 4+ NbyO5 — 2LiNbO3; + CO» 1

The resultant product was labeled—and hereafter referred to—as LN-STm (ST: stoichiometric,
m: mixture) because, in principle, a LN mixture was obtained after milling with a 1:1 molar ratio in
terms of Li and Nb. Variations in the chemical composition (CC) of the final resultant powders were
sought by adding, at the milling stage, 1-5% of the mass in one of the precursors (with steps of 1% with
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resolution of 10~* g) while keeping the mass of the other precursor constant, in both cases with respect
to the masses measured for sample LN-STm (see Appendix A for table). In this way, 10 more samples
were synthesized and labeled as LN + 1%LiP, LN + 1%NbP, LN + 2%LiP, and so on up to LN + 5%NbP
(P stands for precursor). It must be clarified that the percentages that appear on these labels are not in
terms of the ion species solely, but in terms of the whole mass of the precursors that contain them.

The high-energy milling was carried out in an MSK-SFM-3 mill (MTI Corporation) using nylon
vials with YSZ balls; a powder:ball ratio of 0.1 was used for each sample preparation. The milling was
performed in 30 min cycles, with 30 min pauses to avoid excessive heat inside the milling chamber, until
200 min of effective milling time was reached. Calcination of the resultant materials (amorphous) was
done with a Thermo Scientific F21135 furnace in an air atmosphere. All samples were simultaneously
calcined with the following programmed routine: 10 °C/min — 600 °C for 30 min — 2 °C/min —
850 °C for 120 min — cooling down slowly to room temperature.

2.2. X-Ray Diffraction

These patterns were measured in air at room temperature using a Bruker D-8 Advance
diffractometer with the Bragg-Brentano 8-0 geometry, a source of CuK« radiation (A = 1.5406 A),aNi
0.5% CuKp filter in the secondary beam, and a 1-dimensional position sensitive silicon strip detector
(Bruker, Linxeye, Karlsruhe, Germany). The diffraction intensity, as a function of the 20 angle, was
measured between 5.00° and 110.00°, with a step of 0.02° every 38.4 s. Sample LN-STm displays a pure
ferroelectric lithium niobate (LN) phase, with Bragg peaks resembling those of the COD-2101175 card
previously deposited with the Crystallographic Open Database; supplementary crystallographic data
can be obtained free of charge from the Web page of the database [23].

Rietveld refinement was performed using computational package X'Pert HighScore Plus from
PANalytical, version 2.2b (2.2.2), released in 2006 [24]. Instructions in the section named Aufomatic
Rietveld Refinement from the HighScore Online Plus Help document were first followed and then
adapted for phase quantification of the samples. In short, an archive with information about the atomic
coordinates of LN (“2101175.cif”) was downloaded from the Crystallopgraphic Open Database [23].
For the secondary phases LiNb3Og and Li3sNbQOy, ICSD-2921 and ICSD-75264 from The Inorganic
Crystal Structure Database were used, respectively [25]. The archives were then inserted, along
with the experimental data, and Rietveld analysis in “Automatic Mode” was executed, followed by
iterative executions in “Semi-automatic Mode,” in which different “Profile Parameters” were allowed
to vary until satisfactory indexes of agreement were obtained. The averaged crystallite size was also
calculated by Rietveld refinement, following instructions from the Size/Strain Analysis section; a single
lanthanum hexaboride (LaBg) crystal was used in this case as the standard sample, analyzed with the
ICSD-194636 card.

2.3. Raman Spectroscopy

Two Raman systems were employed in this investigation: One custom-made and one of standard
use and commercially available. The former allowed for the set-up of different experimental conditions
in terms of the polarization state of light at the incident-on-sample and detection stages, including
non-polarized, parallel polarized (p), and cross polarized (s) situations. Adopting the so-called Porto’s
formalism, these experimental conditions were Z(—-)Z, Z(YY)Z and Z(YX)Z, respectively; where, in
general, A(BC)D stands for light propagating in the A direction with linear polarization B, before the
sample, while selective detection is done on the D direction with polarization C [26].

