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|. Foreword

The present work is the result of a tri-lateral research among the EOtvos Loérand
University, the Research Institute for Solid State Physics and Optics of the Hungarian
Academy of Sciences, both in Budapest, and the University Paul Verlaine (Metz,
France).

I've joined this research in September 2004 as a shared Ph.D student of the University
Eb6tvos Lorand and the University of Metz. With an Eiffel Doctorat “co-tutelle”
scholarship I've spent 15 months at a department of the University of Metz in Saint
Avold (France).

Investigations in the O - Li,O - N,Os ternary system near the existence region of
lithium niobate proved that the use ofdKas a solvent component permits the growth of
stoichiometric LINbQ. The presented work extended these investigations by examining
the suitability of other alkali oxides (A&, RO and Cg0) instead of KO.

II. Background and objectives

Lithium (meta-) niobate (LINb€ LN) doesn’t occur in nature, the first report on its
preparation and ferroelectric properties was given by Matthias and Remeika in 1949 [1].
The versatility of LINbQ arises from the unique combination of piezoelectric,
pyroelectric, electro-optical and nonlinear optical properties enabling it to be used in a
wide range of applications. Most basic measurements of acoustic wave propagation,
electro-optic light modulation, optical second harmonic generation, and parametric
oscillation have been published between 1965 and 1967. Lithium niobate was the first
material found to exhibit photorefractivity — an effect where the trapping of
photogenerated charge carriers induces reversible changes in the refractive indices —
which can be used for holographic image processing and information storage. Lithium
niobate can be used in surface acoustic wave (SAW) filters, optical frequency converters
and optical parametric amplifiers based not only on single domain bulk crystals, but also
on periodically poled structures or waveguides.

Congruent composition means that the liquid and the solid phases in equilibrium have
the same composition. For LiNB@he congruent composition corresponds to the [Li] /



[Nb] =~ 0.945 ratio. Using this starting composition instay growth, the segregation
coefficients for both LIO and NbOs are equal to 1, single crystals of good quality and
uniform composition can be grown. Congruent lithium niobate (cLN) crystals can be
grown easily even on the industrial scale and this is the composition used in most
applications [2, 3, 4]. The drawback in the application of the cLN crystal is its high Li-
deficiency leading to a large concentration of intrinsic defects. This results in a low
optical damage threshold seriously limiting applications in electro-optics and non-linear
optics where high energy laser radiation is required (for 10 ns pulses of 1064 nm the
damage threshold is about 250 kW#:nMalovichko et al. found [5] that crystals grown
under appropriate conditions fromp® containing mixtures have lower intrinsic defect
concentrations. Using appropriate compositions better optical parameters and a higher
optical damage threshold can be achieved yielding crystals more suitable for use in
electro-optics and non-linear optics (Q-switching and frequency converters) [5, 6].

Later it was recognised that potassium itself does not enter the crygtalsdtves
merely as a solvent and pure LiNb&ingle crystal can be grown from the mixture. In

this way it is possible to reach [LiJ/[Nb] ~ 1 (stoichiometric composition, SLN).

By now several methods have been developed for the preparation of sLN single crystals
(Li enrichment by the vapour transport equilibration method, single crystal growth from
58 mol% Li containing mixture by the continuous-refill double crucible method, the
micro pulling down method for sLN fibers using stoichiometric melt, and High
Temperature Top Seeded Solution Growth (HTTSSG)). Among them the composition
closest to [Li]/[Nb] = 1 can be achieved by the HTTSSG method using a
K20 - Li2O - NbOs ternary mixture [7]. Such a solution is especially convenient for the
growth of sLN crystals, since it significantly lowers the crystallization temperature
determining the stoichiometry of the crystal (and the composition of the crystal is
constant for a given K content range) [8, 9, 10].

The increasing need of high quality stoichiometric LiNb§ingle crystals in the
applications made it evident to look for other alkali metal oxide solvents beyond
potassium oxide, in the hope that they can give us an easier growth process, lower
crystallization temperatures or better yield of stoichiometric lithium niobate single
crystals. For this end phase relations in th® XLi,O - NbOs (X =Na, Rb or Cs)
ternary systems were investigated, some of the corresponding phase diagrams were
constructed, new phases were identified, growth processes were carried out and the

crystals were characterized by spectroscopic methods.



lll. Experimental methods

In order to understand the role of the alkali metal oxide addition in the growth of

stoichiometric LINbQ crystals several methods have been combined.

A series of %O - Li,O - Nb,Os (X = Na, Rb, and Cs) polycrystalline samples were
prepared by solid state reactions at 1000-1200 °C (the whole amount ,0fv&0O
eliminated at 800 - 1000 °C) for thermal analytical, x-ray powder diffraction and crystal
growth investigations. The constituent phases were assessed by X-ray phase analysis
with a Philips PW 1710 diffractometer using Cuy Kdiation in the 2@ange of 0-89

and with an INEL MPD CPS 120 diffractometer.

Thermal analytical measurements were used to determine the phase transition
temperatures of polycrystalline samples in the composition range of [X] = 10-16 mol%,
[Li)/[Nb] = 1 (X = Na, Rb, or Cs). The spectra were recorded with a PL Thermal
Sciences 1500 Differential Scanning Calorimeter in Ar atmosphere wits Als the
reference material. The calibration of the system was made by using 6N pure standard
metals (In, Sn, Pb, Zn, Al, Ag, Au, Si).

Single crystal growth was done by the HTTSSG method from a starting composition of
[X20] = 10 mol%, [LpO] = 45 mol% and [NEOs] = 45 mol%. (During crystal growth

the solution is enriched inJ0.) The growth process was conducted further than the
single LINbQ phase crystallization limit (after the single LiNp@hase a multi-
component polycrystalline phase appeared). This way the maximum amount of the
LiNbO3; phase was pulled out. The constituent phases were assessed by the above
mentioned Philips PW 1710 X-ray diffractometer. The X content of the samples was

determined by atomic absorption analysis by a Varian SpectrAA-20 spectrometer.

The LLO content of different parts of the LiNbQrystals was determined using a
calibration based on the UV absorption edge position [11] which was measured by a

two-beam Jasco V-550 UV/VIS spectrometer with a best resolution of 0.05 nm.



Reflection correction had to be used before the evaluation of the spectra because of the
high refractive indices of the crystal. With this correction the error caused by multiple
reflected light beams can be avoided.

OH™ ions which are always present in air-grown LiNb©Orystals [12] can be
characterized btheir vibration spectra in the infrared (IR) region. The peak intensities
and full widths at half maximum in the IR spectrum are sensitive to the composition of
the crystal so the OHvibrational spectroscopy is suitable for the composition
determination of LINb@ The spectra were recorded at room temperature by a Bruker
IFS 66Vv/S FTIR spectrometer in the 400-7000"amavenumber range with a resolution

of 0.5 cm.

The third spectroscopic method used for composition assessment in my Ph. D. work was
the Raman scattering technique. With this method the vibrational modes of the chemical
bonds of the matrix can be studied. For the 3m symmetry (LiNH&@ vibrational
modes can be divided into three sets marked wijtlAAand E. In the Raman spectrum

of LINbO3; four A; and nine E modes can be found (the five Modes are Raman
inactive). These modes are characteristic for the Li - O and the Nb — O vibrations and
sensitive to the stoichiometry of the LiNpQrystals, so they can be used for
composition determination. Raman measurements were carried out by a Renishaw
RM1000 confocal Micro-Raman spectrometer using 633 nm He-Ne laser excitation
(with a spectral resolution of about 3 ¢rand by a Labram spectrometer (Jobin-Yvon)
using 633 nm He-Ne and 514.5 nm Ar-ion laser sources for the different parts of the

crystals.

With the combination of the above mentioned methods — assuming that the X ion does
not enter the crystal (which is true for Rb and Cs) — the compositional changes of the
solution during the growth can be followed, since from the actual composition of the
crystallized solid phase, the actual alkali oxide concentration of the liquid can be
calculated from the pulled amount of the crystal. The re® lcontent of the pure LN
crystals can be determined by spectroscopic measurements (preferably UV absorption
using the above mentioned calibration). The crystallization temperature of lithium
niobate at a given composition can be deduced from the DTA measurements of the

polycrystalline samples having the same composition as the actual flux from which the



crystal is growing. From the knowledge of the data triplets liquidus composition, solidus
composition, and the corresponding crystallization temperature, the phase diagram —
constructed by using the thermoanalytical results — can be refined.

V. New results

1. The thermal behaviour of the® - Li,O - Nb,Os (X = Rb, Cs) ternary systems was
found to be very similar to that of the® - Li,O - Nb,Os system, with nearly the same
phase transition temperatures and constituent phases according to the thermal analytical
and X-ray diffraction investigations. The limit of the LiNp@quidus surface was
estimated to be near 16 mol%Xfor the systems with RG® and Cg0 and with [Li] /

[Nb] = 1 ratio. The ternary phase diagram of theQCsLi,O - Nb,Os system at room

temperature was constructed, a new phase was found.

2. It was established that crystals with,R] / [Nb,Os] = 1 can be grown from all
examined ternary systems containing between 10 - 16 moel%(X = Na, Rb, Cs).
Rb,O and Cg0 behave as ideal solvents, since they do not enter the lattice and yield
(nearly) stoichiometric LINb@ single crystals. The crystallization temperatures are
nearly the same for RD and CgO containing fluxes, resulting in similar [Li] / [Nb]

ratios and yields of LiNb@crystal.

3. A new method was developed for an easy and accurate determination ofChe Li
content of undoped LiNbfcrystals close to the stoichiometric composition based on
the measurement of the intensity ratio (R) of the two main hydroxyl ion vibration peaks
(at 3465 and 3480 ch in the infrared absorption spectra. The composition can be
determined from the equatiof 9 = S(t)X(C—[LiZO]),whereS(t) = S, — Aexp(i/1).

S, represents the slope of the calibration line in thermal equilibriumQ]JLis the
lithium oxide content of the crystal in mol%; and A are constantst is the time
constant describing OHedistribution and is the time passed after the crystal growth.

In the case of unknown thermal history (unknayvof the crystal a simple annealing at
1000°C reconstructs the as grown state ).



4. It was confirmed that the FWHM of the E(TO1) Raman mode changes with,@e Li
content of the LiNb@ crystal but without correction these measurements cannot be
used, as assumed earlier, for a universal composition determination of 4.iNbi@g

the FWHMs of the E(TO1) Raman modes excited by a He-Ne laser (633 nm) and
corrected with the spectral resolution, a calibration line was determined for the z(xy)z
configuration. The uncertainty of the calibration was determined as + 0.06 mgDbo Li
content which may come from the uncertainty of the correction factor and the possible

inhomogeneity of the sample surface.

5. Na was shown to be incorporated into the Liklk@tice with an average segregation
coefficient of kouiq (N&O) ~ 0.2. Accordingly the phase transition temperatures for
NaO containing polycrystalline samples are found to be higher than @ BRbCsO
containing ones and their spectroscopic properties show changed behaviour: the UV
absorption edge positions shift to longer wavelengths, thevibkational bands merge

to only one asymmetric band and the Raman peaks also broaden and shift. According to
normal coordinate analysis the(AO1) mode is related to Nb-O vibration, while the
A1(TO2) mode mainly involves Li-O/Nb-O motions. Therefore the increase of the
intensity of the A(TO2) mode induced by the incorporation of the Na ions into the
lattice indicates that Na enters Li sites.

V. Practical application of the results

The versatility of the application of LiNkQOs well-known in the practical fields of
acousto-electronics and non-linear optics and electro-optics. The optical damage
threshold of stoichiometric LiNb§s higher so it is more suitable for electo-optical and
non-linear optical applications than the congruent crystal which can be grown easier.
The growth difficulties justify the development of alternative preparation methods or
the improvement of the existing methods. This emphasizes the importance of the growth
of stoichiometric LINb@Q by the HTTSSG method not only from the

K20 - Li»O - N,Os ternary system but from the,® - LioO - NOs (X = Rb, Cs)
systems as well. Using the presented phase diagrams the composition of the solution in

equilibrium with a custom-tailored crystal composition can be determined. Most of the



physical parameters of LiNkGare composition dependent. Even a small change of the
composition (x0.01 mol%) causes large differences in the properties so the
determination of the LD content of the crystal with the highest possible accuracy is
very important. The accuracy of the composition determination — described in detail in
my thesis — based on the intensity ratio of the two characteristic bands in the OH
vibrational spectra of the near stoichiometric LiNI®atisfies the requirements imposed

by the applications.

10



Bibliography

[1] B. T. Matthias, J. P. Remeika “Ferroelectricity in the limenite Structure” Phys. Rev.
76 (1949) 1886

[2] A. Rauber “Chemistry and physics of lithium niobate” in Current Topics in Materials
Sience, Volume 1, edited by E. Kaldis, North-Holland Publishing Company,
Amsterdam, New York, Oxford (1978)

[3] L. Arizmendi “Photonics applications of lithium niobate crystals” Phys. Stat. Sol. (a)
201 (2004) 253

[4] “Properties of Lithium Niobate” edited by K. K. Wong, INSPEC, The institution of
Electrical Engineers, London, UK (2002)

[5] G. Malovichko, V. G. Grachev, L. P. Yurchenko, V. Ya. Proshko, E. P. Kokanyan,
V. T. Gabrielyan “Improvement of LiNbOmicrostructure by crystal growth with
potassium” Phys. Stat. Sol. (a) 133 (1992) K29

[6] F. Abdi, M. Aillerie, P. Bourson, M. D. Fontana, K. Polgar “Electro-optic properties
in pure LINbQ crystals from the congruent to the stoichiometric composition” J. Appl.
Phys. 84 (1998) 2251

[7] K. Polgar, A. Péter, L. Kovacs, G. Corradi and Zs. Szaller “Growth of stoichiometric
LiINbO3 single crystals by top seeded solution growth method” J. Cryst. Grbivth
(1997) 211

[8] M. Cochez, M. Ferriol, L. Poppl, K. Polgar, A. Péter “Ternary system
Li,O - K;O - N,Os: Part I: Phase equilibria around the lithium niobate existence field”
J. All. Comp. 386 (2005) 238

[9] K. Polgar, A. Péter, M. Ferriol “Phase relations in the growth of stoichiometric
LiINbO3” Phys. Stat. Sol. (a) 201 (2004) 284

[10] A. Péter, K. Polgar, M. Ferriol, L. Poppl, I. Foldvéari, M. Cochez, Zs. Szaller
“Ternary system LIO-K,O-Nk,Os: Part II: Growth of stoichiometric lithium niobate”

J. All. Comp. 386 (2005) 246

[11] L. Kovécs, G. Ruschhaupt, K. Polgéar, G. Corradi, and M. Wohlecke “Composition
dependence of the ultraviolet absorption edge in lithium niobate” Appl. Phys7Qett.
(1997) 2801

[12] M. Woéhlecke, and L. Kovacs “OHons in oxide crystals” Crit. Revs. Sol. St. Mat.
Sci. 26 (2001) 1

11



Publications

G. Dravecz A. Péter, K. Polgar, L. Kovacs “Alkali metal oxide solvents in the growth
of stoichiometric LINbQ@ single crystal” Journal of Crystal Growth 286 (2006) 334-337

G. Dravecz L. Kovacs, A. Péter, K. Polgér, P. Bourson “Raman and IR spectroscopic
characterization of LiNb@crystals grown from alkali metal oxide solvents” Phys. Stat.
Sol. (c) 4 (2007) 1313-1316

G. Dravecz L. Kovacs “Determination of the crystal composition from the
OH vibrational spectrum in lithium niobate” Appl. Phys. B 88 (2007) 305-307

G. Dravecz B. Shackmann, M. Cochez, M. Ferriol “Investigations of new fluxes for the
single-crystal growth of stoichiometric lithium niobate: study of phase relations in the
ternary system of GO - Li,O - N,Os” Journal of Thermal Analysis and Calorimetry
90 (2007) 343-345

|. Hajdara, K. Lengyel, G. Dravect. Kovéacs, A. Péter, Zs. Szaller “Spectroscopic

methods for the determination of the composition of potassium lithium niobate crystals”
Phys. Stat. Sol. (c) 4 (2007) 1321-1324

A. Péter, |. Hajdara, K. Lengyel, G. Dravetz Kovacs, M. Téth “Characterization of

Potassium Lithium Niobate (KLN) Ceramic System” Journal of Alloys and Compounds
463 (2008) 398-402

|. Hajdara, K. Lengyel, L. Kovacs, A. Péter, G. Drave&@s. Szaller “Compositional

dependence and structure of hydroxyl ion defects in ferroelectric potassium lithium
niobate” Ferroeletrics 369 (2008) 98-107

12



Etude des équilibres entre phases et croissance
cristalline dans les systemes ternaires
X,0 - Li,0 - Nb,Os (X=Na, Rb, Cs), et qualification de

monocristaux de LiINbO;

Résumé de la these

Par

Gabriella DRAVECZ

Research Institute of Solid State Physics and Optics (Hungarian Academy of Sciences)
Université Paul Verlaine-Metz (Saint Avold, France)
Université E6tvos Lorand (Budapest, Hongrie)

Directeurs de thése:
Lassanyiné dr. Polgér Katalin (Research Institute of Solid State Physics and Optics)
Prof. Michel Ferriol (Université Paul Verlaine-Metz)

Prof. Orban Miklés (Université E6tvos Lorand)

Budapest, 2008

13



|. Avant-propos

Le travail présenté est le résultat d’une collaboration trilatérale entre I'Université E6tvos
Lorand Budapest, I'Institut de Recherche sur la Physique et 'Optique de I'Etat Solide
de I'’Académie des Sciences de Hongrie et I'Université Paul Verlaine-Metz, France.

Je me suis joint a cette recherche comme thésard en co-tutelle entre les deux
Universités. Grace a une bourse Eiffel Doctorat de I'état Francais, j'ai passé 15 mois au
Département Chimie de I' IUT de Moselle Est de I'Université Paul Verlaine a Saint
Avold.

Des recherches précédentes dans le systeme tern@irkiO-Nb,Os aux environs du
domaine d’existence de LiNB@nt montré que I'utilisation de en tant que solvant

rend possible la croissance de LiNjJgDoechiométrique. Le travail présenté ici a étendu
ces recherches en étudiant I'utilisation d’autres oxydes alcalin®©(NRO et CsO)

au lieu de KO.

II. Background et objectifs

Le niobate (ou méta-niobate) de lithium (LINHQ@QN) n’existe pas dans la nature. La
premiere publication parue sur le sujet date de 1949 [1] et est due a Matthias et
Remeika. La versatilité de LiNkOest due a la combinaison unique de propriétés
piézoélectrique, pyroélectrique, optoélectronique et optique non linéaire qu’il présente
et le rendent propre a de multiples applications techniques. Les mesures fondamentales
concernant la propagation des ondes acoustiques, la modulation électrooptique de la
lumiere, la génération de deuxieme harmonique et I'oscillation paramétrique ont été
publiées entre 1965 et 1967. C’est sur LiNlfDe la photoréfractivité a été détectée
pour la premiere fois. La photoréfractivité est le phénomene ou les porteurs de charge
piégés introduisent des changements réversibles des indices de réfraction. Ce
changement est employé dans I'holographie et dans le traitement d’information.

