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Recently, certain materials have attracted attention for a new generation of high speed, efficient, multi-functional optical de-

vices. Among these materials, small-diameter and long-length bulk crystals are of considerable interest for miniaturization

and high efficiency. In particular, rod or fiber-like micro-single crystals have already received attention as attractive materi-

als for a variety of electro-optical application, such as second harmonic generation (SHG), micro-laser sources or optical

memory arrangements because of their extended interaction length and high optical intensity.
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Recently, certain materials have attracted attention for a

new generation of high speed, efficient, multi-functional

optical devices. Among these materials, small-diameter

long-length bulk crystals are of considerable interest for

miniaturization and high efficiency. In particular, fiber sin-

gle crystals have already received attention as attractive

materials for a variety of electro-optical application [1–3]

because of their extended interaction length and high opti-

cal intensity.

There is increasing interest in the growth of rod or fi-

ber-like micro-single crystals, suitable for application in

non-linear optical and electro-optical devices [1,2,4,5],

such as second harmonic generation (SHG), micro-laser

sources or optical memory arrangements. An improved ef-

ficiency can be expected because of the high surface-vo-

lume ratio, the long interaction length and the high crystal

quality [6,7].

Fiber single crystals were grown by variously modified

melt growth like the laser heated pedestal growth (LHPG)

method [8–11], the drawing down method [12] and the mi-

cro-Czochralski (µ-CZ) method [13].

For micro-single crystals the habit is of special impor-

tance because the dimension of the cross section appro-

aches the diameter of the stimulating laser mode. Therefore

the correlation between surface morphology and growth

parameters, like starting composition of the melt and tem-

perature field, are of considerable interest for optimization

of the SHG properties.

Potassium lithium niobate, K3Li2–xNb5+xO15+2x (KLN),

has been recognized as a potentially useful material for op-

tical application [14,15], both because it is remarkably sta-

ble under intense laser radiation, and because of its large

electro and non-linear optical coefficients.

Lithium niobate, LiNbO3 (LN), is a material that com-

bines excellent electro-optic, acousto-optic and non-linear

properties with the possibility of rare earth or transition

metal doping. The material can be used in bulk or it is pos-

sible to prepare low-loss optical waveguides [16]. Espe-

cially, erbium, Er2O3 (Er) doped LN has been proposed as

a very useful material for optical storage, optoelectronics,

and waveguide devices [17]. The crystal can simultane-

ously emit the second harmonic light through quasi-phase

matching [18] and green light through up-conversion at

room temperature [19] with a combination of the nonlinear

optical properties of LN and the spectral properties of Er.

For such optical properties, Er:LN single crystals of high

quality without sub-grain boundaries are generally re-

quired.

The past four decades have seen an explosive develop-

ment of eutectic composite materials. Directionally solidi-

fied super-alloy metals were extensively investigated for

structural applications at high temperatures, as in turbine

blades. Many studies of eutectic solidification provided a

basic understanding of characteristics of those materials

and a classification of various shapes of microstructure

[20–22].

However, KLN is difficult to grow due to the formation

of crack and composition change by conventional crystal

growth method [23,24]. Similarly, because the congruent

composition is different from the stoichiometric composi-

tion, the LN of the composition which escaped from the
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congruent composition is very difficult to be grown to a

single crystal without defect, too [25]. Likewise, because of

their high melting points, high strength at high tempera-

tures, and resistance to oxidation, attention turned towards

various ceramic eutectics [26,27] though difficulty in con-

trolling the microstructure still prevented the formation of

regular structure.

Consequently, in this study, KLN and LN single crystal

with congruent or stoichiometric composition and eutectic

fibers were grown by the LHPG technique or micro-pulling

down (µ-PD) method which is advanced method of crystal

growth. The characteristics of this method has a high pull-

ing rate, a low thermal strain compared with other growth

methods and it is possible to grow a crystal from incongru-

ent melt composition [28].
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It has been reported for several years that the interface elec-

tric field influences solute partitioning leading to an elec-

tric field-dependent effective solute partition coefficient

[29,30]. This is peculiar to the growth by the laser heated

pedestal growth (LHPG) technique or micro-pulling down

(µ-PD) method which accompanies a significantly high

temperature gradient at the solid-liquid interface.