The commercially available system only featured the non-polarized configuration. It was a Witec
alpha300R Confocal-Raman microscope with a 532 nm source of excitation wavelength and 4-5 cm™" of
spectral resolution. With this equipment, the Raman spectra were collected in the range 1001200 cm™!
at room temperature and light incident on the normal component of the sample with a power of
3.4 mW; a Nikon 10 objective was used to focus the incoming light on a 1:5 mm spot. An intensity
of approximately 11Wem =2 was delivered to the sample. The customized open-air Raman system
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consisted of an excitation beam output of a continuous wave diode laser at 638 nm wavelength with a
power of 37 mW (Innovative photonic solution). The beam was linearly polarized from variable angle
mounting and transmitted through a beam splitter to focus the excitation beam into the sample by an
aspherized achromatic lens (NA = 0.5, Edmund optics). The excitation spot diameter measured at the
focus point had a ~10 pm radius. The collected Raman scattered light from the sample through the
aspheric lens and the beam splitter was focused by two silver coated mirrors and one bi-convex lens into
a fiber Raman Stokes probe (InPhotonics) that was connected to a QE65 Raman Pro spectrometer (Ocean
optics) for a Raman shift range detection between 250-3000 cm™!. In its use for the characterization
of the powders, the light at A = 638 nm was incident at razing angle with P = 10 mW. The Raman
spectra were collected in the range 200-1200 cm™! at room temperature with a spectral resolution of
8 cm~!. In this case, a laser intensity of approximately 3 kWcem™2 was delivered to the sample. Due to
technical issues, most of the utilized experimental conditions were different from one Raman system to
another—it is shown how this did not alter the obtained results, except for the detection mode which
in both cases was fixed at the backscattering-detection mode (Figure 2).

(a) (b) ﬂ \M
L F

RP M L

F (—l \

S

PS

LASER

 — | Y
PS
Figure 2. Scheme of the experimental configurations used for the acquisition of Raman spectra:
(a) Custom-made featuring both configurations, polarized and non-polarized; (b) commercially
available featuring only non-polarized measurements. From left to right: RP—Raman probe, F—filter,
M-—mirror, L—lens, P—polarizer, BS—beam splitter, AL—aspheric lens, PS—powdered sample,
S—spectrometer, O—objective.

2.4. UV-Vis Diffuse Reflectances and Differential Thermal Analysis

An Ocean Optics USB2000+ UV-VIS Spectrometer and an R400-Angle-Vis Reflection probe were
used to collect the diffuse reflectance (DR) spectra of the samples and an Ocean Optics DH-2000-BAL
Deuterium-Halogen light source was utilized. Commercially available aluminum oxide (Al,O3) was
chosen as the standard reference. Precautions were taken so that the approximations necessary to
apply the Kubelka-Munk Theory were accomplished [27-29]. These approximations are, mainly
speaking, a preparation of the sample being thick enough so that the measured reflectance does not
change with further increasing of this parameter (avoidance of Fresnel reflection) and an averaged size
of the particles being smaller than such thickness, but larger relative to the wavelength (scattering
independent of the wavelength).

The first of these experimental conditions was fulfilled by using a self-supporting pressed powder
rectangular mount (3 X 3 X 3 mm); in all the experiments, an amount of approximately 1 g of powder
was deposited. The second requirement was fulfilled by determination of the average size particle in
the powders, using a field emission Scanning Electron Microscopy (SEM), with a JEOL JSM 5600-LV
microscope (V = 20 kV, at 1500%, Mitaka, Tokyo, Japan). The micrographs were analyzed with Image]
software: The edge length histograms were obtained from statistical analysis of at least 200 particles.
Lastly, we followed the recommendation of grinding the powders in an agate mortar for a few minutes
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to avoid sample heterogeneity and regular reflection [29]: All samples were ground for 10 min
before measurements.

On the other hand, the Curie temperatures for the samples LN-STm, LN + 1%NbP, LN + 2%NDbP,
and LN + 3%NDbP were measured using differential scanning calorimetry (DSC) equipment coupled to
thermogravimetry (TGA), SDT Q600 of TA instruments. The calorimeter was calibrated with respect to
the copper melting point (1084 °C). The samples were analyzed in a wide temperature range between
room temperature and 1200 °C, at a heating rate of 20 °C/min under a nitrogen atmosphere and using
alumina containers. The ferroelectric-paraelectric state transition was observed around 1050-1080 °C.
Subsequently, the samples were analyzed in four cooling cycles from 500 °C to 1200 °C at the same
heating rate, 20 °C/min, and the process was seen to be reproducible, indicating that there was no
permanent change in the volume of the pseudo-ilmenites.