LiNbO; est utilisé également dans les filtres a ondes acoustiques surfaciques (SAW),
dans les convertisseurs de fréequence et dans les amplificateurs paramétriques optiques
fabriqués & base des monocristaux monodomaines, périodiquement polarisés ou dans

des guides d’ondes.
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La composition est congruente lorsque les phases solide et liquide (bain fondu) en
équilibre ont les mémes concentrations pour chague composant. La composition
congruente de LiNb©correspond a [LiJ/[Nb]= 0.945. Pour cette composition de
départ, les coefficients de ségrégation dgOLet NBOs sont donc égaux a 1. Par
conséquent, a partir de cette composition, il est possible de faire croitre des
monocristaux de bonne qualité et de composition uniforme. Dans I'industrie il y a une
production de masse de niobate de lithium congruente (cLN) qui correspond a la plupart
des applications pratiques [2, 3, 4]. L'inconvénient des cristaux congruents est la
présence d'un grand nombre de laucunes de Li qui engendrent une importante
concentration de défauts intrinseques dans la maille cristalline, entrainant un seuil de
dommage optigue bas, empéchant ainsi l'utilisation de cLN en optique non linéaire et en
optoélectronique a haute puissance. Malovichko et al. [5] ont trouvé que dans les
cristaux tirés a partir de bains contenapOKla concentration de défauts intrinseques
était diminuée et que les cristaux possédaient des seuils de dommage élevés les rendant
alors utilisables dans des application en optique non linéaire [5, 6].

Plus tard il a été reconnu que le potassium ne pénéetre pas dans le cy3taerk
seulement de solvant et alors, des monocristaux de lINW®c une composition
proche de la stoechiométrie ou méme parfaitement stoechiométrique (SLN) peuvent étre
obtenus.

Jusqu’a maintenant plusieurs méthodes ont été développées pour la préparation de sLN
(enrichissement en lithium par transport en phase vapeur, croissance cristalline a partir
d'un bain enrichi en Li, dans un double creuset avec recharge continue en maitiere
premiere, “micro pulling down” a partir d’'un bain stoechiométrique et cristallisation par
une méthode de flux (HTTSSG)). Parmi toutes ces méthodes, les cristaux, les plus
proches de la stoechiométrie ou méme parfaitement stoechiométriques peuvent étre
obtenus par la méthode HTTSSG a partir du systéme terngréiKO-Nb,Os [7]. Une

telle méthode est bien adaptée a la croissance de cristal SLN parce que non seulement, la
température de cristallisation qui détermine la stoechiométrie du cristal est abaissée,
mais aussi, il y a une région de concentration g0 &u la composition du cristal est
constante (stoechiométrique) [8, 9, 10]. En raison de la demande croissante en sLN de
haute qualité, il était logique de poursuivre la recherche de nouveaux solvants et, tout
d’abord, d’examiner les autres oxydes alcalins. Pour cela jai examiné les relations entre
phases dans les systemes ternairg®-K,0-Nb,Os (X = Na, Rb ou Cs). Quelques

diagrammes de phases correspondants ont été construits et de nouvelles phases ont été
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identifiées. J'ai fait croitre des cristaux a partir de ces nouveaux fluxes qui ont été

ensuite caractérisés par spectroscopie.

[ll. Méthodes expérimentales

Pour comprendre le role de I'addition des oxydes alcalins dans la croissance de LINbO

stoechiométrique, plusieurs techniques d'étude ont été utilisées.

Une série d’échantillons céramiques appartenant aux systes@ekixX0-Nb,Os (X =

Na, Rb et Cs) ont été préparés par synthése en phase solide entre 1000 et 1200 °C pour
les études par analyse thermique, diffraction des rayons X et pour la croissance
cristalline. Les phases constituantes ont été identifiées par analyse de phase par rayons
X. L'appareillage était soit un diffractometre Philips PW 1710, soit un diffractometre
INEL MPD CPS 120 utilisant la radiation Cy Kans la région 20: 0-80°.

J'ai effectué des mesures d’analyse thermique pour la détermination des températures
de transition des échantillons céramiques dans la région de composition [X] = 10-
16 mol%, [LiJ/[Nb] = 1 (X = Na, Rb et Cs). Les thermogrammes ont été enregistrés
avec un calorimétre différentiel a balayage (DSC) PL Thermal Sciences 1500 en
atmosphere d’Ar et avec comme référence,OAl L'instrument a été calibré avec des
métaux de pureté 6N (In, Sn, Pb, Zn, Al, Ag, Au, Si).

Les cristaux ont été obtenus par la méthode HTTSSG a partir d’'une composition
[X20] = 10 mol%, [LpO] = 45 mol% et [NBOs] = 45 mol%. (au cours de la croissance
des monocristaux la solution s’enrichit epO¥. La croissance a été poursuivie au-dela

de la limite de cristallisation de LN. Ainsi, il a été possible de tirer le maximum de
cristal LINbO; et de déterminer avec le plus de précision possible la limite de
cristallisation. Apres cristallisation de LN monophasé, une phase polycristalline se
manifeste. Les phases constituantes ont été identifiées par diffraction des rayons X
(diffractometre Philips PW 1710). La concentration des alcalins X a été déterminée par

spectroscopie d’absorption atomique (spectrométre Varian SpectrAA-20).
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La teneur en LLO des parties différentes des cristaux de LipllaOCété obtenue par
mesure de la position du seuil dabsorption UV [11], déterminé sur un
spectrophotomeétre a deux faisceaux Jasco V-550 UV/VIS avec une résolution de
0.05 nm. Nous avons utilisé une correction de réflexion pour éviter I'erreur due aux
réflexions multiples des faces internes qui peuvent étre particulierement importantes a
cause des indices de réfraction éleves.

Les ions OH toujours présents dans les cristaux LiNwBtenus sous air, ont pu étre
etudiés par leurs spectres vibrationnels dans l'infrarouge (IR). Les intensités des pics et
leurs largeurs a mi-hauteur étant sensibles a la composition des cristaux, la
spectroscopie infrarouge est une méthode appropriée a la détermination de composition
de LiNbG:s. Les spectres ont été enregistrés sur un spectrometre FTIR type Bruker IFS

66Vv/S dans la région 400-7000 ¢rmvec une résolution de 0.5 ¢m

La troisieme méthode utilisée pour la détermination de la composition des cristaux est la
technique de diffusion Raman. Par cette méthode, on peut étudier les modes
vibrationnels des liaisons chimiques. Les modes vibrationnels du groupe ponctuel 3m
sont partagées en trois groupes nommgshA et E. Dans les spectres Raman, on peut
observer quatre modes At neuf modes E (les cing modegs3dnt inactifs en Raman).

Les modes sont caractéristiques des vibrations Li-O et Nb-O et sont sensibles a la
stoechiométrie du cristal de LiINBOPar conséquent, la spectroscopie Raman est
utilisable pour la détermination de la composition. Nos mesures Raman ont été réalisées
avec un spectrométre micro-Raman confocal, type Renishaw RM1000 fonctionnant
avec une longueur d’'onde laser excitatricec688 nm (He-Ne), avec une résolution
spectrale d'environ 3 cih et, alternativement, avec un spectrométre Labram
(Jobin-Yvon) et deux longueurs d’onde excitatrices : 633 nm (He-Ne) et 514.5 nm (Ar).

appliquées sur les différentes parties des cristaux.

Par la combinaison des méthodes décrites et en supposant que les ions X n’entrent pas
dans la maille de cristal (ce qui est valable pour Rb et Cs), I'évolution de la composition
du bain au cours de la croissance peut étre suivie. En supposant que la composition de la
phase solide cristallisée est totalement stoechiométrique, il est possible de calculer la
concentration réelle en X du bain a partir de la quantité du cristal tiré au méme moment.
Le contenu réel en kD de la phase LiNbOpeut étre déterminé par mesure du seuil

d’absorption UV en utilisant la méthode précédemment décrite. La température de
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cristallisation primaire d’'une composition donnée peut étre déduite des mesures
d’analyse thermique effectuées sur des échantillons céramiques de la méme composition
gue celle du flux a partir duquel le cristal a été tiré. Connaissant les parametres
correspondants : composition du liquidus, composition du solidus, température de
cristallisation, les diagrammes de phases, tracés a partir des résultats d’analyse

thermique, peuvent ainsi étre confirmeés et précises.

V. Résultats nouveaux

1. J’ai montré que les systemes ternairg®-Ki,O-Nb,Os (X = Rb, Cs) sont similaires

au systeme pO-Li,O-Nb,Os. Les températures de transitions de phases sont trés
proches les unes des autres, et, d’apres les résultats d’analyse thermique et de diffraction
des rayons X, les phases constituantes sont analogues. Les limites des surfaces de
liquidus de LiNbQ sont estimées proches de 16 mol%®let CsO ([LiJ/[Nb] = 1).

Sur la base de ces résultats, j'ai construit le diagramme de phase des équilibres solide-
solide (isotherme a température ambiante) du systeme terna@d_3©-Nb,Os et mis

en évidence une nouvelle phase.

2. Jai démontré qu’il est possible de faire croitre des monocristaux de niobate de
lithium & partir des systéemes ternaires examinés entre 0-16 m@%XX= Na, Rb, Cs)

avec [LpO]/[Nb,Os] = 1. RO et CsO se comportent comme des solvants idéaux, car

Rb et Cs ne pénetrent pas dans la maille et les cristaux de {idi€nus sont tres
proches de la stoechiométrie. Les températures de cristallisation des bains sont trés
proches dans les deux cas et les cristaux obtenus a partir de bains de compositions

analogues ont les mémes compositions.

3. J'ai développé une méthode simple et précise pour la détermination de la teneur en
Li,O des cristaux LiNb@non dopés, proches de stoechiométrie. La méthode est basée
sur la mesure du rappoiR)(des intensités des deux pics vibrationnels principaux des
ions OH (& 3465 et 3480 cth) dans le spectre d’absorption infrarouge. La composition
peut étre déterminée a partir de I'équati(t) = S¢) x (C — [Li20]), ou St) = S, -

Aexp({/17). S, représente la pente de la droite d’étalonnage a I'équilibrg)] est la
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teneur en oxyde de lithium du cristal exprimée en % molaiegt,ASont des constantes,
T est la constante de temps décrivant la redistribution désedtest le temps écoulé
depuis la croissance du cristal. Si I'histoire thermique du crigtalgst pas connue, on
peut revenir a I'état originel (“as-grownt’,= 0) par un simple traitement thermique a
1000 °C.

4. Jai confirmé que la largeur a mi-hauteur du pic Raman E(TO1) dépend de la teneur
en LiO du cristal LINbQ. Contrairement aux suppositions préalables, cette évolution
peut étre utilisée pour la détermination générale de la composition du niobate de lithium
seulement en tenant compte d’un facteur de correction, caractéristique des propriétés de
'appareillage de mesure. Utilisant cette méthode, il a été possible de déterminer
I'incertitude sur notre étalonnage (configuration z(xy)z, excitation 633 nm) qui est égale

a = 0.06 mol% LiO. Cette incertitude pourrait étre due au facteur correctionnel ou a

I'éventuelle inhomogénéité de surface de I'échantillon.

5. J'ai démontré que le sodium pénétre dans la maille de Lib€x un coefficient de
ségrégation moyen sdgiq(NaO) ~ 0,2. En accord avec ceci, les températures de
transition de phase des céramiques contenanO Nsont plus élevées que celles
mesurées pour les céramiques contenant,ORou CgO. Les propriétés
spectroscopiques sont aussi différentes: la position du seuil d’absorption UV est
déplacée vers les plus grandes longueurs d'onde, les bandes vibrationnelles de OH
forment une seul bande asymétrique et les bandes Raman s’élargissent et se déplacent
egalement. D’apres I'analyse des modes normaux, le §icCA) est en relation avec

les vibrations Nb-O, le pic ATO2) est en relation les mouvements Li-O/Nb-O. En se
basant sur 'augmentation de l'intensité du mod€T®2), on peut conclure que Na

occupe les sites Li dans la maille cristalline de LN.

V. Applications potentielles

La versatilité de LiNb@ est bien connue dans le domaine de I'électronique acoustique
(filtres SAW), de l'optique non linéaire et de l'optique électronique. Alors que les

applications de LiNb@ congruent sont répandues dans le domaine de I'électronique
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acoustique et de l'optique ou les puissances ne sont pas tres élevées, le seuil de
dommage optique étant relativement bas, les applications sont limitées dans le domaine
des fortes puissances lumineuses. Le seuil de dommage optique de 3;LINbO
stoechiométrique est plus haut et rend nécessaire [l'utilisation d’une méthode de
croissance plus difficile (flux). Les difficultés de la méthode de croissance par flux
justifie la recherche en vue de développer des méthodes alternatives ou d’améliorer les
méthodes élaborées. Dans ma thése j'ai présenté des solvants alternatifs & la croissance
de monocristaux de LiNb{a partir du systeme ternaire®:Li,O-Nb,Os. J'ai prouve

gu’il est possible de faire croitre des cristaux stoechiométriques par la méthode
HTTSSG & partir des systemes ternairegO-Xi,O-Nb,Os (X = Rb, Cs). Les
diagrammes de phase tracés et précisés au cours de ce travail sont importants et donnent
la possibilité de composer le flux a partir duquel il est possible d’obtenir le cristal de son
choix. Comme pour les matériaux typiqguement non stoechiométrique, les parametres
physiques de LiNb@sont tres sensibles aux moindres variations de la composition

(£ 0.01 mol%). La détermination précise de la composition est donc tres importante.
Dans ma thése, jai élaboré une nouvelle méthode de haute précision basée sur le
rapport des deux principaux pics vibrationnels” @ghs I'infrarouge. Cette méthode a

une précision qui satisfait les exigences de qualification des cristaux de4.iNbO
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. El6sz6

A bemutatasra keréilmunka harom intézmény, az E6tvos Lorand Tudomarstegy, a
Magyar Tudomanyos Akadémia Szilardtestfizikai és Optikai Kutat6 Intézete, valamint a
metzi Paul Verlaine Egyetem egyuftkddésének eredménye.

2004-ben csatlakoztam az MTA SZFKI Kristalytechnoldgiai csoportjahoz megosztott
Ph. D. hallgatoéként az E6tvos Lorand Tudomanyegyetem és a Paul Verlaine Egyetem
kozbs témavezetésében. Doktori éveim alatt az ,Eiffel” francia &llami 6sztondijnak
koszonhaten 15 honapot toltéttem a metzi egyetem egy kihelyeagozatan, Saint
Avoldban.

A K70 - Li,O - NbOs harmas rendszer fazisviszonyainak vizsgéalata bizonyitotta, hogy
a K;O olddszerkomponensként valé alkalmazasa éséeteszi sztdchiometrikus litium-
niobat ndvesztését. A bemutatasra k&dblgozat témdja ezen kutatasok kiterjesztése a
K,0-on kivil egyéb alkali oxidok (N®, RO és Cg0) alkalmassaganak vizsgalatara.

[l. EIméleti hattér, kit iizott célok

A természetben nem fellelldetlitium (-meta) -niobat (LiNb@) -eloallitasardl,
ferroelektromos tulajdonsagairolbek6r Matthias és Remeika 1949-es kbzleményében
[1] olvashatunk. Az egykristalyt — piezoelektromos, piroelektromos, elektro-optikai,
valamint nemlinearis optikai tulajdonsagainak egyedulalléan j6 kombinacidjabol
eredéen — szeéles korben alkalmazzak a technikaban. Ma96& és 1967 koOzott
megjelent cikkekben talalkozhatunk akusztikus feluleti hullam terjedéssel, elektrooptikai
fény modulacioval, optikai masodik harmonikus keltéssel és parametrikus oszcillaciéval
kapcsolatos alapuwét kisérletek leirasaval. &zor litium-niobaton mutattak ki a
holografikus képalkotasi folyamatokra, valamint informaciotarolasra alkalmas anyagok
elengedhetetlen tulajdonsagéat, a fotorefrakciét (fény altal létrehozott reverzibilis
torésmutatd valtozast). Egydomén-, vagy periodikusan polarizalt tombkristalyként,
valamint hullamvezét formaban a litium-niobat sokoldalian alkalmazhdtasatikus
felileti hullams#aré (AFH), optikai frekvencia atalakitd és kapcsolo, tikgi

parametrikus ésit, stb. eszk6zokben.
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Kongruens 0sszetételnél az egymassal egyensulyban déadlék és szilard fazis
Osszetétele azonos. LiNg@setén a kongruens dsszetétel [Li] / [NbD.945, amely

eltér a szochiometrikus 6sszetédelEbboSl az aranybdl kiindulva a komponenselkQ.i

Nb,Os) megoszlasi hanyadosa a szilard és folyadék fazis kozott 1, j6 minédégpdo
Osszetétdl egykristaly (kongruens litium-niobat (cLN)) novesah. A Li hianyos
szerkezeld (sajat anyagu, intrinszik hibahelyeket tartalmazd)N kristaly ipari
ndvesztése egysiernulajdonsagai az alkalmazasi kdvetelmények naggétékielégitik

[2, 3, 4], ezért széles korben hasznaljak. A sajat anyagu hibahelyek igen magas
koncentraciéjabol adédéan viszont a nagy energidju lézersugarzas (mar 250°kW/cm
1064 nm-es lézerrel, 1 ns-os pumpalassal) optikai sérilést okoz a kristalyban, ami
jelenbs mértékben korlatozza elektrooptikai és nemlineandikai alkalmazésat.
Malovichko és tarsai [5] tapasztaltak, hogy(K— ot tartalmazé olvadékbdl kiindulva a
novesztett kristaly lényegesen kevesebb sajat anyagu hibahelyet tartalmaz. Az ily
mabdon eballitott kristalyok jobb optikai tulajdonsdgokkalndelkeznek, magasabb az
optikai sérulési kiiszobik, igy alkalmasabbak elektrooptikai és nemlinearis optikai célu
felhasznalasra (Q — kapcsolok, frekvencia atalakitok) [5, 6].

Késsbb kimutattak, hogy kalium nem épul be a kristalybayesztés soran csak az
oldészer szerepét tolti be, valamint, hogy a mddszer alkalmas adalékolatlan,
sztochiometrikus dsszetéidliNbOgs ([Li] / [Nb] = 1) kristalyok (SLN) névesztésére [7].
Napjainkra szamos modszert fejlesztettek ki kozel sztéchiometrikus LN egykristaly
eléallitasara (§z fazison keresztil vald Li dusitas, 58 mol% Li dartu olvadékbol
kiindul6 dupla tégelfy ratdltéses modszerrel vald egykristadly novesztégkrom
szalhuzés sztéchiometrikus 6sszetétdvadékbdl, maggal vezérelt magas homérséklet
oldat olvadékos novesztés (HTTSSG)). Kozuluk a [Li] / [Nb] = 1, sztéchiometrikus
0sszetételhez legktzelebb6ekiNbO3; tombkristalyt a KO - LioO - Nb,Os harmas
keveréket hasznal6 HTTSSG modszerrel lehet elérni [7]. Ez az oldat kilonosképpen
alkalmas sLN kristaly novesztésére, ugyanis jéksm csokkenti a kristaly
tartomanyban a kristaly 6sszetétele allando) [8, 9, 10].