LHPG or µ-PD methods make it possible to explore

these field effects by controllably changing the growth

velocity V, and the temperature gradients in liquid GL,

and in the solid GS near the interface over a wide

range.
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Among vertical floating zone techniques, the laser heated

pedestal growth (LHPG) technique is the most promising

solution for growing fibers for optical data storage.

Since LHPG is a specific application of zone melting,

certain aspects are important for the interpretation of the

observed phenomena [31]. In the single pass zone melting

model, the concentration distribution of the element A

along the fiber without diameter reduction CSA(z) can be

described by a well-known formula as follows [32]

C z C k k lzSa A A A( ) [ ( )exp( )],� � �0 0 01 1 (1)

where the equilibrium segregation coefficient k0A of the el-

ement A is constant, the zone length l is constant and the

concentration distribution C0A of the element A is constant

in the source rod. During the LHPG zone melting process

four different regions can be distinguished, Fig. 1.

The principle of LHPG is illustrated in Fig. 2. A CO2 la-

ser beam creates a molten zone on the top of the source rod.

The seed crystal is dipped into the molten zone and slowly

withdrawn, pulling the growing crystal from the melts.

Simultaneously, the source rod is pushed upwards into

the molten zone so as to maintain its volume constant. As-

suming mass conservation, the ratio Vs/Vp of the rate of

feeding of the source rod Vs to the rate of pulling of the

crystal Vp is given by

V V D Ds p f s f s� ( ) ( ),2 � � (2)

where Df is the diameter of the growing crystal, Ds is the

diameter of the source rod, �f is the density of the crystal,

and �s is the bulk density of the source material.

Crystal growth of the oxide fiber single crystal for optical applications
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Fig. 1. Different composition regions along fiber crystal growth by the LHPG technique. The constant CA, CB, and CC concentration in

region I are slightly different from the CA, CB, and CC concentration in region IV due to the control segregation effect (after Ref. 33).
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In the frame work of the “micro crystal project”, since 1992,

the development and broad application of single crystalline fi-

ber growth by the “micro-pulling down (µ-PD)” method have

been established at Fukuda Laboratory of Tohoku University

[35]. The method, described for the first time by Yoon and

Fukuda [36] and Yoon et al. [37–41] is used for the growth of

oxide fiber single crystals.

The crystal growth method, called the µ-PD method, in-

volves growing single crystals through a micro-nozzle by

pulling in the downward direction, as shown in Fig. 3. This

growth equipment consists of a crucible directly heated re-

sistively, an after-heater made from Pt wire, an annealing

furnace, and a crystal lowering mechanism containing a

micro X-Y stage.

Figure 4 represents the temperature distribution mea-

sured by using a thermocouple along the pulling axis dur-

ing the crystal growth. In the growth of the LN single crys-

tals by the µ-PD method, s solid-liquid interface is estab-

lished with a meniscus of narrow width (< 30 µm) and the

same diameter as the crystal under the micro-nozzle. The

axial temperature gradient at the solid-liquid interface was

about 300�C/mm and was controlled by the temperature of

the Pt after-heater (Fig. 3). The raw materials were melted

within the Pt crucible and allowed to pass through the mi-

cro-nozzle. The single crystal was formed by attaching the

seed crystal to the tip of the micro-nozzle and slowly pull-

ing it downward with a constant velocity.

The alignment of the seed and the micro-nozzle was

controlled by the micro X-Y stage. The crystals were grown

in air atmosphere. The growth rate was varied from 12 to

90 mm/h. The configuration of the micro-nozzle and af-

ter-heater makes it easy to control the liquid-solid interface

temperature and the crystal diameter. In this way, the

growth conditions can be kept constant and it is reasonable

to assume that it is possible to continue growing until the

melt is all consumed.

One of the greatest advantages of the µ-PD method is

the very high growth rate. Because of the absence of natu-

ral convection in a very thin nozzle, a diffusion-controlled

regime with high composition homogeneity is created.