3. Results and Discussion

3.1. X-Ray Diffraction

The obtained XRD pattern for sample LN-STm is shown in the bottom line of Figure 3a. The
corresponding pattern of single crystalline LN is in agreement with the one indexed in COD-2101175 [23].
The difference, for all samples, between the obtained XRD patterns (lexp) and their respective calculated
patterns by means of Rietveld refinement (I,) is also shown in the upper half of this figure; for the
secondary phases LiNb3Og and LisNbO,, ICSD-2921 and ICSD-75264 from The Inorganic Crystal
Structure Database were used, respectively [25]. For all cases, this difference function tends to a
common baseline, so that neither the formation of thermodynamically stable phases (other than
LiNbOs;, LisNbO4, and LiNb3zOg) nor the presence of one of the precursors in an interstitial fashion
can be deduced, that is, without participating in the formation of one of the involved phases. As seen
in this figure, most of the synthesized powders resulted in a pure ferroelectric LN phase, except for
samples LN + 4%NbP and LN + 5%NDbP (blue lines). Figure 4 and Table 1 have been added for a
better visualization of this argument. A loss of Li equivalent to the loss of 5 mol % Li,COj3 could be
hastily addressed for the central sample LN-STm due to the calcination process. Nevertheless, this
information can also be interpreted as having no loss of Li and thus the assumption of a non-ideal
sensitivity for the XRD technique must be taken. In other words, a detection threshold of 5.0 mol %
LiCO3 = 1.4 mol % Nb,Os exists for ‘seeing’ a secondary phase by the XRD analysis, combined with
the structure refinement, done in this investigation. This assumption has been taken into account in
this investigation, thus defining the boundaries that delimit the pure ferroelectric LN phase for samples
LN-STm (Li excess) and LN+3%NDbP (Nb excess). For the calculation of mol % equivalence between
precursors, the values for the relative atomic masses of Li and Nb have been used as presented in the
Periodic Table provided by the Royal Society of Chemistry [30].

The calculated cell volumes are plotted in Figure 3b, as a function of the averaged Nb content
in the crystallites (cnp), as calculated by the previous procedure (re-labeling of the samples in terms
of their predicted CC). A clear linear trend exists for a CC range of 49.7-52.1 mol % Nb,Os. Hence,
for future reference, we first propose the determination of {cy;) for LNPws in this CC range with the
following equation:

(cnp) = (8.6207V oy — 2692.5216)mol % + 0.5 mol % )

where V., stands for the cell volume in (amgstrom)3 units, calculated by a standard structure refinement
method. The 0.5 mol % uncertainty is determined by the sum of the uncertainty associated to the
linear fitting (0.14 mol % Nb;Os) and half the longer step in the Nb precursor (0.53/2 = 0.27 mol %
Nb,Os), both multiplied by the square root of the averaged goodness of fit factor for the six involved
samples (V1.55). The uncertainty associated with the linear fitting has been determined following
several calculations according to Baird [31].
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Figure 3. XRD results: (a) Experimental pattern of sample LN-STm and, for all samples, the differences
between experimental and their respective calculated patterns with Rietveld refinement. The central
sample, LN-STm, is distinguished from the rest by the solid line; (b) cell volume as a function of mol %
Nb precursor. The edges of the ferroelectric pure LN phase are represented by the vertical dashed lines.
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Figure 4. X-ray diffraction patterns close to the boundaries of the pure ferroelectric LN phase: (a) Under
the assumption of no loss of Li, sample LN-STm is on the excess of the Li boundary; (b) sample LN +
3%NDbP is on the excess of Nb boundary.

Table 1. Phase percentages present in the synthesized samples, along with the calculated cell volumes
and relevant agreement indices of the refinement process.

7 of 18

Sample %LiNbO3  %Li3NbO4 % LiNb3os ol vglume  Weighted R Goodness
(A) Profile of Fit
LN+5%LiP 99.9 0.1 0 318.0820 5.82 2.03
LN+4%LiP 100 0 0 318.1917 5.24 1.48
LN+3%LiP 100 0 0 318.1732 5.58 1.50
LN+2%LiP 100 0 0 318.1546 5.60 1.49
LN+1%LiP 100 0 0 318.0787 5.70 1.52
LN-STm 100 0 0 318.1374 5.71 1.57
LN+1%NbP 100 0 0 318.1930 5.52 1.55
LN+2%NbP 100 0 0 3183095 5.71 1.53
LN+3%NbP 100 0 0 318.3149 5.54 1.65
LN+4%NbP 98.2 0 18 318.3566 554 1.51
LN+5%NbP 97.8 0 22 318.2735 5.54 1.57
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Justification of the Assumption made in the X-Ray Diffraction Analysis

The reasoning behind the assumption made can be summarized in three main points. First, a
good agreement can be seen with the phase diagram (Figure 1), upon which by close inspection,
around T = 850 °C, a CC range of approximately 1.7 mol % Nb,Os is deduced for the pure ferroelectric
LN phase. In this investigation, the observed range goes from the ST point {(cyp) = 50.0 mol %
(sample LN-STm) to a near-CG point {(cyp) = 53.0 — 1.4 = 51.6 mol % (sample LN + 3%NDbP), that is
Acpyren =1.6 mol % NbyOs. A direct explanation would not be found for an estimated range of 4.4 mol
% Nb;Os if this assumption had not been taken. Secondly, under these circumstances it follows that,
out of 11 synthesized samples, only samples LN-STm, LN + 1%NbP, LN + 2%NbP, and LN+3%NbP
resulted to have a pure ferroelectric LN phase. It will be soon shown that, for all the performed studies,
unmistakable linear relationships happen to exist among these samples and their corresponding
experimental parameters (related to the CC); a striking, very sensitive, deviation from these trends is
observed for all samples out of this range, in some cases even under the consideration only of neighbor
samples such as LN + 1%LiP and LN + 4%NDbP. Lastly, besides the well-known difficulties to produce
single-phase ST LN at temperatures used in solid-state reactions (T > 1200 C) [32,33], much ambiguity
can be found in the literature concerning deviation from stoichiometry in the formation of LNPws at
calcination temperatures near T = 850 °C. While only one work is found to report no loss of Li after
two 16-hour reaction periods at 1120 °C [34], other authors have observed the loss of Li at 600-800 °C
within at least three different investigations [33,35,36]. However, these methods of synthesis are
very different from each other, except for those in the works published in 2006 (Liu et al.) [33] and
2008 (Liu et al.) [36], which are aqueous soft-chemistry methods. The deviation from stoichiometry
tendency in the formation of LNPws through aqueous soft-chemistry methods, in comparison to
non-aqueous (as in this investigation), has already been identified [37]. Besides, high-energy milling
has previously been proposed as a method to prevent loss of Li, in contrast to Pechini’s method, sol-gel,
and coprecipitation [21].