JO min&édi sztochiometrikus LiNb@ kristalyokra egyre nagyobb igény mutatkozik.
Doktori munkam célja a kaliumon kivil mas alkalifém oxidok vizsgalata az ediprer
novesztési eljaras, alacsonyabb kristalyosodasi hémérséklet, vagy a sztdchiometrikus
litium-niobat egykristaly jobb kihGzasi hanyadanak elérése reményében. Ehhez

tanulmanyoztam az 20 - Li;O - NBOs (X = Na, Rb, vagy Cs) harmas rendszerek
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fazisviszonyait, megfelélfazisdiagramokat szerkesztettem, 0 fazisokat azitwitam,
kristdlyndvesztési kisérleteket végeztem, a novesztett kristalyokat spektroszkoépiai

modszerekkel mingsitettem.

lll. Vizsgalati médszerek

Szamos vizsgalati modszert alkalmaztam az alkalifém oxid oldatkomponenseksLiNbO

kristaly ndvesztésekor betoltdtt szerepének megértése érdekében.

1000-1200 °C szilard fazisu reakcioval (a £800 — 1000 °C-on torténd teljes
eltavolitasa utan) YO - LioO - NbOs (X =Na, Rb, vagy Cs) polikristalyos mintak
sorozatat allitottam &l termoanalitikai, rontgen diffrakcios és kristalyegvtési
vizsgalatokhoz. A kialakulo fazisok azonositasa Philips PW 1710 — mely a,Cu K
sugarzasat hasznélja a 08§ terjeds 20régioban —, valamint INEL MPD CPS 120

rontgen diffraktométerrel tortént.

Termoanalitikai mérésekkel fazisatalakulasi homérsékleteket hataroztam meg
[Li)/[Nb] = 1, [X] = 10-16-mol% (X =Na, Rb, vagy Cs) 0Osszetétel tartomanyla es
polikristalyos mintdkon. A spektrumokat PL Thermal Sciences 1500 berendezéssel

vettem fel, Ar atmoszféraban A); referencia anyagot hasznélva. A rendszer

V4

[X20] = 10 mol%, [LbO]= 45 mol%, [NBOs] =45 mol% Osszetetiel oldatbol
kiindulva HTTSSG maddszerrel LiNkOkristdlyokat ndvesztettem. (Az egykristaly
novesztése sordn az anyaoldatOXkoncentracidja né.) A folyadék-fazis hataranak
pontos meghatarozasa érdekében a novesztést a jibgydazis kristalyosodasanak
hataran tal folytattam, kihizva a maximalis LiNp@ennyiséget (a LiNbDegyfazist
koveen tdbbkomponerispolikristdlyos fazis jelent meg). A kialakul6 faalat és a
tégelymaradék komponenseit a fent emlitett Philips PW 1710 rontgen diffrakcios
berendezéssel azonositottam. A kristaly X tartalmat atomabszorpcidos analizissel

hataroztam meg Varian SpectrAA-20 készulék segitségével.
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Kétsugaras Jasco V-550 UV/VIS spektrométert hasznalva, 0,05 nm felbontassal
felvettem a  LiINbQ kristadlyok kilonbd#d pontjairdl vett mintdk abszorpciés
spektrumat, majd egy UV abszorpcios él mérésen alapuld kalibracioé [11] segitségével
meghataroztam LO tartalmukat. A kristaly nagy térésmutatoja miatt a tdbbszorosen
visszaveddott fénysugarak okozta méreési hibat reflexiés Kariefigyelembe vételével

kiisz6boltem ki.

A levegn novesztett LiNb@ kristalyokban mindig jelen levé OHonokat [12] az
infravoros tartomanyba ésezgési spektrumuk jellemzi. Az észlelt csucsoknaitasa

és félérték-szélessége egyarant érzékeny a kristaly dsszetételére, kovetkezésképpen az
OH rezgési spektroszkdpia alkalmas LiNb@sszetételének meghatarozasara. Ennek
vizsgalatara Bruker IFS 66v/S FTIR spektrométer segitségével IR spektrumokat vettem

fel 0,5 cm'-es felbontassal a 400 — 7000 thullamszam tartomanyban.

Ph. D. munkdm soran az 6sszetétel meghatarozasara szolgalé harmadik spektroszkdpiai
modszer, a kémiai kotések rezgési modusait vizsgalo Raman szoéras volt. A; BiNbO
szimmetriajahoz tartozé rezgési médusok harom kuléhbéaportba oszthatok (AA;

és E). A LINbQ Raman spektrumaban — a Li-O és Nb-O rezgésekre jéllemégy A

és kilenc E mddus figyelhetmeg (az 6t A mdédus Raman inaktiv). Ezen modusok
erzekenyek a LiNb@Kkristaly sztochiometriajara, vizsgalatuk alkalmas lehet 6sszetétel
meghatarozasra. Renishaw RM21000 konfokalis Mikro-Raman spektrométerrel
633 nm-es He-Ne lézer gerjesztéssel (kb. 3-em spektralis felbontas mellett),
valamint Labram spektrométerrel (Jobin-Yvon) 633 nm He-Ne és 514,5 nm Ar-ion |ézer
forrdsok hasznalataval Raman spektrumokat vettem fel a kristalyok kuénboz

pontjairol vett mintakrol.

Feltételezve, hogy az X ion nem épul be a kristalyba (ez a Rb és Cs esetén teljesiil), a
fenti vizsgalati modszerek kombinalasaval a novesztés soran bekdvebkedat
Osszetétel-valtozasok nyomon kovetiket A kristadly mindenkori 6sszetétele és a
kihdzott mennyiség ismeretében az aktualis folyadék fazis 6sszetétele, amelybdl nétt,
kiszamithat6. A kristaly kilénbdz pontjairdl vett mintdk valédi LO tartalma
spektroszkopiai mérésekbol — a fent emlitett kalibraciok segitségével —tareghato.

Az adott Osszetételhez tartozé kristalyosodaémdrseklet az adott ponton az

oldatfazissal megegyézosszetétdél polikristalyos mintak termoanalitikai meéréseibdl
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adodik. Igy az Osszetartozd oldatosszetétel — kristalydsszetétel — kristalyosodasi
homeérséklet pontokat ismerve a termoanalitikai métadekzerkesztett fazisdiagram
finomithato.

IV. Uj tudomanyos eredmények

1. Termoanalitikai és rontgen diffrakcios mérésekkel bizonyitottam, hogy az
X20 - LiO - Nb,Os (X = Rb, Cs) harmas rendszer termikus tulajdonsagai hasonléak a
K20 - Li»O - Nb,Os rendszeréhez, analog fazisatalakulasi hémérsékletekkel és kialakuld
fazisokkal. A LINbQ egyfazis kristalyosodasi hatara 16 mol%OXtartalomra tehét

mind a RBO-t, mind a CgO-t tartalmaz6é rendszer esetén ([Li]/[Nb]=1).
Megszerkesztettem a £3-Li,O-NkOs harmas rendszer szobahémérsdklet
fazisdiagramjat, melyben egy Uj fazist azonositottam.

2. Bebizonyitottam, hogy mindharom vizsgalt harmas rendszer esetén a
[LioO] / [NbOs] =1, 10 — 16 mol% YO (X = Na, Rb, Cs) Osszetétel tartomanybol
kiindulva néveszthétLiNbO3 egykristaly. A RBO és CgO idedlis oldatkomponensként
viselkednek, az alkali fémionok nem épulnek be a kristalyracsba, igyvéhttszik
(kozel) sztochiometrikus LiNb©kristaly eballitasat. A kristalyosodasiomeérseklet, a
kihizasi hanyad és az egyensulyi szilard fazis medgfdldl / [Nb] aranyai kozel
azonosnak adddtak RD és CgO oldatkomponenst alkalmazva.

3. Az ebz6 tapasztalatokra alapozva kvantitativva tettem &aviiros spektroszkopiai
mérésen alapulé adalékolatlan LiNb€yykristaly LyO tartalmanak egyszegés pontos
meghatéarozasat. Alapja a hidroxid ion infravoros rezgési spektrumaban megg&tidino
cslics (3465 és 3480 chnintenzitasarany (R) valtozasanak mérése. Az dsszetétel az
R(t) = S(t) x ( C - [LWO] ) egyenletbdl hatarozhatd meg, ah@) S S, — Aexp(/7). S. a
kalibracid6 meredekségét mutatja termikus egyensulybapQJla kristaly litium oxid
tartalma mol%-banC ésA allandok,t az OH atrendeédési folyamat idéallanddja,a
kristalyndvesztést eltelt id6. Bizonyitottam, hogy ismeretlen termikuséedéti
kristalyminta esetént (smeretlen) 1000 °C-os kézeléssel visszadllithatdé a nbvesztés
utani allapot { = 0).

28



4. Bizonyitast nyert, hogy az E(TO1) Raman mddus félérték-szélessége a;LiNbO
kristaly Li,O tartalmaval monoton valtozik. Igazoltam, hogy — a korabbi feltevésekkel
ellentétben — ezek a mérések dsszetétel meghatarozasra kizardlag egy korrekcios faktor
figyelembe vételével hasznalhatok, mely magaban foglalja a Iézernyaldb minéségeét,
valamint a berendezés és a meérési korilmények egyéb technikai paramétereit. Az
E(TO1) Raman modus korrigélt félérték-szélességét hasznalva kalibracidés egyenest
hataroztam meg z(xy)z konfiguraciéra, He/Ne lézeres (633 nm) gerjesztés mellett. A
kalibracié bizonytalansaga + 0,06 mol%Qitartalomra tehét amit a korrekcids faktor
meghatarozasanak pontatlansaga, illetve a minta fellletének esetleges egyenetlensége

okozhat.

5. Kimutattam, hogy a natriumsigoy (N&O) ~ 0,2 atlagos megoszlasi hanyadossal
beépill a LINb@ racsba. Ennek megfetein a NaO tartalmu polikristalyos mintak
fazisatalakulasi homérsékletei is magasabbak s CgO tartalmluakéhoz képest, de

a NaO tartalmu oldatb6l novesztett kristdly spektroszkopiai képe is megvaltozott
tulajdonsagokra utal: az UV abszorpcios él hosszabb hullamhosszak felé tolédik, az OH
rezgési spektrum savjai egy széles, aszimmetrikus csuccsa olvadnak 6ssze, mig a Raman
savok kiszélesednek és eltolodnak. Normal koordinata analizis alapjan(E1A

Raman modussként a Nb-O, mig az ATO2) a Li-O/Nb-O rezgésekre jellehizA Na
beépulésekor az ATO2) mddus intenzitdsa megns, amibdl arra kbvetkeztethetiink,

hogy a Na a racsban Li helyet foglal el.

V. Eredmények gyakorlati alkalmazasanak lehatségei

A LiNbO; kristdlyok gyakorlati alkalmazasdnak sokfélesége kodzismert az
akuszto-elektronika, a nemlineéris optika €s az elektro-optika kilértediletein. A
sztochiometrikus dsszetételiNbO3 kristalynak magasabb az optikai sérilési kiiszbébe,

igy alkalmasabb elektrooptikai €s nemlinearis optikai célu felhasznalasra a konnyebben
eléallithatd kongruens 0Osszetdielkristalyhoz képest. A novesztés nehézségei
indokoljak alternativ éBllitasi médok kifejlesztését, a mar ismertek tovajsztesét

mas anyagok bevonasaval. Ezért Iényeges annak bizonyitasa, hogy HTTSSG modszerrel
a KO - LipO - NbOs rendszeren kivil 20 - LioO - NBiOs (X = Rb, Cs) harmas
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keverékekbdl is ndveszthiesztochiometrikus LINb@ A kozolt fazisdiagramok alapjan
meghatarozhat6 az alkalmazés kivanalmainak megfélestalyosszetételhez tartozo
egyensulyi oldatosszetétel. A LINBO fizikai paramétereinek jelefg része
Osszetételfligy Kis dsszetétel valtozas (mar + 0,01 mol%) naggjdansagbeli eltérést

idéz eb. Ezért a kristdly O tartalmanak minél pontosabb meghatarozasa
kulcsfontossagu a kilonb®zalkalmazasok szempontjabdl. A dolgozatban résdetes
bemutatott, a kdzel sztéchiometrikus LINDOH rezgési spektruméban talalhatdé két
karakterisztikus sav intenzitasaranyan alapulé 0Osszetétel meghatarozas pontossaga

kielegiti az alkalmazas tAmasztotta kdvetelményeket.
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Foreword

The present work is the result of a tri-lateral research among the Eo6tvds Lorand
University, the Research Institute for Solid State Physics and Optics of the Hungarian
Academy of Sciences, both in Budapest, and the University Paul Verlaine (Metz,
France). There has been a more than 10 year’s cooperation between the Optical,
Photonic Materials and Systems laboratory of Wméversity of Metz and the Crystal
Technology Department of the Research Institute for Solid State Physics and Optics of
the Hungarian Academy of Sciences (former Research Laboratory for Crystal Physics).
This cooperation has not only been restricted to joint research work and the exchange of
samples and researchers, publication of common papers (20), but also included the
exchange of PhD students and the bilateral supervision.

I've joined the group in September 2004 as a shared Ph.D student of the University
Eo6tvés Lérand and the University of Metz. With an Eiffel Doctorat “co-tutelle”
scholarship I've spent 15 months in Saint Avold (France) and another 15 months in
Budapest.

Based on the results of the previous investigations concerning the phase relations of the
K20 - Li,O - N,Os ternary system near the existence region of lithium niobate the
common research was extended to the investigation of the potential use of other alkali
oxides (instead of ¥O), namely NgO, RO and Cg0 as solvent components in the
growth of stoichiometric lithium niobate. The methods I've got acquainted with and the

results we obtained in this period are summarized in my thesis.

33



Contents

Summary in English in French and in Hungarian...............oooiiiiii e 2
(70 41T 0| £ TP PUPPPRPTN 34
Background and ODJECHIVES ........cccoci e 36
1. Physics and chemistry of crystalline LINRO.............ooovvviiiiiiiiiiiiie e, 38

1.1. The LINDQ Crystal StIUCIUIE .........oi i 39

1.2. Phase relations in the;Oi - NIOs binary system..........ccoovviiiieeiviiiieen e, 43

1.3. Phase relations in the® - Li,O - N,Os ternary system........ceeeeeeeeeeveveeennnnnns 45

1.4, Crystal grOWEN PrOCESSES ...uuuuuiiiiieeeeeeeeeeee ettt s e e e e e e e e e e e e e e e eeeeae e aeeaeas a7

1.4.1. High temperature top seeded solution growth (HTTSSG) method .............. 49

1.5. Crystal composition and characterization methods ...........cccccceeieiiiiiiiiiieeeeeinnn, 51

2. Experimental methods and iNStrUMENTS ..........uuiiiiiiiie e e 57

2.1. Solid state reactions, thermoanalytical investigations and phase characterization

..................................................................................................................................... 58
2.2. Crystal growth and refinement of the phase diagram.............ccccvviiiiiiicciiennn. 61
2.3, SPECITOSCOPY - eeeunetitueeeeti e ettt e et et e e e et e e e et s e e eaa s e eesa e e e est e e e esaeeaeaneeeeanneeenanaaaes 63
B RESUITS ...ttt e e e e e e e 64

3.1. Phase identification and phase diagram determined on polycrystalline samples 65
3.1.1. Thermal analysis and X-ray phase identification in @ -Xi,O - N,Os

TEINATIY SYSTEIMS L.ttt et e e et e et e e et e e e e et e e e et e e eennneeees 65
3.1.2. Phase diagram of the,Os- Li,O — NOs ternary system............cccceeenn... 72
3.2. Single crystal growth and characterization...............cccceeeeeiiiieieeeeeee s 77

3.2.1. Crystal growth experiments in thegOX— Li,O — NOs ternary systems.... 77
3.2.2. Solid composition determination by UV/Vis spectroscopic measurements. 81

34



3.2.3. Phase relations along the vertical section of LEN¥£D systems............. 87
3.3. Spectroscopic characterization and composition determination of the crystals
grown from alkali metal 0Xide fIUXES .........uuuuiiiiiii e 89
3.3.1. IR absorption MeaSUIrEMENTS......cciiei i i e e e eeee e e e e e e e e e e e e 89

3.3.1.1. OHyvibrational spectra of crystals grown from band CgO

CONLAINING FIUXES ... e e e e e eeeeeeaeees 89
3.3.1.2. OHspectra of crystals grown from p@a containing flux.................. 103
3.3.2. Raman spectroscopic properties of the crystals...........cccccvcciiiiiiiiieeeeen, 105

3.3.2.1. Composition calibration for lithium niobate crystals based on Raman
L 01T 44T 0] £ PR UUP PP PTPPUPRRRR 105

3.3.2.2. Raman spectra of crystals grown frorpdRéNd CsO containing fluxes

........................................................................................................................... 107
3.3.2.3. Raman spectra of crystals grown fromQNeontaining flux ............. 113
A SUIMIMIATY ¢ttt ettt e ettt e et e e e e e ettt e e e e e eesba e e e e eee et e e e eeeesbn e eaeeesnnnnaeeeeennnnns 115
5. INBW FESUILS L.t e e e e e e e e e e e e e e e e e et b a bbb s 116
0] o] [Tor=1 1 o] o F= 3PP PPPPPPRPI 118
F o LoV F=To (o T=T 0 =T o | £ PP 120
BIDIIOGIrapRY ... e 121
Y o] o 1= T [ U PPPPPPPPPPPPRPPR 126
NN I B 1= ] 11 1o o PSP RPPPPPPPPP 126
A.2. List Of @DDreviationS.........ceviviiiiii e 128
A.3. Crystal growth methods ........coooiiiiiiii e 129
A.3.1. Bridgman teChNIQUE ........ceeeiiiiiiee e 129
A.3.2. Czochralski teChNIQUE .......ccooee e 130
A.3.3. High temperature solution growth (HTSG) methods........c..ccccvvvvviiiienennnn. 131
A.3.4. Double crucible Method.........ccooviiiiiiii s 134
A.4. Examination and characterization methods ..............uuuviiiiiiineeeeeeeeiiiis 136
A.4.1. Differential scanning Calorimetry ...........oovvvvvviiiiiiiiiiee e eee e 136
A.4.2. X-ray diffraClioN ......eeiieei i 138
A.4.3. Ultraviolet/visible and infrared SpectroSCOPY ......coeeeeeeeevieiieeeiiiiiiiieeeeenn 140
A.4.4. RAMAN SPECITOSCOPY -..cvvuniierueeietieeeetieeeetaeeeetaeeesnaeeesn e eesn s aeesnaaeennnaaaes 145
A.5. Residual X-ray diffractograms for chapter 3.1.2. ........coooiiiiiiiiiiiiiiiiieeeeeeee 147

35



Background and objectives

Lithium (meta-) niobate (LiNbg LN) does not occur in nature, the first report on its
preparation and ferroelectric properties was given by Matthias and Remeika in 1949 [1].
The versatility of LINbQ arises from the unique combination of piezoelectric,
pyroelectric, electro-optical and nonlinear optical properties enabling it to be used in a
wide range of applications. Most basic experiments on acoustic wave propagation,
electro-optic light modulation, optical second harmonic generation, and parametric
oscillation were performed between 1965 and 1967. Lithium niobate was also the first
material found to exhibit photorefractivity — an effect where the trapping of
photogenerated charge carriers induces reversible changes in the refractive indices —
which can be used for holographic image processing and information storage. Lithium
niobate can be used in surface acoustic wave filters, optical frequency converters and
optical parametric amplifiers based on single domain bulk crystals, periodical structures
or waveguides.