Moreover, the temperature gradient along the growth axis

near the nozzle is about 300�C/mm, enabling growth rates

much faster than the Czochralski (CZ) method.

There are several basic parameters involved in crystal

growth by the µ-PD technique:

• conservation of mass at the boundary between the capil-

lary pipe and the molten zone,

• conservation of energy represented by the heat of fu-

sion, the temperature conductivity of solid and liquid,

• mechanical stability of the molten zone shape repre-

sented by an interfacial wetting angle [42].
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Fig. 2. A schematic diagram of LHPG method (after Ref. 34).

Fig. 3. Schematic diagram of the µ-PD apparatus (after Ref. 41).

Fig. 4. Measured temperature distribution along the pulling axis

(after Ref. 41).



The µ-PD method has a specific advantage to the analy-

sis of solute transport that since the free surface area is very

limited and the height of free surface is 25–50 µm in most

cases of this study, there is a little effect of Marangoni con-

vection, Benard convection and buoyancy-driven convection

[43]. In the coordinate system, tied to the moving interface,

the flux Jj for the jth species in the liquid is given by

J J C z VC

D z e E E C k T

j j j j

j j
c t

j
B

� � � �

� �

( )

[( ) ] ,

� �
(3)

where the Dj is the diffusion constant and zj is the valence

of the jth species, and kB is the Boltzmann’s constant.

The field-modified effective partition coefficient kE
j

is

given by replacing k
j
0 by kE

j
0 and V by VEL

j
in the BPS

equation
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For each kE0, there is the critical velocity V*, which is

represented by the intercept of the V-axis with the asymp-

totic line. That is, the effective velocity VEL becomes 0 when

the growth velocity V is equal to the critical velocity V*

V D z e G D z e k TL C L L L L L i C B
* ( ),� �2 2� � � (5)

V* moves toward the V = 0 origin as GL decreases, and

it is very small and practically negligible when the temper-

ature gradient is low, which is the case with the normal CZ

growth. However, V* becomes very important for the crys-

tal growth by µ-PD technique which accompanies very

high-temperature gradient at the interface. One should note

that kE0 changes its sign from negative to positive at V = V*.

One should also note that a specific V* for each ionic solute

as there is a specific kE0 for them.

Solute conservation in a coordinate system moving at

the velocity V is generally given by

� � � � � �
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(6)

where u(z) is the convection term which may be neglected

in a simple no-mixing model which is the case with µ-PD

method.
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Potassium lithium niobate (KLN) is as a potentially useful

material for non-linear optical applications [14] because it

is remarkably stable to intense laser radiation and has ex-

cellent electro-optic and non-linear coefficients. KLN crys-

tals double the frequency in the wavelength range from 790

nm to 920 nm by second harmonic generation (SHG)

which takes place at room temperature which enables

non-critical phase matching [44]. Recently, there has been

a marked improvement in the efficiency of compact di-

ode-pumped solid-state laser sources.

The most favourable compositions, including the

tetragonal phase of KLN crystals, and suitable for non-li-

near optical effects, range between 0.1 � x � 0.5. It can be

seen from the phase diagram that the segregation effect

between liquidus and solidus requires melt compositions

with somewhat lower Nb2O5 content than in the desired

solid phase.

KLN micro single crystals were grown by the mi-

cro-pulling down method in air. Starting compositions of

K3Li2–xNb5+xO15+2x were used with –0.3 < x < 0.3. Growth

orientations along the a-axis and c-axis ([100] and [001] di-

rection, respectively, have been selected.

The grown KLN crystals with diameters of about 500

µm are free of cracks shown in Fig. 5. Good control of the

crystal diameter is dependent on the melt composition. In

fact, very good control of the crystal diameter at melt com-

positions x � – 0.3 (at high Nb concentration, Nb � 47

mol% in K:Li:Nb ratio) has been demonstrated. However,

Crystal growth of the oxide fiber single crystal for optical applications
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Fig. 5. Photograph of KLN micro-single crystals grown along the

a-axis with a growth rate of 6 mm/h and various melt composition

K:Li:Nb ratio (after Ref. 38).



at low Nb content (x = – 0.6) the diameter drops drastically

and changes uncontrollably.