It is also worth mentioning that De Figueiredo et al. [38] had a similar observation in their
investigation: They had a small amount of non-reacted Li,CO3 not detected by XRD, but only identified
after DTA and Infrared Spectroscopy; the LNPws were synthesized via mechanical alloying. They
explained this observation by assuming that the number and size of the Li,CO3; nanocrystals were
sufficiently low and small to not being detected by XRD. Hence, the assumption taken of no loss of
Li and the existence of a detection threshold of 1.4 mol % Nb,Os in XRD might have been justified
with these lines. This detection threshold can be considered unique and expected to change according
to different experimental variables and analysis tools, including spatial and temporal size of the step
during the experiment, brand, and model of equipment utilized, as well as the software used for
Rietveld refinement, among others.

3.2. Raman Spectroscopy

Verification of the linear equation for the Raman active mode centered at 876 cm~! [16,17] was
done by using the assembled Raman system (Figure 2a) on the aforementioned stoichiometric (ST)
and congruent (CG) lithium niobate (LN) wafers. Even though the experimental conditions therein
described were not exactly reproduced, this could be accomplished within the given absolute accuracy
and, thus, calibration of this equipment could be done. At this instance, use of the equation for
the Raman band located at 876 cm™! has been done [16,17]. A detailed description of the phonon
branches of single crystal LN and their assignment can be found elsewhere [39,40]. No specifications
regarding the resolution of the Raman bands or fitting techniques are given by Schlarb et al. [16]
or Malovichko et al. [17], although these procedures are critical for achieving great accuracy in the
determination of the LN CC [16,39-41]. Moreover, it is not clearly stated whether the complete
linewidth (I'), or just the halfwidth, is to be entered in this equation.

The resolution of this Raman band was explored, after normalization of the full spectra, by two
distinct line shape fittings: Gaussian and Lorentzian. The Full Width at Half Maximum (FWHM; I)
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was extracted from the fitting (Origin Pro 8) and used in the calculations. Change of the intercept
value from 53.29 to 54.8 had also been tried, as suggested whenever no polished single crystals are
available [16]. From all the calculations performed, we noticed that only for those (halfwidths) under
a Lorentzian fit and using the intercept value of 54.8, the calculated Li contents follow this equation
within the uncertainty of 0.2% mol, which “govern the absolute accuracy of the described method” [16].
The values obtained by this calculation were {c;;) =50.3 mol % for the ST wafer and 48.5 mol % for
the CG one. Thus, this approach has been adopted for the investigation with the LNPws. Before
presenting these results, one more point needs to be further discussed.

It can be argued that the value of 50.3 mol % for the ST wafer goes out of the uncertainty range,
thus not justifying the implications made above. Nevertheless, it must be noticed that the experimental
conditions used in this investigation are subtly different from those described by Schlarb et al. [16]
and Malovichko et al. [17]. Succinctly, they used an experimental Z(YY)X configuration (using Porto’s
convention [26]), whereas for our case, given certain technical limitations, a Z(YY)Z configuration was
used in this investigation. Besides, no direct statement concerning the propagation of light along an
axis of the crystals studied is done by these authors, but it can be inferred that they excited along the
crystallographic Z-axis by recalling the condition of zero (or small) phonon directional dispersion to
simplify their adjustments (band resolution) [16]. In our case, wafers with Z-cuts were used, upon
which light was made to impinge on normal to the surface. The incident radiation then propagates in a
plane containing the extraordinary axis, inducing in this way short-range atomic forces (extraordinary
refractive index) that compete to long-range atomic forces behind the splitting of longitudinal optic (LO)
and transverse optic (TO) phonons [42]. Significant changes in the Raman spectra of LN single crystals,
especially in the position of the bands located at 153 cm™~! and 578 cm~! (red and blue shifts), have
already been identified and addressed to the overlapping of the LO and TO lattice vibrations [42—-44].
Such an overlapping is clearly a drawback for band resolution and it might be the reason behind
the discrepancy between predicted and measured values; interestingly, this is only relevant in single
crystals of ST composition.