Single crystals of good quality and uniform composition can be grown from the
congruent melt that corresponds to the [Li] / [NbD.945 ratio. For this composition

the liquid and the solid phases in equilibrium have the same concentration of each
component. Consequently, using this starting composition in crystal growth, the
segregation coefficients for both,0 and NhOs are equal to 1. Congruent lithium
niobate (cLN) crystals can be grown easily and this is the composition used in most
applications [2, 3, 4]. The drawback of the cLN crystal is its high Li-deficiency leading
to a large concentration of intrinsic defects. This results in a low optical damage
threshold seriously limiting applications in electro-optics and non-linear optics requiring
high energy laser radiation. It was found [5] that crystals grown under appropriate

conditions from KO containing mixtures have lower intrinsic defect concentrations.
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Using similar procedures better optical parameters and a higher optical damage
threshold can be achieved making the crystals more suitable for use in electro-optics
and non-linear optics (Q-switching and frequency converters) [5, 6].

Later it was recognised that potassium itself does not enter the crystals grown in this
way and lithium niobate crystals with the ratio near to [Li]J/[Nb] ~ 1 (stoichiometric
lithium niobate, sLN) can be grown. By now several other methods have also been
developed for the preparation of SLN single crystals and the composition closest to 50
mol% Li,O can be achieved by the high temperature top seeded solution growth
(HTTSSG) method using axR - LioO - NOs ternary mixture [7]. Such a solution is
especially convenient for the growth of sLN crystals, since it significantly lowers the
crystallization temperature determining the stoichiometry of the crystal [8, 9, 10].

The increasing need of high quality stoichiometric single crystals in the applications
made it evident to look for other alkali metal oxides beyond potassium oxide in the hope
that they can give us an easier growth process, lower crystallization temperatures or
better yield of stoichiometric lithium niobate single crystals. For this end phase relations
in the X0 - Li,O - Nb,Os (X = Na, Rb or Cs) ternary systems were investigated, some

of the corresponding phase diagrams were constructed, new phases were identified,
growth processes were carried out and the crystals were characterized by spectroscopic

methods.

The first chapter of my thesis reviews the LiNb@ystal structure, phase diagram,
crystal growth and characterization methods published in the literature. The
experimental methods are described in the second chapter while chapter 3 contains a
detailed presentation of the results. The work performed is summarized in chapter 4,

and the new scientific results are listed in chapter 5.
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1. Physics and chemistry of crystalline LiNbQ

The first chapter summarizes basic knowledge about LiNki@ystals. The
crystallographic structure and the physical properties will be reviewed. The phase
diagrams of the LD - N,Os binary and the KO - Li,O - N,Os ternary systems will

be presented. Different crystal growth methods will be demonstrated with their
advantages and disadvantages. The difficulties of the composition determination of the
LINbO3 single crystal and suitable methods for an exact high precision composition

calibration will be given.
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1.1. The LiNbG; crystal structure

LiNbOg3 is an ionic material with partially covalent character. The structure of LiNbO

at room temperature belongs to the rhombohedral (trigonal) space group R3c, the
corresponding point group is 3m. This form is stable up to the ferroelectric phase

transition around 120C, where a transition to the nonpolar point gra@poccurs

(space group éc) (Fig. 1.1.). The unit cell parameters are given in Table 1.1.
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Figure 1.1. (a) Three dimensional model of the LiNk@ucture (red circles are oxide ions, blue ones are
lithium ions and the green are niobium ions), (b) the displacement of cations relative to the oxygen planes

for the two possible directions of polarization in the ferroelectric state [1]
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Table 1.1. Unit cell parameters and density of LiNbQthe hexagonal [4, 11, 12] representation

Point group: 3m

Space group: R3c

Parameters for hexagonal axes

Congruent Stoichiometric
crystal crystal

aq [A] 5.15052(6) 5.14739(8)

cu [A] 13.86496(3 13.85614(9)

d [g/cnT] 4.648(5) 4.635(5)

number of formula units: 6 per unit cell

For describing the LINb® crystal symmetry two representations are used: the
rhombohedral and the hexagonal. For the description of the physical properties an
orthogonal representation is often used. The relations of these three representations are
illustrated in Fig. 1.2.

In the rhombohedral setting the three axes are equal in length. The interaxial angles are
also identical and are 55.87° for LiINp{13]. Each of the triad axes is a body diagonal

of a rhombohedron. The axes of the rhombohedron form an angle of about 33° with the
triad axes. Hexagonal axes are chosen perpendicular to the mirror planes (Fig. 1.2 b).
According to the conventions, these hexagonal axes have to be chosen in such a way
that the rhombohedron is in the obverse position. This obverse position is indicated in
Fig. 1.2 (a) by dashed lines. The interrelation between the rhombohedral and the
hexagonal axes imposes strict limitations on the possible indices of faces in the

hexagonal system.
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Figure 1.2. Choices of axes in point group 3m (a — rhombohedral, b — hexagonal, ¢ — orthogonal). For

case (a) only projections are shown

For most physical applications the orthogonal setting (Fig. 1.2 c) is preferred, with all
axes orthogonal, but with different length. Tensor components of physical properties,
such as elastic moduli, piezoelectric coefficients, dielectric constants, and others, are
given with respect to these axes. In the present work the hexagonal and the orthogonal
representations are used.

The frame of the crystal structure (Fig. 1.1) consists of oxygen octahedra sharing faces
with each other and empiled along the polar z-axis. The space created by the oxide ions
is occupied by the cations in alternating sequence and every third site is empty.

In the paraelectric state the Nb ion is in the centre of the oxygen octahedra while the Li
ion is situated in the plane of the oxide ions. In the ferroelectric phase at 295 K the Nb
ion is displaced by 0.277 A and the Li ion by 0.675 A in the same direction from their
symmetrical positions. These displacements along the polar axis are the origin of the
spontaneous polarization. An opposite displacement reverses the direction of
spontaneous polarization [13, 14, 15] as shown in Fig. 1.1 b.

In ideal stoichiometric LiNb@the Li sites are occupied by*Land the Nb sites are
occupied by NB". The presence of excess Nhn congruent crystals leads to the
formation of anti-site (NB) defets in the lattice Several models of instrinsic defects
have been proposed in the literature to describe the congruent 4 i¥y&dal. The Li
vacancy model [16] assumes that the Nb sublattice is completely filled, extrioN®

enter Li sites forming anti-site defects. The charge neutrality is achieved by empty Li
sites whose number is four times that of antisite Nb defects.

The Nb vacancy model [17] assumes Nb vacancies at the Nb site act as charge
compensators for Li defficiency. Four vacant Nb sites are needed to compensate the

charge of five Nb on antisites.
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Abdi et al. [18] assumed that both Li and Nb vacancies can coexist to some extent, and
that their ratio is determined by the crystal composition.

In both congruent and stoichiometric case the O positions are supposed to be completely
filled.
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1.2. Phase relations in the LO - Nb,Os binary system

The first phase diagram of the systemQ.i- NlbOs was published by Reisman and
Holtzberg [19] describing two incongruently and two congruently melting compounds:
lithium meta-niobate (LiNbg) melting point 1253 °C) and lithium ortho-niobate
(LisNbQO,, melting point 1408 °C). Lerner et al. [16] made a substantial improvement,
showing that LiNb@ has a fairly large solid solubility range, and the maximum melting
temperature does not occur at the stoichiometric composition but between 48 and
49 mol% LpO. The congruent composition is reported to be between 48.35 and
48.60 mol% L3O [16, 20, 21, 22, 23, 24] depending on the purity of the starting
materials, growth conditions, measuring methods and also on the direction of the crystal
growth [21, 22]. In the homogeneity range (~ 47 — 50 mol% L16]) the physical
parameters are sensitively changing (e. g. lattice constant, density, ferroelectric Curie
temperature, refractive index, phase matching temperature of "fhenaPmonic
generation, the position of the ultraviolet absorption edge, position and shape of the OH
vibration spectrum). Several calibration methods use these variations for the precise
determination of the compositions of the crystals as will be shown later. A slight shift in
the composition causes a large change in the physical parameters in this composition
range; therefore the exact knowledge of theOLicontent of the crystal is very
important.

The clearest representation of the phase diagram was given by Svaasand et al. [25]

shown in Fig. 1.3.
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Figure 1.3. Phase diagram of the systep®l+ NBOs (Svaasand et dl25])

While the congruent LN crystal can be grown easily with uniform composition, its high
Li-deficiency limits the technical application in electro-optics and non-linear optics
because the high number of intrinsic defects sensitizes the crystal against high energy

laser radiation.
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1.3. Phase relations in the KO - Li,O - Nb,Os ternary system

The investigations of the JO - Li,O - NlbOs ternary system started in the 1960’s.
Potassium lithium niobate @i,NbsO15, KLN) with good non-linear optical and
electrooptical properties was grown from this system [26, 27]. A new interest was given
to the subject when the composition of lithium niobate (LN) grown frop® K
containing starting material was found to have better properties (sharper NMR and EPR
lines) than those grown from congruent melt [28]. Based on these first results in-depth
investigations of the ternary oxide system were started. It was established that lithium
niobate bulk crystals with the compositions closest to stoichiometric can be grown from
this system (Polgér et al. [9]). Within the confines of the lithium niobate existence field
the phase boundaries of the stoichiometric lithium niobate existence field were

determined as shown in Fig. 1.4.

K50 [mol%]
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Figure 1.4. View of the polythermal projection of LiIND@N) crystallization field in the
K,0 - Li,O - Nb,Os ternary system where the grey region shows the crystallization region of 4£iNbO
while the area marked with squares corresponds to the crystallization region of stoichiometrig LiINbO
phase [9], (KN = KNb@ L3N = LigNbO,, KLN = Kg.x.,Li4+Nb10+,O30 ternary solid solution, where x =
0,51-0,55 and LN3 = LiNdDg phases, E is the ternary eutectic point, P is the peritectic point and T is the

quasi-peritectic point of the system)
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The LiNbG; liquidus surface is limited by four monovariant lines:

Lig. + LigNbO,4 + LINbOs,  Lig. + KNbO; + LINbO3;,  Lig. + KLN + LINbO3; and

Lig. + LiNb3Og + LINbOs. The ternary eutectic reaction [8] occurs at 997 °C:
Lig. «> <B-Li3sNbO;> + <KNbO;> + <LiNbOsz>. The composition of the eutectic liquid

(E) is 45.0 £ 1.5 mol% Ni®s, 26.0 £ 1.5 mol% KO and 29.0 £ 1.5 mol% O. A
guasi-peritectic reaction (Lig. + <KLN solid solution> <KNbOs> + <LiNbO3;>) has

also been identified at a temperature of about 1050 - 1055 °C. The quasi-peritectic
liquid (T) has a composition roughly equal to: 49 mol% 04 25.5 mol% kKO and

25.5 mol% L}O.

Phase relations in the analogougOX Li,O - Nb,Os (where X = Na, Rb or Cs) ternary
systems have not been investigated yet. The first results will be reported for X = Na and
Rb and the complete phase diagram at room temperature will be given for X = Cs in the

present thesis.
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1.4. Crystal growth processes

Congruent LINbQ@ single crystals are generally grown by the Czochralski method even
on the industrial scale. High purity materials are melted in a crucible and are solidified
with the same composition on a crystal seed.

Several attempts have been undertaken to prepare crystals with stoichiometric
([Li]/[Nb]~1, sLN) composition. These crystals are expected to have less lattice defects
and therefore better properties for high energy laser applications.

The preparation of stoichiometric samples from congruent single crystalline wafers or
fibores was successful using the vapour transport equilibration (VTE) method where
previously grown congruent samples were annealed in the vapour of Li-rich $iINbO
powder. The lithium enrichment of the crystal occurs via the vapour phase by diffusion.
For thin sampleghis method yielded compositions rather close todfegéchiometric
(49.95 mol% LO [23]); the drawback is that for thicker crystals, extremely long
diffusion times have to be used [23, 29].

Czochralski growth starting from stoichiometric and other off-congruent melts did not
give satisfactory results, since the composition of the growing crystals was shifting
along the growth axis as the growth proceeded.

The HTTSSG (High Temperature Top Seeded Solution Growth) method is a suitable
method for growing sLN crystals up to 50 mol%Qicontent. The method allows to
decrease the crystallization temperature because the components of the desired
substance are dissolved in a solvent (sometimes referred as “flux”), which is a molten
salt. Choosing the right solvent is very important for the HTTSSG technique. The main
selection criteria for the solvent are: the solvent should not react with the crystal
material, should not enter the lattice as a dopant, should significantly lower the
crystallization temperature and the temperature dependence of solubility of the solute in
the flux should be positive and significant.

The KO - LINbO; system has proved to be an ideal solvent system sy@alées not

enter the lattice whereas it significantly lowers the crystallization temperature [7, 30,
31]. It was established that the key parameter which determines the composition of the
growing crystal is the growth temperature [31]. A lower temperature threshold for
crystallization has been found to be at about 3@1Zhe values of similar thresholds

for possible new solvents clearly limit their choice for the growth of stoichiometric
LiNbO; single crystals. From this it also follows that the Li-rich self-fluxes can never

result in a Li/Nb ratio as close to 1 as thedéntaining flux does, since according to the
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binary Li,O - Nb,Os phase diagram the temperature limit of growth in that system is at
1160°C (see Fig. 1.4).

Kitamura et al. [32] improved the HTTSSG and invented a continuous filling double
crucible method. They used a,Qrrich self-flux. During the growth a powder which
has the same composition and amount as that of the pulled crystal is continuously
refilled to the solution. Since the material pulled out is immediately recharged, the
composition of the flux is kept constant and a crystal with uniform composition can be
grown.

The LiO content in their starting mixture was 58 mol%, so the maximum attainable
Li,O content of the crystal by this method is 49.79 mol% limited by the phase relations
in the LbO - Nl,Os binary system.

Most of the methods applied for growing stoichiometric crystals produce stoichiometric
or nearly stoichiometric LINb@ with a real O content betweer=49.5 and

50.0 mol% in the crystal.
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1.4.1. High temperature top seeded solution growth (HTTSSG) method

The starting materials (the solvent and the solute) are mixed and melted in a crucible
and kept at high temperature for homogenization. An oriented crystal seed (with the
same composition as that of the crystal to be grown) is brought into connection with the
surface of the mixture. After reaching thermal equilibrium between the seed and the
solution close to the saturation temperature, with the slow lowering of the temperature
the crystal begins to grow on the seed with corresponding orientation. During the
procedure the seed is rotated and pulled (fig. 1.5). The temperature programme of the
growth is chosen in a way that the diameter of the crystal increases continuously from
the few mm diameter of the seed crystal to the maximal size required and maintains this
constant diameter till the end of the growth. If the crystal reaches the expected length, it

is detached from the flux.

Figure 1.5.: Scheme of the HTTSSG equipment
a - pulling bar, b - seed, ¢ — single crystal, d - flux, e - crucible, f — heating wire, g — crucible holder,

h — direction of pulling, i — direction of rotation

At first sight the technical setup is very similar to that of the Czochralski growth but
there are significant differences. In HTTSSG the temperature of the growing interface is
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diminishing during the crystal growth insuring the maintenance of the saturation
conditions while in Czochralski method the temperature of the growing interface is
constantly at the melting point. The typical pulling rate for HTTSSG is slow (0.1 — 10
mm/day) so the growth process can last several weeks which is at least ten times more
than a Czochralski run. This implies that the requirements against the long term stability
of the equipment are rather high which applies for the pulling rate, the rotation speed,
and in particular the temperature.

Finding the good solvent is also crucial for the HTTSSG technique.
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1.5. Crystal composition and characterization methods

As shown on the phase diagram (Fig. 1.3) LiNi@s a homogeneity range between
475 — and 50 mol% kO content at room temperature (see Fig. 1.3). The real
composition can be expressed by the [Li] / [Nb] ratio. The determination of the main
components (~ 50 mol%) with the application-required 0.01 mol% precision is not
possible by quantitative chemical analysis. For atomic absorption spectroscopy (AAS)
the accuracy of the measuredQ@icontent is not better than 1-2 mol%.

Since several physical properties (e. g. Curie point, birefringence, phase-matching
temperature for second harmonic generation, etc.) of lithium niobate are sensitive to the
composition they can be used for the high precision determination of the crystal
composition. A summary of calibration methods based on well-measurable physical
properties is given in a review paper [33].

The determination of the interrelation between Curie temperature and melt
stoichiometry was performed by Bergman et al. [34]. This temperature is shifting by
150 °C between 46 and 50 mol% Li content. Later on, Carruthers et al. [35] related the
Curie point to the crystal composition. Polycrystalline samples were prepared and the
Curie points of these samples have been compared to the single crystals pulled out from
melts. With this method calibration between the Curie temperature and the crystal
composition (Li content or [Li] / [Nb] ratio) can be done. The absolute accuracy of the
Curie temperature measurement was estimated to be 0.3 and 0.6 °C (0.01 mol%) for
single crystals and powders, respectively.

The phase matching temperature of the optical second harmonic generation sensitively
depends on the crystal composition [36] and thus can be used for the characterization of
the composition. The phase matching temperature can be measured with an accuracy
usually better than 1 K yielding a theoretical sensitivity of better than 0.01 mol% for the
composition determination.

The position of the fundamental absorption edge is also very sensitive to the
composition of LiNbQ [37, 38]. Although the relationship is not linear, the
measurement of the UV absorption edge is a very convenient way for characterizing the
crystal composition. The position of the band edge was defined as the wavelength where
the absorption coefficient is 20 €émThis non-destructive, fast and simple method can

be applied at room temperature for the wide range between sub-congruent and
stoichiometric compositions with a very high accuracy (a relative accuracy of better

than 0.01 mol%, see calibration curve in Fig. 1.6).
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Figure 1.6. Calibration curve between the crystal composition and the UV absorption edge position [38],
Li,O content of the samples was determined by using calibration based on the phase matching

temperature of the optical second harmonic generation.

Another spectroscopic method which can be used for composition determination is OH
vibrational spectroscopy. OHons are always present in air-grown LiNoCrystals

[39], their vibrations can be easily measured by infrared (IR) spectroscopy. The peak
intensities and positions in the IR spectrum are sensitive to the composition of the
crystal. In congruent LiNb&the absorption band of the Ostretching mode peaking at

= 3485 cm'" has a full width at half maximum (FWHM) of about 30 tdue to several
overlapping components. In nearly stoichiometric LiNm®ystals only two relatively
sharp band components appear at about 3465 and 348(7n(Fig. 1.7). These

phenomena are of structural origin [40].
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Figure 1.7. Typical IR spectrum of stoichiometric:,[] = 50.0 mol% (&), nearly stoichiometric:
[Li,O] = 49.7 mol% (b) and congruent: }0] = 48.7 mol% (c) LINbQ[7]

The main band observed at 3465 cis characteristic of the perfect stoichiometric
LiNbOs crystal, while the satellite band at about 3480"ésrelated to intrinsic defects

still present due to incomplete stoichiometry. The satellite band at 3488ampletely
disappears in the spectrum of the stoichiometric crystal and only a sharp peak at
3465 cni can be observed with an FWHM of at about 2-3'cihhas been observed

that the intensity ratio R =4go/ 3465 Of the two components changes with theOLi
content in the=49.5 — 50.0 mol% range [33], therefore R may be used for the
estimation of the crystal composition. Up to now, however, no such calibration has been
performed due to the shape of the Qidnd, which depends slightly on the impurities
and the time passed since the crystal was grown.

The third spectroscopic method used for composition calibration during my PhD work
was the Raman scattering technique. With this method the vibrational modes of the
chemical bonds can be studied. For the 3m symmetry (LiNt@ vibrational modes

can be divided into three kinds of groups marked with & and E. In the Raman
spectrum of LINb@ four A; and nine E modes can be found (the fivendodes are
Raman inactive). These modes are characteristic of the Li and the Nb vibrations
interacting with the oxygen cage. The displacement patterns corresponding to different
modes were investigated by Caciuc et al. [41]. They found that {7€A) transverse

optical mode corresponds to the movements of the Nb ions while;{i©2) mode
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reflects mainly the Li movement. The Nb and Li vibrations in the E modes are confined

to the (xy) plane, while those in the A modes to #{z¢ direction. These modes are

sensitive to the stoichiometry of the LiNpQrystals,

resulting in the shift and

broadening of some Raman bands, which can be used for composition determination.

For an accurate determination of the composition generally the FWHM of the E-mode

at 156 cnt was chosen [18, 42-49] because it shows weak directional dispersion and

does not overlap with other bands (Fig. 1.8).
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Figure 1.8. E(TO) and ALO) modes of a congruent lithium niobate crystal in the Raman spectra excited

by He-Ne laser (633 nm) in z(xx)z polarization [50]

There are several calibrations for the composition determination in the literature using
FWHM values of the E(TO1) mode [18, 42-4B]g. 1.9 summarizes these calibration

lines corresponding to the different measurements in the near stoichiometric range.
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*  Savova [45] Ar (488, 514.5 nm)
Zhang [46] Z(YX)Z He-Ne (633 nm)
Ridah [47] X(zY)z Ar (514.5 nm)

4 Schlarb [48] Z(YZ)X Ar

*  Fontana [49] Ar (514.5 nm)
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Figure 1.9. Calibration lines for composition determination using FWHM of the E(TO1) Raman mode

taken from the literature

It can clearly be seen that they are quite different. The FWHM values depend on the
polarization and the wavelength of the exciting laser as well. Spectra measured on the
same sample with the same exciting laser but in different polarization may give
different FWHM values for the E(TO1) mode as it was shown by Sidorov et al. [44].
Comparing the results obtained from Ref. [43] and Ref. [46] we can see that crystals
with the same composition and with the same orientation but excited by different lasers
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(He-Ne and Ar) provide different FWHM values. The results can be influenced by other
factors as well, like the spectrometer resolution [42] and the quality of the sample
surface [51].

It can be concluded that a universal calibration cannot be done by Raman measurements
without any correction. A calibration based on the FWHM of the E(TO1) Raman mode

can only be used locally, assuring identical circumstances for all studied samples.
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2. Experimental methods and instruments

In the second part of the thesis the experimental work will be shown. The used basic
materials and their treatment for the different experiments and the methods and
instruments for this work will be presented in detail. The process for combining these

methods for gaining more accurate information will be described.
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2.1. Solid state reactions, thermoanalytical investigations and phase
characterization

In order to understand the role of the alkali metal oxide solvents in the growth of sLN
crystals several methods have been combined. Seriegf M,0 - Nb,Os (X = Na,

Rb, and Cs) polycrystalline samples were prepared by solid state reaction for thermal
analytical, x-ray powder diffraction and crystal growth investigations.

The raw materials used were J8&; (Merck, analytical grade), £0O; (Merck,
analytical grade), R&O; (99,9 % (Johnson-Matthey), £X0; (Merck, extra pure),
Lio,COs (Merck, Suprapur) and NOs (Starck, LN grade). The sample preparation was
carried out in a high temperature electric furnace. In all cases the starting materials were
dried (200 °C for 12 hours), weighed with 0.1 mg precision, mixed and reacted in solid
phase (800 °C for 3 hours) then cooled to room temperature and reground. The release
of the whole amount of CQwas controlled by weighing. The samples used for thermal
analyses and for crystal growth were prepared by a second reaction step: melted at
1200°C or sintered just below the melting temperature (£O)0 respectively. The
constituent phases were assessed by X-ray phase analysis with a Philips PW 1710
diffractometer using Cu Kradiation in the 2@ange of 0-80 for the measurements
described in chapter 3.1.1. For the results in chapter 3.1.2. an INEL MPD CPS 120
diffractometer was used.

DSC measurements were used to determine the phase transition temperatures of
X20 - LioO - NbOs (X = Na, Rb or Cs) polycrystalline samples in the composition
range of [X] = 10-16 mol% and [Li]/[Nb] = 1. The DSC curves were recorded with a
PL Thermal Sciences 1500 differential scanning calorimeter in Ar atmosphere with
Al,O3 as the reference material. The calibration of the system was done by using 6N
pure standard metals (In, Sn, Pb, Zn, Al, Ag, Au, Si). The calorimeter was heated up to
1370°C at a rate of 1%/min and then cooled down at the same rate t8GR00

For the determination of the phase transition temperaturdsetiag part of the curves

was taken into account in order to eliminate the mistakes from supercooling.

The compositions of the polycrystalline samples are represented in a ternary diagram

shown in Fig. 2.1.
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Figure 2.1. Representation of the selected compositions of the polycrystalline samples along the [Li] /

[Nb] = 1 line (where X is a selected alkali metal ion)

From the measured phase transition temperatures a vertical cut of the ternary phase
diagram can be constructed (Fig. 2.2) and the most suitable composition for crystal

growth can be chosen.
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Figure 2.2. Typical vertical section of the ternary phase diagram alorigNh®3-X,0 join constructed

from DTA and X-ray results (where the horizontal lines correspond to an eutectic (green line) and a
subsolidus (blue line) reactioA, B andC are the identified phases (A = the phase to be crystallized, Liq.

= liquid phase)a is the selected starting composition for crystal growth and T is the crystallization

temperature)

Crystal growth experiments were carried out from a selected flux composition (

Fig. 2.2). The growth process was conducted further than the shgjEhase
crystallization limit (in our cas@ = LiNbOs phase). This way the maximum amount of

the LINbO; phase was pulled out and the composition of the liquidus phase boundary
could be determined. New phases appeared at the bottom of the LN crystals which were
assessed by X-ray diffraction analysis. The separation of the consecutively crystallizing
phases, their qualitative and quantitative analysis yielded data on the evolution of the

monovariant lines.
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2.2. Crystal growth and refinement of the phase diagram

Crystal growth was done by the HTTSSG method from fluxes along the line in the
ternary diagram joining to the LINBEX,O join of the O - LibO — NBOs

(X =Na, Cs or Rb) ternary systems from the starting composition xaf =XL0 mol%

and [L,O] / [Nb,Os]=1.

For the growth experiments <00.1> oriented LiNIs®eds were used. The crystals were
pulled at rates of 0.3-0.5 mm/h and rotated with 8-10 rpm (rotation / minute).

If it is assumed that the system shows no solid solubility for the X ion (it does not enter
into the LN lattice) the compositional changes which occur during the solidification
may be simply traced. In a first approximation, assuming a stoichiometric composition
for the crystallized solid phase, the actual alkali oxide concentration of the liquid can be
calculated from the pulled amount of the crystal. The real solid composition (e Li
content) of the pure LN crystals can be determined by ultraviolet/visible (UV/Vis)
spectroscopic measurements. In the previous studi@shiased fluxes proved to be
ideal solvents [7] therefore a similar behaviour was expected also for the other alkali
ions.

The crystallization temperature of the lithium niobate crystal at a given composition can
be deduced from the DTA measurements of the polycrystalline samples with the same
composition as the actual flux from which the crystal is growing. The composition of
different parts of the crystals was determined from slices cut perpendicular to the
growth axes of the pulled-out LiNb@rystals.

The knowledge of these two sets of data lets us determine the corresponding liquidus
and solidus points (tie-lines) (Fig. 2.3).
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Figure 2.3. Method of refinement of the phase diagram using the combination of crystal growth, DSC and

spectroscopic experiments

If the flux enters the crystal lattice the composition of the liquid and the solid phase in
equilibrium must be followed by chemical analysis. Therefore the actual Na, Rb and Cs
content of the crystals was analyzed by a Varian SpectrAA-20 atomic absorption

spectrometer.
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2.3. Spectroscopy

The LpO content of different parts of the LiNBCrystals was determined by a
calibration based on the UV absorption edge position which was measured by a two-
beam Jasco V-550 UV/VIS spectrometer with a best resolution of 0.05 nm. Reflection
correction had to be used before the evaluation of the spectra because of the high
refractive index of the crystal. With this correction the error caused by the multiple
reflected light beams can be avoided. The correction used is described in detail in Ref.
[38].

The IR spectra were recorded at room temperature by a Bruker IFS 66v/S FTIR
spectrometer in the 400-7000 ¢wavenumber region with a resolution of 0.5tm

Raman measurements were carried out by a Renishaw RM1000 confocal micro-Raman
spectrometer using 633 nm He-Ne laser excitation (with a spectral resolution of about
3 cmi?) for the investigations described in chapter 3.3.2.1. Other Raman spectra (chapter
3.3.2.2. and 3.3.2.3.) were measured by a Labram spectrometer (Jobin-Yvon) using

633 nm He-Ne and 514.5 nm Ar-ion laser sources.
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3. Results

The third chapter specifies the information gained from the different experiments. First
the results on O - Li,O - Nb,Os (X = Na, Rb, Cs) polycrystalline samples will be
shown, their thermoanalytical properties and their constituent phases at room
temperature. The ternary phase diagram of thgC4i,0 - N,Os system will be
discussed. Crystal growth results, photos of the crystals, their composition and the
refinement of the phase relations will also be presented. For the determination of the
LioO content two vibrational spectroscopic methods will be presented: IR spectroscopy

of OH vibrations and Raman spectroscopy.
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3.1. Phase identification and phase diagram determined on polycrystalline samples

3.1.1. Thermal analysis and X-ray phase identification in the 2O - Li,O - Nby,Os
ternary systems

The composition of the samples was chosen along the [Li] / [Nb] = 1 line so we can
directly use the gained thermal analytical information for choosing the starting melt
compositions for the growth of stoichiometric LiNp@rystals from these ternary
systems.

DSC curves and X-ray diffraction patterns for al}Ox- LioO - N,Os systems are
shown in Figs. 3.1 and 3.2.1-3, respectively. Similarly to the previously investigated
K20 - Li»O - N,Os system X-ray assessment reveals LN as the major phase. L3N and

the alkali niobate phases are present as minor constituents.
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Figure 3.1. Thermal analytical (DSC) curves of th®X Li,O - Nb,Os samples with [LiJ/[Nb] = 1,
(X =Na (a), Rb (b), Cs (c))
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Figure 3.2.1. X-ray diffractograms of the J@a- Li,O - Nb,Os samples with [Li]/[[Nb] = 1, (a) 12 mol%

NaO content, (b) 16 mol% N@ content
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Figure 3.2.2. X-ray diffractograms of the &b- Li,O - Nb,Os samples with [Li]/[[Nb] = 1, (a) 12 mol%
Rb,0O content, (b) 16 mol% RO content. Unidentified Rb — Nb - (Li) oxide phases were markedAwith
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Figure 3.2.3. X-ray diffractograms of the,Os- Li,O - Nb,Os samples with [Li]/[Nb] =1, (a) 12 mol%
Cs0 content, (b) 16 mol% @3 content. Unidentified Cs — Nb - (Li) oxide phases were markedQuvith
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Table 3.1. Sample compositions, the observed phases at room temperature and the results of DSC analysis
from samples with [Li]/[Nb] = 1. T1 and T2 denote the temperatures of the starting Liglid single-

and Liquid — LN + L3N two phase crystallization processes, respectively. T3 sfandbke ternary

eutectic reaction Liquid — LN + L3N + alkali-niobate, and T4 is attributed to the

LN + alkali-niobate— L3N + Q quasi-peritectoid reaction. (LN = lithium niobate, L3N = lithium (-orto)

niobate, KLN = potassium lithium niobate, A, Q = unidentifiegd-iNb,Os- X,0 mixture).

Samplg Composition [mol%] Observed phases by X-ray Observed phase transition
diffraction at room temperatures from DSC
temperature analysis [°C]
Li,O NbyOs X,0O | Main Residual phases T1 T2 T3 T4
phases
K-10 45 45 10 LN L3N KNbG; 1164 1053 994 965
K-12 44 44 12 LN L3N KNbG; 1141 1056 996 965
K-16 42 42 16 LN L3N KNbG, 1070 1059 997 967
K-20 40 40 20 L3N [ KLN KNbGO; 996 969
Na-12| 44 44 12 LN L3N NaNbQ | 1169 1142 1099 1064
Na-16| 42 42 16 LN L3N NaNbQ | 1160 1140 1100 1065
Na-20| 40 40 20 LN L3N NaNbO 1090 1063
Rb-10| 45 45 10 LN L3N A 1187 1062 981 90
Rb-12| 44 44 12 LN L3N 1163 1062 981 89B
Rb-16| 42 42 16 LN L3N 1061 982 897
Cs-10| 45 45 10 LN L3N 1186 1065 994 8§
Cs-12| 44 44 12 LN L3N 1163 1063 993 8§
Cs-16| 42 42 16 LN L3N 1064 995 854

~

O O o » >
~

The results of the DSC measurements (the thermal reactions detected) and the RT XRD
phase analyses are summarized in Table Brévious measurements in the(K
containing system are included for comparison (bold) with the actual results.

The highest-temperature peak (T1) depends on the alkali metal oxide content of the
samples and was identified as the crystallization temperature of the LN phase. The
temperatures of the other peaks were characteristic of the given alkali metal oxide (X).
These peaks were assigned to invariant reactions, as in@e ;0 - NI,Os system

(T2: two-phase crystallization processes of LigetdLN + L3N or Liquid — LN +

alkali niobate, T3: ternary eutectic reaction of Liquid LN + L3N + alkali-niobate,

and T4: quasi-peritectoid reaction.
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For the same alkali metal content the crystallization temperature of kisih@e phase
(T1) was the highest using fluxes with J8a Although RO and Cg0 based fluxes
result in almost the same crystallization temperature, they are still somewhat higher than

that of the KO containing flux (Fig. 3.3). The temperatures of the invariant reactions

were also higher for N® containing samples than those X RO and CgO.
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Figure 3.3. Crystallization temperatures of the samples from Be Xi,O - Nb,Os systems
(X = Na, Rb, Cs) compared with the crystallization temperatures of samples fropthd.KO - Nb,Os
system along the Li / Nb=1 isopleth

The ternary liquid composition corresponding to the limit of the LipNBiQuidus
surface (i.e. starting of the co-crystallization processes of the LN + L3N phases) can be
estimated from our measurements to be near 16 mo(@ofof the systems with RO

and CsO and with [LiJ/[Nb] = 1 ratio (for the KO - Li,O - N,Os system this value is

18 mol% [31]).
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3.1.2. Phase diagram of the G® — Li,O — N,Os ternary system

According to the thermal analytical results detailed above — besi@e-RBO and

Cs0 have a chance to be suitable for the growth of sLN with low crystallization
temperature and high yield.

The ionic radius of Cs is the largest among all examined alkali ions so from a stereo
chemical point of view it might be the best candidate for a solvent constituent. This is
why the CsO — Li,O — NBOs ternary system was selected as a first candidate for a
detailed thermal analytical investigation [52].

Four isopleths were selected for investigation: the first (a) corresponds to the
composition of [Li] / [Nb] = 1 (between 5-25 mol% £y, the second (b) to the

50 mol% NBOs line (between 10-50 mol% €3), and the last two to the 10 mol% (c)
and 20 mol% (d) G© content (between 35 - 55 mol% 4dB) (Fig. 3.4).
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Figure 3.4. Composition of polycrystalline samples investigated by X-ray diffraction

The constituent phases were assessed by X-ray powder diffraction and the analyses
were used to outline the boundaries of the constituent phases stable at RT. In the
investigated compositional region different types of XRD patterns were found

(Fig.3.5.1-3, the rest can be found in the appendix).
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Figure 3.5.1. X-ray diffractograms from the investigated region with the identified phases 1: compositions
of the samples: 20 mol% &3, 30 mol% L0, 50 mol% NBOs (a), 50 mol% C£, 50 mol% NBOs (b).

The unidentified peaks were signed with Q.
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Figure 3.5.2. X-ray diffractograms from the investigated region with the identified phases 2: compositions
of the samples: 10 mol% &3, 35 mol% L0, 55 mol% NBOs (c), 40 mol% Cg£, 10 mol% L0, 50
mol% Nb,Os (d). The unidentified peaks were signed with Q.
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Figure 3.5.3. X-ray diffractograms from the investigated region with the identified phases 3: compositions
of the samples: 25 mol% &3, 37.5 mol% LiO, 37.5 mol% NBOs (e), 20 mol% C£, 40 mol% L0,
40 mol% NBOs (f). The unidentified peaks were signed with Q.
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Figure 3.6. Subsolidus phase diagram of th&C4d.i,O - Nb,Os ternary system at room temperature
(CN = CsNbQ, LN = LiNbQOs, L3N =[-LizNbQ,, Q = ternary solid solution of Cs - Li - Nb oxide,

dashed red lines are estimated borders)

The identified phases at room temperature in the investigated part of the diagram as
shown in Fig. 3.6 were the following:

a single-phase domain called “Q”

two two-phase domains: Q +lBsNbO, (L3N) and Q + LINbQ (LN)

two three-phase regions: CsNPO(CN) + Q + pB-LisNbO; and
Q + LiNbG; + B—LisNbO,
The same series of peaks corresponding to the unidentified “Q” phase was found in the
spectra of all investigated samples except for CsNF@. 3.5.1. b). The spectrum of
the 40 mol% C£, 10 mol% LyO, 50 mol% NbOs sample (Fig. 3.5.2. d) contains only

the Q peaks, so it can be identified as a single phase domain.
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3.2. Single crystal growth and characterization

3.2.1. Crystal growth experiments in the XO — Li,O — Nb,Os ternary systems

Single crystals from melts of ternary compositions were grown by the HTTSSG method
[7]. Based on the thermal analytical results (Fig. 3.7), detailed in chapter 3.1.1., the
crystal growth experiments were started from 10 mol% alkali metal oxig#) @ontent

with [Li]/[Nb] = 1.
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Fig. 3.7.Constructed phase diagram from DTA results (where black dots are the measured phase
transition temperatures, horizontal straight lines correspond to subsolidus reactions). The red lines show
the selected growth compositions (10 mol% in both cases) and the corresponding crystallization

temperature (at about 1185 °C). RN and CN correspond to the Rlax®he CsNbgphases.
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By choosing this concentration it was possible to embrace a concentration range from
10 mol% to the single phase boundary.

The growth experiments were successful for all examined alkali fluxes. Transparent and
crack free crystals of 4-5 cm length could be grown starting from the composition of
10 mol% alkali content with [Li]/[Nb] = 1 (Fig.3.8).

Figure 3.8. Crystals grown from 10 mol% alkali content,(Rb a, CgO0 — b and NzO — c) with
[Li)/[Nb] = 1
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The growth process was conducted until the liquid composition reached one of the
monovariant lines (the limit of the crystallization field of the primialyphase). In this
way the maximum amount of the LN phase was pulled out and the crystallization yield

was determined (Table 3.2).

Table 3.2. Starting compositions used for growth experiments, the experimentally obtained yield of the

LN phase and the X content of the crystal and the residue.