Application of the same procedure to the synthesized LNPws gives unsatisfactory results, according
to the implications obtained from the XRD analysis (re-labeling of the samples in terms of their predicted
CC, Figure 3b). As expected, the same occurs if this is applied to the non-polarized Raman spectra. It
worsens considering the Raman band is located at 153 cm™!, where the corresponding linear equation
is used, and the Raman spectra are measured with the commercially available Raman system (Witec),
which features recording of intensity in the range 0-200 cm~!'. However, well defined linear trends
can be seen for the calculated Raman halfwidths around the pure LN ferroelectric phase, but only for
the case of the band at 876 cm™~! as measured under non-polarized experimental conditions. For both
situations (Witec and self-assembled systems), the trend is of an increasing halfwidth with decreasing
Li content; surprisingly, despite the great differences between both experimental configurations and
conditions (Figure 2), both trends are very similar. This feature can also be seen for the positions of the
bands (x;), and it remains for the resultant values of the halfwidths divided by the positions (I')2x.).
Figure 5b shows how this I'/2x. parameter relates to the Nb content of the synthesized powders, as
determined by XRD analysis. Given the similarity between the results obtained by both experimental
configurations, this graph represents the average of such results. For sample LN-STm, the Raman
spectra measured with the Witec system are shown in Figure 5a; these closely resemble those obtained
in polycrystalline LN by Repelin et al. [40].
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Figure 5. Results obtained by Raman Spectroscopy: (a) Non-polarized Raman spectra of the central
sample LN-STm, obtained with the commercially available Raman system; (b) Linear trend upon which
Equation (3) is based for the case of band resolution with a Lorentzian fit, averaged calculated data
from those obtained by two distinct Raman systems.

As the resolution of this Raman band (876 cm~!) by means of a Gaussian fitting does not entail
significant changes either, the following equations are proposed for the determination of {(cyy) in

LNPws:
(enp)L = (2564103 + (7L ) + 43.5385)mol % 0.4 mol %

r 3)
(enp)c = (588.2353 + (52 ) + 42.7059)mol % 0.5 mol %

where T; stands for the FWHM in cm™! of the Raman band around 876 cm™!, resolved by linear
fitting either using a Lorentzian or a Gaussian line shape, x, denotes the center of this Raman band.
Normalization of the full Raman spectra precedes the linear fitting and, regardless of the line shape,
enlargement around this band is suggested, extending it as much as possible (precise determination of
the baseline) and applying a single or double-peak fitting, rather than performing a multi-peak fitting
to the full Raman spectra. Like in the XRD analysis, the uncertainty is determined by summation
over half the longer step in the Nb precursor (0.53/2 = 0.27 mol % Nb,Os), the uncertainty associated
to the linear fitting (0.12 mol % Nb,Os (0.23 mol % Nb,Os) for the Lorentzian (Gaussian) case), and
dividing by the square root of the averaged (five involved samples) reduced x? fit factor obtained
in the resolution of the band v0.9823 (V0.9866). Once more, the uncertainty associated to the linear
fitting is determined following several calculations according to Baird [31].

Lastly, the fact that the trend remains linear is not surprising. Scott and Burns [34] have previously
demonstrated this, based on experimentation; showing in this way that the Raman spectra from
poly-crystalline LN inherits the essential features of those from single crystal LN [45]. Conceptually,
this can be understood by recalling the intrinsic nature of LN to deviate from the stoichiometric point.
Under regular circumstances, LN contains high amounts of intrinsic defects such as anti-site Nb
ions (Nby;), which are compensated by their charge-compensating Li vacancies (V;) [3,46]. Such a
substitution mechanism imposes fundamental changes on the electronic structure, inducing in this way;,
variations in the macroscopic dielectric tensor of LN [16]. Yet, because in this substitution mechanism
gradual Nb increments are proportional to the decreasing of Li, the variations of the dielectric tensor
are expected to be linear, as far as the Nb-Li interchange is sufficiently small.

3.3. UV-Vis Diffuse Reflectances and Differential Thermal Analysis

The sensitivity of the chemical composition (CC) of lithium niobate (LN) to the fundamental
band gap or fundamental absorption edge has been previously reported for LN single crystals [47,48].
Kovdcs et al. have given a corresponding linear equation with different sets of fitting parameters,
depending on the character of the refractive index (ordinary and extraordinary), and the definition
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of the absorption edge (either as corresponding to a value in the absorption coefficient of 20 cm~! or
15 cm™1) [48]. There is no point in using this equation to describe the CC of LNPws, since these terms
(refractive index and absorption coefficient) make no sense when related to powders.