X [ Liquid composition Yield X content in the | X content in the
[mol%] [LN]/[flux] crystal residue
[wt%] [mol%] [mol%]
Li -0 Nb205 Alkali
oxide
Na| 45 45 10 36.6 5.7 12.7
Rb| 45 45 10 38.4 0.015 16.5
Cs| 45 45 10 37.9 0.0002 15.8

At the end of the LiNb@crystallization a white polycrystalline mass was grown, which
contained two phases assessed by X-ray analysis.

The polycrystalline phase was identified as a mixture of LiNb@®d LgNbO, for
crystals grown from Ri®D- and CgO-based flux, the same as before for th®Hased

flux, while for NgO containing flux LINbQ and NaNbQ were found.

Both in the single LN phase (samples cut from the clear part of the crystals) and in the
two phase region of the crystals grown from®band CgO-based fluxes, only traces

of Rb and Cs ions (i.e. To- 10* atom/mol or less, Table 3.2.) were detected by atomic
absorption spectroscopy, similarly to the previous results reported on the incorporation
of K ions in the crystals grown from,R containing flux [7]. The behaviour of Na ions
was different. According to our AAS measurements Na ions do enter the crystal lattice
with an average segregation coefficient gfily (N&O) ~ 0.2.

Since KO, RpO and CgO are practically insoluble in lithium niobate the evolution of
the liquid composition may be traced during the crystallization of the LN phase.
Assuming constant [Li]/[Nb] = 1 ratio, for RO and Cg0 containing fluxes the alkali
oxide content of the liquid at the crystallization limit of the LN phase was found to be
16.5 mol % and 15.8 mol%, respectively (this value for the previously investiggfed K
containing flux was 18 mol%). These results correspond well to those obtained from the
thermal analytical measurements. In this way the LN phase boundaries estimated by
using the DTA results were verified and refined by the crystal growth experiments.
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Since Na enters the lattice the properties of the crystal grown fro@-bised flux are

quite different (e.g higher phase transition temperatures). For this crystal, the [Li]/[NDb]
ratio varies both in the liquid and solid phases because of the incorporation of Na ions
into the lattice as a dopant. The alkali content of the liquid at the limit concentration of
the crystallization of the LN phase may be estimated by assuming a constant effective
segregation coefficient k ~ 0.2 for px Thus, from the yield of the pulled amount of

LN phase both the whole amount of the incorporated sodium oxide and the alkali
content of the liquid can be calculated.

With this method for the limit concentration of Xain the liquid we obtained around
14.1mol%. Results of the atomic absorption spectroscopy on the alkali content of the
residues obtained after pulling out the maximum amount of LN single phase support the

above estimates on the limit concentrations for these solvents.
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3.2.2. Solid composition determination by UV/Vis spectroscopic measurements

The LbO content of the slices of the LiNB@rystals grown from the different alkali
metal oxide (NgO, RO and Cg0) containing fluxes [53] was determined using a
Jasco V-550 UV/VIS spectrometer [38]. 2 mm thick z-slices were cut along the growth

axes and polished for the spectroscopic experiments (see Fig. 3.9).

crystal

top

1st slice

ol

4th slice
Sth slice

bottom -

Figure 3.9. Schematic diagram of crystal cut

UV edge measurements were carried out at room temperature on the z cut slices.
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Figure 3.10. UV absorption spectra of the different parts of the crystals grown from different alkali metal
containing fluxes (a) — Na, (b) — Rb and (c) — Cs

In each case, the wavelength value where the absorption coefficient reachesv2fscm
determined. For all examined sample series this edge position was shifting to shorter
wavelengths from the top to the end of the crystals (Fig. 3.16¢.evolution of the

edge position as a function of the yield of the LN phase obtained fros®-Rdnd

Cs0O- containing flux is similar, while for crystals grown from@based flux it starts
decreasing from a shorter wavelength and becomes constant above a given yield (~35
wt%). The UV-edge position for the crystal grown from,®aontaining flux differs
remarkably: it starts at higher wavelength and shows only a slight change (Fig. 3.11).
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Figure 3.11. Measured UV edge positions as a function of the yield (the yield is given in weight %
because this is the only way for comparison of the properties of the Na-doped crystal with the pure LN

crystals)

Table 3.3 contains the wavelength values cat= 20 cmi’* and the calculated
compositions. The composition calculation is based on the previous -calibration
- described in chapter 1.5 - between the UV absorption edge position and,@he Li
content of the crystal [38].

Since Rb and Cs ions do not enter the lattice, the [LiJ/[Nb] ratio of the pure kLINbO
crystals can be determined from the UV absorption edge position measured. However,
the Na ions were incorporated into the crystal (at the Li sites as it will be shown in
chapter 3.3.2.3.) therefore the calibration mentioned above is inappropriate for the
determination of the kO concentration, but it is assumed to give acceptable results for
the total alkali oxide (N# + Li»O) content.
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Table 3.3. UV absorption edge positions and the calculated compositions of the different parts of the
crystals. * For the crystal grown from p@ containing flux the O or the [Li] value means the

[Li,O + NaO] content in all cases.

Alkali ion N°of Yield atthe Abs. coeff. Li,O contentof [Li]/[Nb] ratio

in the flux the slice slice [wt%] at 20 cmi* the slice [mol%]  of the slice

Na 1 3.25 312.8 49.38* 0.9755*
2 8.66 312.7 49.39* 0.9759*
3 14.45 312.5 49.42* 0.9771*
4 20.24 312.2 49.45* 0.9782*
5 26.00 312.2 49.45* 0.9782*
6 30.43 311.9 49.48* 0.9794*
K 1 2.00 307.4 49.82 0.9928
2 5.00 307.3 49.83 0.9932
3 10.28 306.8 49.86 0.9944
4 15.00 306.6 49.87 0.9948
5 19.38 305.9 49.90 0.9960
6 22.12 305.0 49.94 0.9976
7 26.30 304.3 49.96 0.9984
8 31.68 303.1 49.98 0.9992
9 34.06 302.6 49.99 0.9996
10 38.90 302.2 49.99 0.9996
11 41.26 302.2 49.99 0.9996
12 43.00 302.2 49.99 0.9996
Rb 1 412 309.0 49.72 0.9889
2 10.60 308.5 49.76 0.9904
3 18.21 307.8 49.80 0.9920
4 25.74 306.5 49.87 0.9948
5 33.07 305.0 49.94 0.9976
6 38.03 303.6 49.98 0.9992
Cs 1 0.50 308.8 49.74 0.9897
2 13.81 307.7 49.81 0.9924
3 16.84 307.5 49.82 0.9928
4 26.21 306.2 49.89 0.9956
5 36.46 303.3 49.98 0.9992
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For the most stoichiometric part of the Rb-LN and Cs-LN crystals the [Li]/[Nb] ratio
was calculated to be 0.9992 (49.98 mol%Q)i The [Li]/[Nb] ratio closest to 1 was
obtained for theK-LN crystal with a measured absorption edge of about 302.2 nm
corresponding to [LiJ/[Nb] ~ 0.9996 (49.99 mol%,0).

The composition of the samples (grown from 10 mol% Rb or Cs containing fluxes)
changed between 49.72 — 49.98 mol%CQLicontent, the typical range what is called
“nearly stoichiometric”. Though the [Li]/[Nb] ratio of the melts was changing during
growth from 1 to 1.002, 1.005 and 1.004 for K, Rb and Cs, respectively, these changes
could be neglected in the analysis.

The data of Table 3.4 are represented in Fig. 3.12.

Stoichiometric composition
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Alkali metal ion content in the flux [mol%]

Figure 3.12. Comparison of the,O content in the solid as a function of the alkali metal ion content in
the flux for the crystals grown from RD and CgO with the crystal grown from 4O containing fluxes
([Li] / [Nb]= 1 in all cases)
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3.2.3. Phase relations along the vertical section of LINREX,0 systems

With the method described in chapter 2 we can determine tie-lines (corresponding
compositions of the liquidus and solidus at a given temperature) of the ternary phase
diagram along the vertical section of LINB®,0O by the combination of the results of

the thermal analytical, X-ray, crystal growth and spectroscopic measurements. Table 3.4
and Fig. 3.13 summarize the data gained for our nearly sLN crystals grown feg@n Rb

or Cs0 containing fluxes.

Table 3.4. The data correspond to the composition of liquid and solid phases in equilibrium at the given

temperature

X X20 content of Li,O content of the Crystallization

the flux [mol%] crystal [mol%] temperature [°C]

Rb 10.08 49.72 1185
11.05 49.76 1179
11.96 49.8 1171
13.02 49.87 1150
14.24 49.94 1125
15.67 49.98 1091
Cs 10.10 49.74 1185
11.56 49.81 1179
12.00 49.82 1163
13.30 49.89 1143
15.15 49.98 1079
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Figure 3.13. The dependence of the stoichiometry (crystallization temperature) of the crystals grown from
Rb,O (a) and C£ (b) containing fluxes on the actual flux composition. The red curves show the

evolution of the crystallization process.

As it was established before, the key parameteitifercomposition of the solution
grown LiNbGQ; is the crystallization temperature. Consequently the shape of the solidus
curves must be the same for all ideal solvents as it is demonstrated by Table 3.4 and
Fig. 3.13. (We note that the accuracy of temperature reading in this case is about
+5°C.)
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3.3. Spectroscopic characterization and composition determination of the crystals

grown from alkali metal oxide fluxes

3.3.1. IR absorption measurements

3.3.1.1. OH" vibrational spectra of crystals grown from Rb,O and Cs,O containing

fluxes

As it is shown in chapter 1.5 the intensity ratio of the two principal Dbtational

peaks of the nearly stoichiometric LiINb©rystal can be suitable for determining the
composition of the crystal.

The IR spectra — of the LN crystals grown from different alkali metal oxide containing
solvents — were recorded at room temperature by an FTIR spectrometer with a
resolution of 0.5 ci immediately after crystal growth (Fig. 3.14). The composition of

the samples was in the 49.7 — 50.0 mol%0Lrange (according to the UV absorption

measurements).
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Fig. 3.14. OHabsorption spectra of consecutive slices of the LN crystals grown frg& @pand

Cs0 (b) containing fluxes measured 2 weeks after the growth

The spectra were normalized to the 3480"satellite band. It is clearly seen that the
higher the LiO content of the crystal, the higher the intensity of the 3465 wrain

line, i.e. the intensity ratio R =34ko/ l3465 Of the two components decreases with
increasing LiO content. Although the R value seems to be usable for the determination
of the crystal composition, one has to take into account the dependence of the spectral
changes on temperature and time [54].

For the observation and characterization of this phenomenon a long term systematic
investigation was conducted. The IR spectra of the samples were also recorded 7.5, 16,
18, and 20 months after the crystal growth. Between the measurements the samples
were kept at room temperature.

Figure 3.15 shows the time dependence of thé &dorption spectra. For the sake of

simplicity one characteristic slice was chosen from each crystal. It is clearly seen on the
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normalized spectra that the intensity of the main line decreases monotonously with

increasing time.
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Fig. 3.15. Time dependence of the Gifisorption spectra of th&' &nd 4" slices of the LN crystals

grown from RBO (a) and C£ (b) containing fluxes, respectively
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The accuracy of the absorbance measurements was better than 0.001, which results in
R = laso/ 13465 Values more accurate than 0.01 even for weak €Mthals and taking

into account the background uncertainty of the spectra.

The intensity ratio of the two bands (R, or 1/ R, Table 3.5) has been calculated applying
background correction (the figures show background-corrected spectra) and reading the

absorbance maxima near 3465 and 3480.cm

Table 3.5. Calculated 1/R values from the IR absorption spectra for all the slices measured 0, 7.5, 16, 18

and 20 months after the crystal growth

Alkaliion | N°of | Li,O content| Intensity ratios of the IR bands, 1/R =

in the the of the slice | 34641 3480
flux slice [Mol%] 0 7.5 16 18 20

months after the growth

Rb 1 49.72 469 2.17 1.87 1.82 1.79
2 49.76 5.17  2.47 2.12 207 2.08
3 49.8 6.37 3.19 2.68 2.66 2.
4 49.87 8.76  4.65 4.05 3.81 3.85
5 49.94 16.79 9.86 8.24 8.2 7.73
6 49.98 48.13 36.09 36.92 3559 34.2

Cs 2 49.81 6.24 3.24 2.7 2.73 27
3 49.82 6.51 3.46 3.05 293 2.83
4 49.89 9.53 5.39 4.48 4.3 4.32
5 49.98 35.65 22.84 21.35 19.61 18.96

92



0.6-
054 ® 0 months
A 16 months
0.4-
* 20 months
x
0.3-
0.2-
0.1-
0-0 Ll l L) l L) l L) l L) l L) l
49.70 49.75 49.80 49.85 49.90 49.95 50.00

Li 5O content of the crystals [mol%]

Figure 3.16. R as a function of time for all measured LN slices. The error bars in R are in the range of the

symbol size [55]

The R values were plotted as a function of the crystal composition (Fig. 3.16) for
different times passed after the crystal growth. We obtained straight lines with different
slopes (S). The change of R as a function of time is related to the redistribution of
hydroxyl ions among the different defect sites (approaching their room temperature
equilibrium).

The phenomenon can be formulated by a general equation:
R = S(t)x(C - [Li,0)), (3.1)

where [LpO] is the lithium oxide concentration of the crystal in mol%. Using least
square fits the parameter C was always equal to 50 with an accuracy of < 0.005 mol%.
This result has been expected, since at the stoichiometric compositionGjt $L50

mol%, the OH defects appearing at 3480 ¢ndue to non-stoichiometry should
disappear (R = 0).
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Equation (3.1) provides an easy and fast determination of the sample composition at
0, 7.5, 16, 18, and 20 months after crystal growth. The relative accuracy of the present
method in the [LIO] = 49.7 — 50.0 mol% composition range is about 0.01 mol%,
similarly to the UV edge method. The fact that R takes the 0 value exactly at 50 mol%
in all cases proves that the absolute accuracy is also in the range of 0.01 mol%. A
posteriori this also confirms that the UV absorption edge method on its turn, used for
the composition determination of the samples, has an absolute accuracy of at least
0.01 mol% in this region. Earlier this was assumed to be only at about 0.1 mol% and the
composition calibration, in the absence of a ‘zero-parameter’ like R, was only based on

the less precise Curie-temperature measurements [23].

22471 T T T T T T T T T 1

2.0 -
1.8 -
1.6+ -

1.4- -

S[1/mol% ]

1.24 -

1.04 -

0.8 -

0.6 1 o—v—+—1-—+—1—-"——1r—+—7—"-—1—"—"r——r—r—r"
2 0 2 4 6 8 10 12 14 16 18 20 22

t [month]

Fig. 3.17. The slope of the calibration lines as a function of time passed after crystal growth. The

continuous line corresponds to the best fit using equation (3.2)

Figure 3.17 shows the time dependence of the slopes of the calibration lines. The

obtained values fit well to a first order exponential curve

I0)=S, - Axexptt/1), (3.2)
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where S represents the slope of the calibration line at t@#ee in thermal equilibrium

at room temperature, which in our case was 22 + 2 °C)g @the time constant of the
thermally induced change of the Ohbands (§ = 2.01 + 0.02 [1/mol%],

A =1.27 £0.02 [1/mol%]z = 6.2 £ 0.3 months). Equations (3.1) and (3.2)valls to
determine the LD content of the crystal kept at room temperature for any time after the
growth. Althought depends on the exact value of room temperatureatcheracy of

[Li»O] is better than 0.01 for + 1 °C and about 0.02 for + 2 °C temperature uncertainties.

The redistribution rate of hydroxyl defects can be accelerated by heating thesLiNbO
crystals to higher temperatures [54]. The thermal equilibrium state of thel€étts is
different at different temperatures. After heating the crystal up to 300&nd then
cooling back to room temperature it returns to its initial state measured immediately
after the growth.

Two slices were chosen for investigating the temperature dependence of the
redistribution rate of OHdefects. These samples were th&ahd the % slices of the
crystal grown from RO containing flux with 49.76 and 49.87 mol%,Qi content,
respectively. The heating and cooling rates applied were aboutC366ur which is
about 3 times faster than the cooling rate used after crystal growth. Partial recovery was
reached by heat treatments at intermediate temperatures (&€,1290°C, or 500°C

for 10 — 30 minutes, see Fig. 3.18), with the R values approaching but not reaching

those obtained after crystal growth at the t = 0 moment.
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0.5+ R values after the heat treatments at

= 100°C
0.4+ < 500°C
R values without any heat treatment
0.3 e 0 months and

* 20 months
after the growth

0.2+

0.1+

0.0 . .
49.75 49.80

T T T T
49.85 49.90 49.95 50.00

Li 5O content of the slices [mol%]

Figure 3.18. IR spectra and the change of the calculated R as a function of the annealing temperature for

two selected LN slices.

After annealing at 1006C the ratio of the peaks returned to their original value
measured just after the crystal growth. The Gplectra of these two slices were then
re-measured after 4, 11, 21, 37, and 72 days (Fig. 3.19).
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R values after the heat treatments at £@0

0.254 ° Odays
A 4days
0.204 » 21 dayS

¢ 72 days

O-OO L) I L) I L I L I L I
49.75 49.80 49.85 49.90 49.95 50.00

Li 5O content of the slices [mol%)]

Figure 3.19. IR spectra and the change of R as a function of time passed after the heat treatment at
1000°C for two selected LN slices

The slopes obtained after the 180Cheat treatment with 4, 11, 21, 37, and 72 days
perfectly fit the line calculated by equation (3.2) using the parameter values given above
(see empty circles in Fig. 3.20)his means that the crystal indeed returned taitsl

state after the heat treatment at 1600
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Figure 3.20. The slope of the calibration lines as a function of time passed after crystal growth (full
circles) after a heat treatment at 16@0(empty circles). The continuous line corresponds to the best fit

using equation (3.2) [55]

The method of determination of the crystal composition from the €pidctra has been
tested by measuring the intensity ratio of the two peaks of 5 different nearly
stoichiometric samples kept at room temperature for several years (thermally
equilibrated samples). The J3] content of the crystals was found to be between 49.6

— 49.9 mol% based on the calibration by the UV absorption edge method (Fig.3.21).
Their Li,O content was also determined using equation (3.1) and was compared to those
obtained from the UV absorption edge calibration (Table 3.6).
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Figure 3.21. UV absorption and Otdbration spectra of a series of 5 different nearly stoichiometric LN

samples in thermal equilibrium
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Table 3.6. Sample compositions obtained by two different calibration methods

N°. of UV measurements IR measurements
the Abs. edge Corresponding R Corresponding
sample position Li»O content Li,O content
at 20 cmi* [Mol%] [Mol%]
1 310.3 49.62 0.7481 49.63
2 309.9 49.65 0.6984 49.65
3 309.3 49.7 0.6238 49.69
4 308.7 49.73 0.5559 49.72
5 307.9 49.78 0.4669 49.77

The difference between the two values was smalker tr equal to 0.01 mol% proving

that the accuracy of the OHand method allows us to determine thgoL¢ontent of the
samples with an accuracy of about 0.01 mol%. The peak at 3488&anore intensive

in these spectra (Fig. 3.21) than it was observed with the samples used for the
calibration which can be explained by the les®©Ltontent of these crystals.

The compositions of two samples out of five in the table were in the range of
49.6 - 49.7 mol% which is far from the stoichiometric composition therefore it seems
plausible to assume that our calibration can be extended towards the lower Li content up
to the merging of the two distinct peaks in the spectrum.