In this investigation, the direct measurements of the DR spectra for the 11 samples are transformed
to the Kubelka-Munk (K-M) or remission function F(Re ), straightforwardly with the acquisition
software (Spectra Suite). Since this function is a proxy of the actual absorption spectrum [29], these data
are used to find the fundamental absorption edge for all the samples. For practical purposes, a direct
band gap is assumed for LN—notice that it could also be assumed to be indirect [49]. Thus, under this
assumption, the fundamental band gap is proportional to the square of the remission function, as is
shown in Figure 6a,b. The Nb content of LNPws is linearly related to the fundamental band gap E,
(Figure 6c). Equation (4) allows us to accurately determine the Nb content of a determined sample, in
terms of E (in eV units).

(enw) = (3.9078 % Eg + 34.6229)mol % 0.4 mol % )
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Figure 6. Graphics derived from analysis of the data obtained by UV-vis Diffuse Reflectance
measurements: (a) Normalized Kubelka-Munk or remission functions in terms of the energy of
the light in eV units; (b) Demonstration of the determination of the onset for sample LN-STm (assuming
a direct interband transition) to determine the fundamental band gap energy; (c) Fundamental band
gap energy as a function of mol % Nb precursor.

Interaction of light with matter at a fundamental level must be considered in the DR and Raman
Spectroscopy techniques. In other words, because of the ubiquitous randomness of the media, strong
scattering effects are present in both Rayleigh (crystallite size) and Mie scattering (particle size). The
study of the intensity and angular distribution of the scattered field by the powders has not been done
on this investigation; however, certainty of the results obtained by these techniques is expected under
certain limits if no large variations in the crystallite and particle average sizes are found. Considering all
the synthesized samples, the resultant average crystallites are distributed in a 100-300 nm range, with
overall mean and standard deviation values of 157 and 58 nm, respectively. Also, for four randomly
chosen samples, the distributions in particle size were determined by statistical analysis of micrographs
obtained by Scanning Electron Microscopy (SEM). The obtained distributions were very similar and
the centers (x.) of these distributions fall within a band 1 um thick, centered at 2.6 um, as shown in
Figure 7.
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Figure 7. Information derived from SEM: (a) and (b) Micrograph and particle size distribution
for sample LN-STm, respectively; (c) Centers of the particle size distributions obtained for four
randomly-chosen samples.

Regarding the ferroelectric-paraelectric phase transition, a change in the crystalline structure of
LN occurs in which the symmetry of the system increases [3]. This second-order phase transition is
described by the Landau order-disorder theory, where a finite discontinuity in the heat capacity of
the system having this transition has been addressed as a direct thermodynamic consequence [50].
Figure 8a shows the difference in temperature between the reference container for each of the studied
samples; with this technique, only samples presenting a pure LN ferroelectric phase have been
investigated. The Curie temperatures are determined by the extrapolated departure from the baseline,
these being plotted in Figure 8b in terms of the Nb content. A nonlinear quadratic trend better describes
this relation, with fitting coefficients A = 18623.560, B = -667.969, and C = 6.383; as expected, this is also
the case for LN single crystals [51]. Nevertheless, use of the linear fitting coefficients is done in the
analysis that follows, so that a simple calculation of an uncertainty value follows by use of Equation (5),
where the Curie temperature T, is in Celsius.

(cnp) = (—0.0515 % T, + 110.8505)mol % + 0.4 mol % (5)
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Figure 8. Thermometric results: (a) Curie temperatures as a function of mol % Nb precursor;
(b) Obtained curves for samples within the pure LN phase. The Curie temperatures are determined by
extrapolation of the departure from the baseline.
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Use of this equation gives an estimate of T¢ = 1181.56 °C (1153.41 °C for a ST (CG) powder);
whereas, with the quadratic expression, it is of 1182.61 °C and 1153.01 °C, respectively. These
values vary in no more than 0.1%. Regarding single crystals, a variation of 0.7% can be found for
the Curie temperatures calculated for these CCs, by use of equations reported in two independent
investigations [51,52]. Using the equation given by Bordui et al. [52], the calculated values are
Tc =1206.47 °C (1149.83 °C) for the ST (CG) crystal. Thus, contrary to what was believed, not a unique
description of the LN CC regardless of its version (powder or single crystal) can be formulated by
DTA either. This observation of the T¢ being lower for ST LNPws, with respect to ST LN crystals,
has been previously noticed [36], apart from the observations highlighted in the introduction. A
straight explanation of this subtlety cannot be found nowadays in the literature. A classic theoretical
development shows that the energy of the vibrations within the structure is the dominant contribution
to the heat capacity—if the elastic response of a crystal is a linear function of the applied forces [53].
Thus, it is inferred that this might be explained under consideration of anharmonic crystal interactions,
that is, phonon-phonon coupling. Still, further investigations on these matters are needed.

Lastly, it is acknowledged that in contrast to pioneering works (on LN single crystals,
References [16] and [17]) the Equations (2)—(5) here give the averaged Nb content in the crystallites
(cnp) instead of {cr;). Although a simpler comparison with data in the literature could have been
attained by putting these equations in terms of {cj;), it was decided to do it in terms of {cy}) because
of a simpler interpretation and association with a phase diagram describing LN, like that given in
Figure 1. It has been noticed that most of the phase diagrams existent in the literature to describe
LN, not to say all, are presented in terms of Nb,Os mol %. This is readily understood since even in
the fabrication of large LN single crystals, melts of Nb,Os and another compound containing Li are
used [3,20]. The equivalent equations in terms of {cy;) are given in Appendix B.

3.4. Grinding of a Single Crystal

The bought single crystal with stoichiometric composition, described above, was turned
into powder with ST composition. Low-energy grinding with an agate mortar was employed
discontinuously in several steps until an averaged particle size of 1.6 pm (checked by SEM) was
reached. In some instances, commercial acetone (purity > 99.5%, Sigma-Aldrich) was used to ease
the grinding, especially during its initial stages. Verification of Equations (2) and (3) was sought
by repeating the experimental procedures performed on the synthesized powders; in the case of
Raman Spectroscopy (RS), only the commercially available system (Witec alpha 300R) was used. The
results obtained are shown in Table 2. While RS does imply a chemical composition according to
what was expected, stoichiometrically (50 mol % Nb,Os), the structure refinement does not. This
can be attributed to changes of the lattice parameter (lattice distortion) due to a variable local lattice
strain frequently observed in nanocrystalline materials, induced by excess of volume at the grain
boundaries [54]. Remarkably, our powdered single crystal differs from the synthesized powders in
the averaged crystallite size: On the latter, a myriad of nanosized crystals (100-300 nm) form large
particles of the order of 2-3 um (see Figure 7c), while on the former it can be argued that crystallite size
equals the particle size; actually, the applied Rietveld refinement for the calculation of the averaged
crystallite size of the grinded crystal does not converge. These implications must be confirmed and
scrutinized by further investigation. Lastly, since Equation (3) is strongly dependent on the XRD
analysis (re-labeling of the samples in terms of their predicted CC), the Raman results shown in Table 2
demonstrate the reliability of our method.

Table 2. Estimated chemical composition for the grinded single crystal.

. . Associated Error . . Nb Content
Experimental Technique Measured Parameter Parameter Equation Utilized (mol % NbyOs)
XRD + Rietveld refinement Cell volume: 317.9234 A° Goodness of Fit: 1.8756 2) 48.2
Raman Spectroscopy T/xe: 45.3038cm™1/873.9676 cm™  Reduced x@: 4.70 x 1076 (3), Lorentz fit 50.2

T/xe: 21.8202cm™1/874.1964 cm™  Reduced x®@): 8.38 x 107° (3), Gaussian fit 50.1
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4. Conclusions

Despite the increasing interest in lithium niobate powders (LNPws) due to their importance in
possible applications in actual and future nanooptoelectronic devices, as well as the facility to produce
them in large quantities, an accurate and trusting method to determine their chemical composition (CC)
does not exist, to the best of our knowledge. Therefore, in this work a first step is given in this direction by
developing a facile method based mainly on imposing X-Ray Diffraction (XRD) as a seed characterization
technique. Raman Spectroscopy, UV-vis Diffuse Reflectance and Differential Thermal Analysis enrich
this work, representing various alternatives for the independent and accurate determination of the CC
of LNPws. An empirical equation that describes this fundamental property in terms of a corresponding
experimental parameter is given for each of these four characterization techniques.

We wish to underline here the main aspects of our method. It is primarily based on the
quantification of pure and secondary phase percentages by XRD, followed by Rietveld structure
refinement. Secondly, relying on the LN phase diagram, the CCs of the studied samples are inferred,
and thereafter labeled in terms of the Nb content in the crystallites. Lastly, having done this, any of the
mentioned characterization techniques can be used to relate such a labeling with their corresponding
experimental parameter. In the case of a user who wants to determinate the CC of LNPws only, he/she
would only need to perform the last step and make use of any of Equations (2)—(5), respectively. On
the other hand, in the case of wanting to describe other powders apart from LNPws, the whole method
(three main steps described above) might be further applied inasmuch as akin materials are to be
investigated, lithium tantalate (LiTaO3) powders for example.