R can easily be measured on samples in a wide thickness range of about 0.5 — 10 mm
(below 0.5 mm the intensity of the 3480 timand is too weak, while above 10 mm the
intensity of the 3465 cthband is too high to be accurately measured) which is an
advantage against the calibration based on the UV-edge position. The latter method can
optimally be used only for 1 — 3 mm thick samples as described in Ref. [38].

The method described above is based on the measurements of undoped crystals. So it

can be used for the determination theQLicontent of any other undoped LN samples
falling into the indicated composition range after appropriate heat treatment.
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3.3.1.2. OH" spectra of crystals grown from Na,O containing flux

For the crystal grown from N@ containing flux the OH spectra were found
remarkably different due to the incorporation of Na ions. The UV absorption edge
at 312 — 313 éntorresponding to about 49.38 — 49.48 mol% alkali oxide
content ([L,O] + [N&O], see also Table 3.3), which is rather far from the

position was

stoichiometric composition. In the IR spectra only one wide, asymmetric band was
found at about 3473 cmwhich can be attributed to various kinds of Na-OH defects

[56] (Fig. 3.22).

IR intensity [arb. units]

Figure 3.22. IR absorption spectra of the different slices of the Na-LN crystal (a) and time dependence of

(@)

1st slice

3rd slice
—— 4th slice

\\%’.‘*\‘v‘.‘“f\#g

1 T
3500 3510 3520 3530 3540

L L
3440 3450 3460 3470 3480

3490

Wavenumber [cmi’]

(b)

Na-LN in equilibrium

pure LN measured just
after the crystal growth

IR intensity [arb. units]

— T — — — — T
3440 3450 3460 3470 3480 3490 3500

3510 3520
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the 3% slice compared with that of stoichiometric LN“(&lice of the Rb-LN crystal) (b)
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Time dependence can also be observed for the spectra of the Na-LN crystal. The
intensity of the peak at 3473 &ndecreases while a new peak at 3483 appears. The

two peaks that could have been applied for the calibration of the composition are not
present in this case.
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3.3.2. Raman spectroscopic properties of the crystals

3.3.2.1. Composition calibration for lithium niobate crystals based on Raman
experiments

As it was shown in chapter 1.5 composition calibrations of lithium niobate crystals
based on the full width at half maximum (FWHM) measurements of the E(TO1) Raman
mode cannot be directly compared. The main reason of this phenomenon is the overlap
of the Lorentzian-shaped Raman band and the apparatus function. The apparatus
function expresses the apparent broadening of a signal due to the experimental
limitations. It is determined, for example, by the quality (sharpness) of the laser
excitation, the spectral analysis (e.g. widths of internal slits, focal length, number of
grooves per millimetre at the grating), the technical resolution of the detector, and other
features of the optical pathway (quality of adjustment, confocality, etc.) [57]. The half-
width of the apparatus function is often reported as the spectral resolution of the
measurement. To deduce the real FWHM of a Raman band, its measured FWHM has to
be corrected for the apparatus function. Assuming the apparatus function to have a
Gaussian shape, band-width correction can be done by deconvolution. Assuming a
triangularly shaped apparatus function a simplified equation can be derived [57]:

2

Av=Av_ 1-2 S 53

meas

where Av is the real FWHM Avqas is the measured FWHM arslis the spectral
resolution of the respective Raman system. This mathematical correction yields reliable
real FWHMSs only if4v > 2s It has to be mentioned that for broad bantis>> s) the
correction can be neglected. For the relatively narrow lines, especially in nearly
stoichiometric LINbQ crystals, the correction is necessary, as shown below.

E(TO1) Raman modes at 152 ¢nof undoped lithium niobate crystal slices with
different LLO contents (48.60 — 49.99 mol%, determined by the UV absorption edge
position method, see chapter 1.5) were measured in z(xy)z geometry with He-Ne laser
excitation (633 nm) and the FWHM of this peak was determined by fitting with a
Lorentzian function. The instrumental functia) for this apparatus was determined by

measuring the FWHM of the Rayleigh line and was found to be about'3 Rigure
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3.23 shows the measured and the corrected (determined by equation 3.3) halfwidths for

the different samples.

11-

-
?

Halfwidth [cmi ]
?

5 T T T T T T T T T T T T T T T 1
48.6 48.8 49.0 49.2 49.4 496 498 50.0
Li>O conten{mol%

Fig. 3.23. FWHMs of the E(TO1) Raman mode of lithium niobate crystal samples with diffes@nt Li

content (black circles are the,as values while the red ones are the corrected FWHMp (

The bandwidth of the E(TO1) mode changes unambiguously with the stoichiometry of
the samples. The highest FWHMs correspond to the less stoichiometric samples. The
real FWHMs are about 1 ¢hbelow the measured values. The corrected points can be
fitted well with a linear function except the last one corresponding te@ tontent

higher than 49.9 mol%. This function can be described by
FWHM [cm}] = 148 - 2.84-(LiO content [mol%]). Above 49.9 mol% 40 content the
deviation from the linear function can be explained by the inaccuracy of the correction
(av<29.
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3.3.2.2. Raman spectra of crystals grown from Rb,O and Cs,0 containing fluxes

Raman measurements were carried out by a micro Raman spectrometer using 633 nm
He-Ne and 514.5 nm Ar-ion laser sources, with a spatial resolution of alpout The

Raman spectra of y and z cut samples of the crystals were measured in different
polarization configurations. Fig. 3.24 shows only those spectra which contain the E(TO)

modes measured with the two different excitations.
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Figure 3.24. E(TO1) modes measured with different excitations in different configurations y(xz)y (a),
y(zX)y (b), z(yy)z (c, d) (the slices were y cut of Rb-LN (a, b), thelite (c) and the"slice (d) of

Cs-LN)
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In the configurations presented in Fig. 3.24 c, d th@&®@) longitudinal modes also
appear beside the 9 E(TO) transversal modes. The spectra excited by the two different
lasers are essentially similar, but slight differences occur in both the relative band
intensities and the FWHMs. The spectra were recorded for 5 different compositions.
Fig. 3.25 shows that the FWHM of the E(TO1) mode decreases with increagihg Li
content of the samples (Table 3.3he halfwidth values listed in Table 3.7 were
obtained fitting the spectra by using Lorentzian functioffse observed differences
depend not only on the exciting wavelength but on the polarization configuration as

reported in chapter 1.5.

N° of the samples:

1st slice (Rb-LN)

5th slice (Cs-LN)

Raman intensity [arb. units]

T T T T T T T T
145 150 155 160 165 170

Raman shift [cm™]

Figure 3.25. Normalized spectra of the E(TO1) modes for different compositions measured by

He-Ne laser in z(yy)z configuration
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Table 3.7. Measured (uncorrected) FWHMs of the E(TO1) modes in different polarizations and with
different lasers. The y slices were cut from the parts of the crystals betwedfiahe 2 slice (Rb-LN)
and between thé%and 4" slice (Cs-LN).

Alkaliionin  N°ofthe Laser Configuration FWHM of the E(TO1)

the flux slice mode [cmi’]
Rb 1 Ar z(yy)z 9.84
Cs 1 9.58
Cs 5 9.18
Rb 1 He-Ne z(yy)z 7.61
Cs 1 7.32
Cs 5 6.77
Rb Y cut slice He-Ne y(xz)y 5.86
Cs Y cut slice 5.72
Rb Y cut slice He-Ne y(zx)y 5.39
Cs Y cut slice 5.2

Small differences in FWHM may also come from eitther compositional difference of

the sample or from the surface quality. For this purpose 3 different parts of 2 selected
samples (with 49.74 and 49.98 mol%,Qi content) were measured and compared
(Fig. 3.27). The spectra were also recorded on the two different surfaces (+z and —z) of
the same sample. The curves strongly overlap and the differences between the FWHM

values are about + 0.15 &m
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Figure 3.27. The z(yy)z Raman spectra of th€4&-LN slice measured by a He-Ne laser at 3 different

points

The apparatus functiors,(see chapter 3.3.2.1.) for this Labram spectrometer was found
to be about 2.2 for the He-Ne laser in z(yy)z configuration. Correction was made using
equation 3.3 and the 40 content of the samples was calculated from the calibration
line FWHM [cmi'] = 148 — 2.84-(LiO content [mol%]). The results were compared to
those obtained from the UV absorption edge method (Table. 3.8). The uncertainty of the
Li,O content calculated from the calibration based on the FWHMSs of the E(TO1) mode
was 0.05 mol%. This can be explained by the error of the FWHM determination (+ 0.15
cm?, see above) related to the inhomogenity and the surface quality. For this apparatus
(s = 2.2) the + 0.15 crthuncertainty ofAvmeascauses + 0.06 mol% uncertainty in the

calculated LiO content in the z(yy)z configuration using a 633 nm He-Ne laser.
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Table 3.8. Comparison of the,{ content from the two different calibration methods (Raman, UV)

Sample| AVmeas Av Li,O content Li ,O content from UV
[cm™] [cm™] calculated from the absorption
FWHMs [mol%] measurements [mol%]
Rb-1 7.61 6.94 49.67 49.72
Cs-1 7.32 6.63 49.78 49.74
Cs-5 6.77 6.01 50.00 49.98

It can be concluded that, although the FWHM of the E(TO1) Raman mode changes
unambiguously with the kO content of the LiNb@crystal, for a precise composition
calibration an accurate correction of the measured values is required. For this correction
the apparatus function for the given laser in the given polarization must be known.
Another inaccuracy of the measured FWHM comes from the surface inhomogenity and

causes + 0.06 mol% error in the calculategDLcontent.
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3.3.2.3. Raman spectra of crystals grown from Na,O containing flux

The Raman spectra of the crystal grown fromp@ontaining solution differ from
those grown from RI®, CsO containing solutions (Fig. 3.28). Most of the bands were
shifted and broadened as compared to pure sLN indicating the presence of a high

number of lattice defects induced by the incorporation of Na ions into the crystal.
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Figure 3.28. Comparison of the Raman spectra of th® antaining crystal and the nearly
stoichiometric LN (L3O content equal to 49.74 mol%) measured in y(zz)y (a) and y(xz2)y (b)

configurations by He-Ne (633 nm) laser
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There is a remarkable difference between the spectra of the nearly stoichiometric and
the Na doped crystal, namely the intensity ratio of th€f@1) and A(TO2) modes

measured in the y(zz)y configuration (Fig. 3.29).

A4(TO1) A4(TO2)

nearly stoichiometric LN

—— crystal grown from N
containing flux

Raman intensity [arb. units]

. —
175 200 225 250 275 300 325 350
Raman shift [cm"]

Figure 3.29. Enlarged part of figure 3.28 (a).

According to normal coordinate analysis thg(®1) mode is related to Nb-O
vibration, while the A(TO2) mode mainly involves Li-O/Nb-O motions [41]. Therefore
the increase of the intensity of thg(AO2) mode induced by the incorporation of the
Na ions into the lattice indicates that Na probably enters Li sites as it is expected from

the similarities of the alkali ions.
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4. Summary

We have investigated the;® - Li,O - N,Os (X = NaO, RO, Cs0) ternary systems

with special emphasis on using them as flux for the growth of (nearly) stoichiometric
LiNbO; single crystals by the HTTSSG (high temperature top seeded solution growth)
technique. Comparison was made with the previously us€d-Ki,O - Nb,Os ternary
system. In our research program thermal analytical, x-ray phase analysis, crystal growth
and several spectroscopic methods (UV, IR, Raman) were used.

Samples with different compositions were synthesized by solid state reactions, their
phase transition temperatures were determined by thermal analytical methods, the
formed phases were assessed by x-ray phase analysis. Phase diagrams were constructed.
The consecutively crystallizing phases were separated by crystal growth, the phase
identification was done by x-ray phase analysis as well. The composition of the single
crystalline LINbQ phase was determined by spectroscopic methods. The phase
diagrams of the ternary systems were refined according to the gained information. The
crystallization yields were calculated for each solvent. The crystals were characterized
by different spectroscopic methods. A simple non-destructive spectroscopic method
based on the OHspectra of the crystals was developed for the determination of the

crystal composition.
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5. New results

1. The thermal behaviour of the® - Li,O - Nb,Os (X = Rb, Cs) ternary systems was
found to be very similar to that of the® - Li,O - Nb,Os system, with nearly the same
phase transition temperatures and constituent phases according to the thermal analytical
and X-ray diffraction investigations. The limit of the LiNp@quidus surface was
estimated to be near 16 mol%Xfor the systems with RG® and Cg0 and with [Li] /

[Nb] = 1 ratio. The ternary phase diagram of theQCsLi,O - Nb,Os system at room

temperature was constructed, a new phase was found.

2. It was established that crystals with,fR] / [Nb,Os] = 1 can be grown from all
examined ternary systems containing between 10 - 16 moel%(X = Na, Rb, Cs).
Rb,O and Cg0 behave as ideal solvents, since they do not enter the lattice and yield
(nearly) stoichiometric LINb@ single crystals. The crystallization temperatures are
nearly the same for RO and CgO containing fluxes, resulting in similar [Li] / [Nb]
ratios and yields of LiNb@crystal.

3. A new method was developed for an easy and accurate determination ofChe Li
content of undoped LiNbfcrystals close to the stoichiometric composition based on
the measurement of the intensity ratio (R) of the two main hydroxyl ion vibration peaks
(at 3465 and 3480 c¢M in the infrared absorption spectra. The composition can be
determined from the equatiof {) = S(t)X(C—[LiZO]),whereS(t) =S, — Aexp(H/7).

S, represents the slope of the calibration line in thermal equilibriumQ]JLis the
lithium oxide content of the crystal in mol%; and A are constantst is the time

constant describing OHedistribution and is the time passed after the crystal growth.
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In the case of unknown thermal history (unknayvof the crystal a simple annealing at

1000°C reconstructs the as grown state ).

4. It was confirmed that the FWHM of the E(TO1) Raman mode changes with,@e Li
content of the LiINb@ crystal but without correction these measurements cannot be
used, as assumed earlier, for a universal composition determination of 4.iNbi@g

the FWHMs of the E(TO1) Raman modes excited by a He-Ne laser (633 nm) and
corrected with the spectral resolution, a calibration line was determined for the z(xy)z
configuration. The uncertainty of the calibration was determined as + 0.06 mgDb Li
content which may come from the uncertainty of the correction factor and the possible

inhomogeneity of the sample surface.

5. Na was shown to be incorporated into the LiRice with an average segregation
coefficient of koniq (N&O) ~ 0.2. Accordingly the phase transition temperatures for
NaO containing polycrystalline samples are found to be higher than @ BbCsO
containing ones and their spectroscopic properties show changed behaviour: the UV
absorption edge positions shift to longer wavelengths, thevibkational bands merge

to only one asymmetric band and the Raman peaks also broaden and shift. According to
normal coordinate analysis the(AO1) mode is related to Nb-O vibration, while the
A1(TO2) mode mainly involves Li-O/Nb-O motions. Therefore the increase of the
intensity of the A(TO2) mode induced by the incorporation of the Na ions into the

lattice indicates that Na enters Li sites.
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Appendix

A.1l. Definitions

Liquidus”
A line on a binary phase diagram (or surface on a ternary phase diagram) that indicates
the temperature at which solidification begins on cooling or at which melting is

completed on heating under equilibrium conditions.

Liquidus temperature
This is the maximum temperature at which crystals can co-exist with the melt in
thermodynamic equilibrium. Above the liquidus temperature the material is

homogeneous. Below the liquidus temperature the crystal begins to grow.

Solidus*

A line on a binary phase diagram (or a surface on a ternary phase diagram) that
indicates the temperature at which a system becomes completely solid on cooling or at
which melting begins on heating under equilibrium conditions.

Solidus temperature
Below this temperature the given substance is completely crystallized. The solidus and
liquidus do not align or overlap in all cases. If a gap exists between the solidus and

" IUPAC Gold Book (http://goldbook.iupac.org)

126



liquidus, then within that gap, the substance consists of solid and liquid phases

simultaneously.

Eutectic reaction*
An isothermal, reversible reaction between two (or more) solid phases during the

heating of a system, as a result of which a single liquid phase is produced.

Peritectic reaction
An isothermal, reversible reaction between two phases, a liquid and a solid, that results,
on cooling of a binary, ternary, ... , n system in one, twam-1) hew solid phases.

Synonymous with incongruent reaction.

" IUPAC Gold Book (http://goldbook.iupac.org)
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A.2. List of abbreviations

LN — Lithium — meta niobate, LiNbO

SLN — Stoichiometric lithium niobate

cLN—- Congruent lithium niobate
L3N — Lithium — ortho niobate, ENbO,4
LN3 — LiNb3Og
KLN — Potassium lithium niobate zKi,NbsO;5
HTSG - High temperature solution growth
HTTSSG — High temperature top seeded solution growth
DSC - Differential scanning calorimetry
IR - Infrared
UV - Ultraviolet
[Z] — Concentration of Z in mol%
Lig. — Liquidus
AAS — Atomic absorption spectroscopy
FTIR Spectroscopy — Fourier-transformed infrared spectroscopy
Na-LN — Na doped lithium niobate crystal grown from a flux containing 10 mol%@Na
and 45 mol% of both kO and NhOs
K-LN — Stoichiometric lithium niobate crystal grown from a flux containing 10 mol%
K20 and 45 mol% of both kO and NBOs
Rb-LN — Stoichiometric lithium niobate crystal grown from a flux containing 10 mol%
Rb,O and 45 mol% of both kO and NhOs
Cs-LN — Stoichiometric lithium niobate crystal grown from a flux containing 10 mol%
Cs0 and 45 mol% of both kO and NBOs
FWHM — Full width at half maximum
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A.3. Crystal growth methods

The technical application of the oxide crystals needs chemically well defined single
crystals free from crystallographic defects. For growing bulk oxide crystals the

Czochralski, the Bridgman, and the high temperature solution growth (HTSG) methods
are widely used. The high temperature top seeded solution growth (HTTSSG) is a
variant of the HTSG method.

The Czochralski and the Bridgman techniques produce good quality crystals within a
relatively short time. A disadvantage is that they can be used only for the growth of

congruently melting materials.

A.3.1. Bridgman technique

The method involves heating polycrystalline material in an alongated container above
its melting point and slowly cooling it from one end where a seed crystal can be located.
Single crystal material is progressively formed along the length of the container. The
process can be carried out in a horizontal or vertical geometry.

The original technique involves a crucible filled with the material to be grown, that will

be melted and lowered through a two (or more)-zone furnace. The growth of single
crystal starts at the tip of the container and the solidification interface moves slowly
(fig. A.1). The rates of the movement for such processes range from about 0.1 to 200
mm/h but are generally in the range 1 to 30 mm/h.

The requirement that the freezing isotherm should move systematically through the
molten charge can be satisfied by moving the crucible or the furnace, or by continuously
shifting the furnace temperature.

There is no need to have the whole charge molten at one time. There are advantages in
having only one part of the charge molten. Such methods are referred to as zone melting
(or zone refining) methods. This process is widely used for the purification of materials
and may be followed by single crystal growth in the same system.