The validity of this methodology is proven self-consistently with the determination of the CC
of several samples, where the content of Li and Nb is varied in a controlled way. According to a
paramount observation made in the peer reviewing process of this article, the main shortcoming of
this investigation is the large uncertainty associated with Equations (2)—(5). Rigorously, they should
not be used for a practical composition determination and, instead, it only could be stated with
more confidence that, by using these equations, the composition of a LN powder would be closer
to the stoichiometric or congruent compositions, or rather in an intermediate state. However, both,
the resolution and the associated uncertainties of this methodology, can be significantly improved
by analyzing larger quantities of powder. As mentioned in the details related to the uncertainty
calculations and given after introducing Equations (2) and (3), the major contribution to uncertainty
emerges from the determination of the boundaries of the pure ferroelectric LN phase: Determined by
dividing the AcpyeLn = 1.6 mol % Nb,Os by three increasing steps of Nb content, and then dividing
by 2 (0.53/2 = 0.27 mol % Nb,Os). The associated uncertainty to Equations (2)—(5) can be significantly
reduced if a larger number of samples are synthesized in this range, which can be more easily achieved
if larger quantities of powder are prepared. As an example, it is expected that by synthesizing
approximately 10 g of powder, around 40 points would be available for analysis if the increasing step
is fixed at 0.1% in the mass of the Nb precursor, resulting in a decrease in the overall uncertainties of
about 50-80% (noticing that the uncertainty associated with the linear fitting would also be reduced
significantly). Conclusively, although it is acknowledged that the proposed equations are not universal
in the sense that they may only describe the CC of LNPws with specific physical properties (crystallite
and particle dimensions), this work paves the way to furnish a general description and claims the
attention of the community advocated to this field to broaden the present results. For a more general
description, besides the synthesis of larger number of samples, the influence of other experimental
factors and parameters such as the method of synthesis, the beam spot size, the intensity of light
(Raman Spectroscopy), the averaged crystallite and particle size, and randomness, among others,
should be considered in future investigations.

No full credit for all the ideas developed in this work is to be taken. The idea of determining the
CC of LNPws by means of a linear fit to data obtained from Raman spectra was first conceived in the
pioneering work of Scott and Burns in 1972 [34]. Indeed, no equation is given in this work, but it could
be easily extracted from Figure 3 (in Reference [34]) to describe LNPws instead of LN single crystals;
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again, it would not be easy to decide whether the complete linewidth (T'), or just the halfwidth, is
to be entered in such a hypothetical equation, and if a Lorentizian or Gaussian distribution is to be
used. The work of Scott and Burns is also a pioneer to the ideas conceived by Schlarb et al. [16] and
Malovichko et al. [17], whom later in 1993 exploited this fruitful result and demonstrated that other
optical processes, besides Raman Spectroscopy, resulted into data that fit linearly with the LN CC. Also,
regarding Equation (2), the previous observation of an increase of the lattice parameters or cell volume
with increasing Nb content is also acknowledged [55]. An equation is formulated in Reference [18]
from the data given in [55]. Interestingly, equation (4) in Reference [18] is almost the same as Equation
(A1), given in Appendix B, if the slope and intercept values of the latter are divided by a constant
value of 2.58; the very small discrepancy might be attributed to variation in the local lattice strain, as
discussed above where the results of grinding a LN single crystal of stoichiometric composition are
presented. At last, apart from providing four distinct alternatives to describe accurately the CC of
LNPws (instead of single crystalline LN), what is innovative in the present work is the self-consistency
character of the whole method: no other technique is needed to confirm the CC of the powders since
the determination of the pure ferroelectric LN phase boundaries by XRD analysis suffices for this
purpose. The four distinct methods are based on standard characterization techniques, accessible
nowadays to large scientific communities in developing countries.
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Appendix A

In the following table the measured values for the masses of the precursors used in each of the 11
synthesis procedures are given.

Nb,O5 Mass Li,CO3; Mass Nb,O5 Mass Li,CO3; Mass
Sample Sample
(g) (g) (g) (g)

LN+5%LiP 0.8989 0.2622 LN+1%NDbP 0.9079 0.2498
LN+4%LiP 0.8988 0.2598 LN+2%NbP 0.9167 0.2496
LN+3%LiP 0.8991 0.2574 LN+3%NbP 0.9259 0.2497
LN+2%LiP 0.8990 0.2547 LN-+4%NbP 0.9348 0.2498
LN+1%LiP 0.8989 0.2523 LN+5%NDbP 0.9438 0.2498

LN-STm 0.8990 0.2498

Appendix B

Equations in terms of the averaged Li content in the crystallites (c; ;) would also be useful, especially
when comparing to measurements on single crystals described elsewhere [16-18]. Equations (2)-(5) in
terms of {c;;) are:

(cLi) = (—7.6453V o + 2482.2171)mol % + 0.5 mol % (A1)



Crystals 2019, 9, 340 16 of 18

(1) = (—259.0674 * (i) + 56.8135)mol % =+ 0.4 mol %

2x¢

> (A2)

(cLide = (~588.2353 + (2 ) + 58.0412)mol % =+ 0.5 mol %
(cLi) = (~3.9602 + Eg + 65.5987 ol % = 0.4 mol % (A3)
(criy = (0.0519 = T, — 11.3805)mol % =+ 0.4 mol % (A4)
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