The advantage of the Bridgman method is that crystals with good dimensional
tolerances can be obtained relatively quickly, it employs relatively simple technology

and requires neither elaborate control system nor many man-hours supervision.
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Figure A.1.: Typical Bridgman-system (T1 > T2)

a — upper winding, b - melt, c - baffle, d - crystal, e - crucible, f - lower winding

A.3.2. Czochralski technique

The basic method is simple. A typical routine is the following. The raw material is
melted in a crucible. The melt is heated to a temperature few degrees above the melting
point. An oriented seed crystal is brought into contact with the melt surface. After the
thermal equilibrium between the melt and the seed is established (the seed is not melting
and no crystallization is observed), pulling and rotation of the seed are commenced.
Normally an electronic diameter control system insures the increase of the diameter of
the crystal. Growth at a constant diameter is maintained until the desired length of
crystal has grown. Growth is then terminated. In some cases this is done by sharply
increasing the pulling rate so that the crystal breaks contact with the melt. Another
procedure is to increase the furnace’s temperature so that the crystal diameter decreases
fairly slowly to zero. After growth has been terminated, the system should be cooled
slowly.

The apparatus used is similar to that described for the HTTSSG method in the main text
(fig. 1.5). By this method, large, good quality crystals can be grown. The Czochralski
growth is an important industrial method, so much the more as it can be easily
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automatized. It has different modifications: the liquid encapsulation Czochralski (LEC),
Kyropoulos growth, the Stepanov method and the edge-defined film-fed growth.
Advantages are due to the fact that the growing crystal is no longer in contact with the
crucible, so it contains less strain induced dislocations and the contamination by the
crucible material can be kept at a low level.

A material suitable for growth by this method should have the following properties:

(a) congruent melting,

(b) no destructive phase changes between the melting point and room temperature,

(c) low vapour pressure of each component (this condition, however, can be
circumvented due to technical improvements like LEC growth of GaP),

(d) low viscosity.

A.3.3. High temperature solution growth (HTSG) methods

This is a method of crystal growth where the components of the desired substance are
dissolved in an appropriate molten substance (flux) and growth takes place at the
saturation temperature. A saturated solution is prepared by keeping the constituents of
the desired crystal and the flux at a temperature slightly above the saturation
temperature long enough to form a homogeneous solution. Then the material is cooled
to the saturation temperature and the growth is started. The growth can happen by
spontaneous nucleation or growth on a seed. Rates of growth from solution falls in the
range 0.1 to 10 mm/day, much smaller than the rates of melt growth for the methods
discussed above.

The advantages of solution growth compared to the Czochralski- and the Bridgman
techniques are that its work temperature is lower than the pure material’'s melting point
and single crystals of those substances can be grown which are impossible to obtain
with other methods because:

(a) they don’t melt congruently (sLN),

(b) they have destructive phase transition just below the melting point (BaTiO

(c) the material decomposes at the melting point,

(d) the melting point is too high so there is no material available for crucible or furnace
construction,

(e) we want to crystallize a low temperature phase of the ma@zB0Q).

There are different versions: slow cooling method, temperature-difference method

(large rare-earth ion garnet crystals), high-pressure method (diamond), solvent
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evaporation method (4Ds;, TiO,, CeQ, etc.), electrolytic processes (borides, oxides,
sulphides, arsenides, phosphides, germanides, silicides) and liquid-phase epitaxy
(semiconductors, oxidic materials).

Choosing the right solvent is very important for the HTSG technique. The main
selection criteria for the solvent are: the solvent should not react with the crystal
material, should not enter the lattice as a dopant, should significantly lower the
crystallization temperature and the temperature dependence of solubility of the solute in
the flux should be positive and significant. Table A.1 gives some examples. [J. C. Brice

“Crystal growth processes”, Blackie Halsted Press (1986), Glasgow]

Table A.1.: Solvents used for the growth of some materials

Material Solvent
Al,O3 Pbk + B,Os
B Pt
BaFeO, NaCOs
BaT|O3 BizOg
BeAl,O, PbO, LbMoOs, PbMoQ
CeO NaF + BOs
FezOg NazB407
GaAs Ga, Sn
GaFeQ Bi-O3 + B,O3
GaP Ga, Sn
Ge In, Sn + Pb
GeG Lio-M0,0y7, Lio,W,0,
KNbO; KF, KCI
KTaXMb]__XO3 KzCOg
MgFeO4 Bi O3 + B,O3
N|F6204 N3QB407
PbZrG; PbFR,
SiC Si
TiO, Na,B4O; + B,O3
Y 3AlI501- PbO + BOs, PbO + Pbf
Y 3F&012 PbO, PbO + PbEBaO + BOs;
Zn0O PbR,
ZnS nk
ZnTe In, Ga, Sn, Bi, Pb
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A.3.3.1. High temperature top seeded solution growth (HTTSSG) method
Described in chapter 1.4.1.

A.3.3.2. Pedestal Growth

The goal of this method is to grow homogeneous single crystals with non-equilibrium
composition (for example: off-congruent LiNBCOby keeping the composition of the
crystallizing material constant.

The starting mixed powder is sintered and pressed to a ceramic bar and the material on
the top of that is melted by radiation (lamp, laser, etc.) hereby a drop appears. A seed is
brought into contact with the surface of the drop where the melt is crystallized. Since
only a small amount of the whole mixture is melted, the crystal is grown from the
melted drop which has the same composition. There is almost no possibility for
segregation because the melted part is only one drop due to the steep temperature
gradient. Crystals grown by this method have small size (typically 0.1 — 2 mm in
diameter and up to 10 cm long).

A.3.3.3. Micro Pulling Down method

This method involves growing single crystals through a micro nozzle by pulling in the
downward direction (fig. A.2). The growth equipment consists of a micro crucible with

a nozzle at the bottom, an afterheater made from Pt wire, an annealing furnace, and

crystal lowering mechanism.

Hole at the bottom
of the platinum
crucible

Melted zone

A

Figure A.2.: Explanation of the micro pulling down

The raw material is melted in the crucible and a droplet of the melt is allowed to pass
through the micro nozzle. For oriented crystallization of a fiber crystal a seed is brought
into contact with the drop and is slowly pulled down forming a fiber-like single crystal.
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The amount of starting material is merely 1-10 g and due to the small volume of
crystallizing droplet and the lack of segration the composition of the growing crystal
may be off-equilibrium (overdoped or off-congruent), this method is ideal for
exploratory crystal preparation.

By this method high quality crystals can be grown with a small size (typically 0.1 — 2
mm in diameter and 50 — 100 mm long).

A.3.4. Double crucible method

With this method single crystals with high quality and high homogeneity from
congruent or off-congruent melt can be grown (by Czochralski, or HTSG method) with
almost any size. The melt is divided into two parts by a double structure (two chamber
system) crucible. The crystal is grown from the inner melt, and powder with the same
composition as the growing crystal is continously supplied to the outer melt. The
powder is supplied smoothly at the rate of weight increase of the growing crystal.

The scheme of the apparatus is presented in fig. A.3.

A

1/ 3

— 6

w

L¥]]
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Figure A.3.: Schematic diagram of the double crucible method.
(1) — feeding tube, (2) — feeding system, (3) — automatic powder supply controller, (4) — outer wall,

(5) - inner wall, (6) - double crucible, (7) — crystal weighing system
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The advantage of the system is that the surface level of the melt is always constant. This
suggests that the crystals can be grown in constant thermal conditions, diminishing the
effect of changes in melt convection caused by the decrease in the depth of the melt

during conventional pulling growth methods.
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A.4. Examination and characterization methods

A.4.1. Differential scanning calorimetry

By this method the thermal behaviour of materials can be studied. It maps the heat
effects of phase transformations which allows the determination of the transition
temperatures and the involved enthalpy changes.

Differential scanning calorimetry (DSC) is a technique for measuring the energy
necessary to establish a zero temperature difference between a substance and an inert
reference material, as the two specimens are subjected to identical temperature regimes
in an environment heated or cooled at a controlled rate.

Alumina, ALOz; and SiC have been extensively used as reference substances for
inorganic samples. Both solid samples and reference materials are usually used in
powdered form. The particle size influences the results. The furnace system is usually
purged with an inert gas.

Heat flux DSC

Sample chamber

Sample Reference Heating

™ =N e I 8

~ e

Thermocouples

Figure A.4.: Diagram of a heat flux differential scanning calorimeter

In heat-flux DSC, the sample and the reference, in equivalent holders, usually flat pans,
are placed on individual thermally conducting bases (fig. A.4). The thermocouple
junctions are attached to these bases and are thus not directly in the sample or reference
material. The configuration has the advantage that the output signal is less dependent

upon the thermal properties of the sample, but the response is slower.
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Power-compensated DSC
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Figure A.5.: Diagram of a power compensated differential scanning calorimeter

In power-compensated DSC (fig. A.5), the sample and a reference material are

maintained at the same temperature throughout the controlled temperature programme.
Any energy difference in the independent supplies to the sample and the reference is
recorded against the programme temperature.

DSC curves
Thermal events in the sample appear as deviations from the DSC baseline, in either an
endothermic or exothermic direction, depending upon whether more or less energy has

to be supplied to the sample relative to the reference material. A typical DSC curve can
be seen in Fig. A.6.

Crysiallization
(exatherm)
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Figure A.6.: A schematic DSC curve demonstrating the appearance of several common features

" www.answers.com/topic/differential-scanning-calorimetry
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A.4.2. X-ray diffraction

X-rays are electromagnetic radiation of wavelength about 1 A°(h), which is about

the same size as an atom.

X-ray diffraction has been used in two main areas, for the determination of the structure
of crystalline materials and their fingerprint characterization. Each crystalline solid has
its unique characteristic X-ray powder pattern which may be used as a “fingerprint” for
its identification. If the material has been identified, X-ray crystallography on single
crystals can be used to determine its structure, i. e. how the atoms pack together in the
crystalline state and what the interatomic distances and angles are. X-ray diffraction is
one of the most important characterization tools used in solid state chemistry and
materials science. We can determine the size and the shape of the unit cell for any

compound most easily using the diffraction of x-rays.

Bragg diffraction
As the wave enters the crystal, some portion of it will be reflected by the first layer,

while the rest will continue through to the second layer, where the process continues.

A d sin® B

Figure A.7.: Reflection of x-rays from two planes of atoms in a solid

A single monochromatic wave is incident on aligned planes of lattice points with

separatiord at angle@as shown in figure A.7. The path difference between the two
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reflected beams is two times tA8 distance. The interference is constructive when the

phase shift is multiple t@7z7 this conditions can be expressed by Bragg’s law:

NnA = 2d ¢ sSin® (A.1)

wheren is an integerj is the wavelength of x-rayd, is the spacing between the planes
in the atomic lattice an@® is the angle between the incident ray and the scattering

planes.

X-ray powder diffraction

Powder diffraction is a scientific technique using X-Ray or neutron diffraction on
powder or microcrystalline samples for structural characterization of materials. Ideally,
every possible crystalline orientation is represented equally in the sample, leading to
smooth diffraction rings around the beam axis rather than the discrete spots observed for
single crystal diffraction. In accordance with Bragg's law, each ring corresponds to a
particular reciprocal lattice vector in the sample crystal, with intensity proportional to
the number of such planes. In practice, it is sometimes necessary to rotate the sample
orientation to eliminate the effects of texturing and achieve true randomness. The
dedicated machine to perform such measurements is called a powder diffractometer and

the registered parameters are automatically the counts (fig. A.8).
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Figure A.8.: X-ray powder diffractogram of lithium niobate
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A.4.3. Ultraviolet/visible and infrared spectroscopy

Lambert-Beer law

Consider a monochromatic beam of intensjtyvith a perpendicular incidence onto a
sample with parallel faces and a thickndsg\bsorption takes place in the sample and
the beam of radiation leaves the sample with a smaller intdnsitigile a fraction of
light is absorbed by the sample (Fig. A.9).

Figure A.9.: Basic phenomena underlying the Beer-Lambert law
The following definitions assume that the entire incident light is either transmitted or
absorbed, while reflection or scattering is negligible. The amount of radiation absorbed

may be then described by several quantities below:

Transmittance: T =Yl (A.2)
Absorbance: A=logdll) =log (1/T)=-log T (A.3)

The absorbance & proportional to the absorption path length d (sample thickness):

Absorbance (Lambert’s law): Aced (A.4)
wherea is the linear absorption coefficient in [¢in The quantitya depends on the
energy of radiation and is specific for a given material. By inserting equation A.4 to
equation A.3, we obtain:

| =¢10% (A.5)
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Equation A.4 can be expanded to describe also the dependence on concemiatien

absorbing species:

Beer's law: a=¢C (A.6)
Absorbance (Lambert-Beer law):  Acd (A.7)

The proportionality constarg is now called the molar absorption coefficient difs
measured in mol; otherwise, specific absorption coefficient).

In cases when the refractive index is high (e. g. for LINbO3 crystal 2.38 at

A =450 nm) the reflection is not negligible and correction has to be used before the
evaluation of the spectra. With this correction the error caused by the multiple reflected

light beams can be avoided. The reflection fad®)rcén be expressed as:

R =(fi-1§/ (fi + 1¥ (A.8)

where i is the complex refractive index of the material. The corrected absorption

coefficient can be calculated [38]:
—RY —RYY A.9
a:—éln—(l R)+ ((1 R)j+l (A.9)
d 2RT”’ 2RT R’

Ultraviol et-visible spectrophotometer

The basic parts of a spectrophotometer are a light source (often an incandescent bulb for
the visible wavelengths, or a deuterium arc lamp in the ultraviolet), a holder for the
sample, a diffraction grating or monochromator to separate the different wavelengths of
light, and a detector. The detector is typically a photodiode or a CCD.

A spectrophotometer can be either single beam or double beam. In a double-beam
instrument (Fig. A.10), the light is split into two beams before it reaches the sample.
One beam is used as the reference; the other beam passes through the sample. Some
double-beam instruments have two detectors (photodiodes), and the sample and
reference beam are measured at the same time. In other instruments, the two beams pass
through a beam chopper, which blocks one beam at a time. The detector alternates

between measuring the sample beam and the reference beam.
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Figure A.10.: Diagram of a double-beam UV/vis spectrophotometer
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I nfrared spectroscopy

The infrared portion of the electromagnetic spectrum is divided into three regions; the
near-, mid- and far infrared, named for their relation to the visible spectrum. The far-
infrared, (approx. 400-10 ¢ lying next to the microwave region, has low energy and
may be used for rotational spectroscopy. The mid infrared (approx. 4000-Z)@nay

be used to study the fundamental vibrations and associated rotational-vibrational
structure, whilst the higher energy near IR (14000-4006)aran excite overtone or
harmonic vibrations.

In order to measure a sample, a beam of infrared light is passed through the sample, and
the amount of energy absorbed at each wavelength is recorded. This may be done by
scanning through the spectrum with a monochromatic beam, as in a UV/VIS
spectrophotometer, or by using a Fourier transform instrument which records an
interferogram, the Fourier transform of the spectrum. From this, a transmittance or
absorbance spectrum may be plotted.

Our IR absorption spectra were recorded by a FTIR spectrometer.

Fourier transform infrared (FTIR) spectroscopy
This is a fast and sensitive method for measuring the absorption spectra. The method is
based on a Michelson interferometer (fig. A.11).

'Source

Fixed mirror
I

Moving mirror

Beam |
splitter !

Collimator

............................................................

Conversing
mirror

Detector

Figure A.11.: Schematic illustration for the mechanism of the Michelson interferometer
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Light from a source is collimated and then divided at a beam splitter into two beams.
These beams are reflected by two separate mirrors, one fixed and the other movable.
Each single beam strikes the beam splitter again, where they are recombined and split
again. The two components in the recombined beam interfere with each other and form
a spot whose intensity depends upon the different paths traversed by the two beams
before recombination.

An interferogram is the intensity at the detector as a function of the position of the
moving mirror (the light path difference). From the interferogram, a single-beam
spectrum can be calculated by Fourier transformation. The ratio of the single-beam
spectrum with and without the sample in the light path gives the transmission spectrum.

From here, absorption is determined as in UV spectroscopy.

OH ionsin the LiNbO;crystal

OH ions are always present in air-grown LiNp@ystals. The OHions enter into the
lattice at the growing temperature from the humidity of the environment. ThéoGs1
substitute for regular ©in the lattice and the O-H bond is usually oriented to the
neighbouring & ion.

The stretching vibrational mode of the Qbihs in LINbG; can be measured by infrared
spectroscopy at about 3420-3540criirom the vibrational spectrum the amount of the

OH ions in the crystal can be estimated of abodf 2Ad° cm®.

144



A.4.4. Raman spectroscopy

The vibrational transitions can not only observed in the infrared, but in the Raman
spectra as well. The origin of the Raman spectra is markedly different from that of IR
spectra. In Raman spectroscopy, the sample is irradiated by an intense laser beam in the
UV-visible region and the scattered light is usually observed in the direction
perpendicular to the incident beam.

The scattered light consists of two types: one, cdlageigh scattering, is strong and
has the same frequency as the incident beagn gnd the other, calledRaman
scattering, is very weak (10of the incident beam) and has frequencigs v, The
Vo—Vm andvg + v, lines are called thBtokesandanti-Stokedines, respectively. Thus,

in Raman spectroscopy, we measure the vibrational frequeptyag a shift from the
incident beam frequencyy). In contrast to IR spectra, Raman spectra can be measured
in the UV-visible region where the excitation as well as Raman lines appear.

Figure A.12. illustrates Raman scattering in terms of a simple energy level structure.

The line thickness is roughly proportional to the signal strength for the different

transitions.
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Figure A.12.: Energy level diagram for Raman scattéring

" www.medisciencetech.com/append/OpticalBiopsyPill.htm
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Raman scattering in lithium niobate

Lithium niobate belongs to the space gré&t8c and has point group symmetry 3see
chapter 1.1). There are two formula units per unit cell and therefore 30 degrees of
vibrational freedom. To a first approximation, vibrations with wave vector near zero
may be characterized by group theory as:5AA;, and 10 E phonon branches. Of
these, one Aand one E are the acoustic branches, the fiveiddamentals are Raman
inactive, and the remaining 4 And 9 E optical branches are Raman active.

The difference in Raman scattered intensity between transverse (TO) and longitudinal
(LO) optic-phonon modes in piezoelectric crystals can be ascribed to an electro-optic
effect arising from the electric field associated with the LO phonon.

In this thesis a spectrum was described by four symbols, for exar{lez(wherex, y

and z are the standard set of orthogonal principal axes for trigonal symmetry, see
chapter 1.1). The symbols denote, from left to right, the direction of the incident
radiation, its polarization, the polarization of the detected Raman (back)scattered
radiation, and the direction of its observation, respectively. Vibrations of different
symmetry can be detected in different polarization settings.

Table A.2 shows the appearing Raman modes in different polarizations in .iNbO

Table A.2.: Raman modes of LiNRQ@br different configurations detected in backscattered geometry (the

a(bc)a and a(cb)a configurations are equivalents because of the symmetry of the Raman tensors)

Configuration Modes in the spectrum
X(yy)x A(TO) + E(TO)
X(yz)x E(TO)

X(zz)x A1(TO)
y(xx)y A1(TO) + E(LO)
y(xz)y E(TO)
y(zz)y A(TO)
z(xx)z A (LO) + E(TO)
z(xy)z E(TO)
z(yy)z A (LO) +E (TO)

146



A.5. Residual X-ray diffractograms for chapter 3.1.2.

A.5.1. Samples with 10 mol% C£ content
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Intensity [a. u.]
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A.5.2. Samples with 20 mol% C£ content
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A.5.3. Samples with Li / Nb = 1 ratio
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A.5.4. Sample with 30 mol% Cg0O, 50 mol% Nb,Os and 20 mol% Li,O content

l LiINbO 5
30 mol% Cs0 Li 3|\| bo4
50 mol% NQO5 Q
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