The crystals show very uniform shapes and are free of

cracks independent of the melt composition and the

above-mentioned growth axis. The growth rate was 20

mm/h for crystals with diameter of 300 and 500 µm and 80

mm/h for that with a diameter of 150 µm. No fractures nor-

mal to the c-axis as in Kyropoulos [45] and Czochralski

(CZ) [23] crystals have been observed. Also, the concentra-

tion in the solid was similar to that in the melt along the en-

tire solidified fractions.

The etched cross sections of KLN micro-single crystal

grown with a pulling down rate of 10 mm/h with a diame-

ter of 500 µm are shown in Fig. 6. From these oppo-

site-etched structures it can be readily seen that the KLN

micro-single crystal grown by µ-PD method has a single

domain structure.

Figures 7 and 8 show the cross-sections of four differ-

ent as-grown KLN crystals in pairs oriented along the a-

and c-axis, respectively. The flatness of the prepared sur-

faces normal to the a-axis (important for the laser beam

coupling) was of high quality, as was demonstrated by the

interferometric fringe pattern [6]. For seed orientations par-

allel to one of the a-axis (of most interest for SHG device

[14]), a nearly rectangular area, elongated along the c-axis,

was formed [Figs. 7(a) and (b)]. In comparison, c-oriented

growth was mostly characterized by a polygonal

cross-section [Figs. 8(a) and (b)]. Only in one case was a

near rectangular geometry observed. However, a strong de-

pendence of the cross-section morphology on the starting

melt composition has not been found using the µ-PD

method.

Further, the overlapping between the symmetries of the

crystal orientation and growth conditions needs to be con-

sidered. Figure 9 shows the idealized growth symmetries

for a- and c-orientations. The point symmetry of

K3Li2–xNb5+xO15+2x in the tetragonal region is 4/mm at
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Fig. 6. The single domain structures of the c-axis KLN

micro-single crystal: (a) positive plane and (b) negative plane (after

Ref. 6).

Fig. 7. Cross-section of a-oriented crystals: (a) rectangular

(x = –0.3), (b) with rounded segment (x = –0.3) (after Ref. 39).

Fig. 8. Cross-section of c-oriented crystals: (a) nearly rectangular

with rounded segment (x = – 0.3) and (b) polygonal (x = – 0.3)

(after Ref. 39).



growth temperature. It is well known that at orientation

parallel to the c-axis, this modification may tend to form

ditetragonal prisms with eight identical {hk0} faces (usu-

ally {210}) parallel to [001] resembles an ordinary

tetragonal prism [46].

Figure 10 shows the surfaces of as-grown KLN crystals

along the c and a-axis in dependence on the melt composi-

tion. The surface of c-oriented crystals, grown from a melt

with x = 0, shows mostly rounding segment [Fig. 10(a)].

Very flat (001) facets appear in the case of a-orientation at

the composition of x = 0.3 [Fig. 10(b)]. However, this flat-

ness roughens if the melt composition decreases below

x < 0.3, as shown Fig. 8(c). Only a thin trace of the former

large (001) faces was left [Fig. 10(c)]. As it can be seen,

typical growth striations are created [47].

The lattice constants a and c, shown in Fig. 11, depend

on the melt composition and change in K3Li2-xNb5+xO15+2x

in between –0.6 � x � 0.3 from 12.555 Å and 4.050 Å to

12.590 Å and 3.965 Å, respectively. Whereas in a-oriented

crystals with high Nb content (x � – 0.3) a sensitive change

with composition was detected, at low Nb concentration

(x � – 0.3) the lattice constant was markedly uniform and

relatively independent of the variation of the composition

of the melt.

Figure 12 shows the phase matched wavelength along

the crystal length for µ-PD KLN crystals grown from melt

compositions of x = – 0.6 and – 0.3. The wavelength varia-

tions are ±3 and ±2 nm, respectively.

We estimate that wavelength variations in KLN are

above ±20 nm within the solidified fraction g � 0.1, be-

cause of composition changes along the growth axis of 2

mol% in this region for a conventional growth method

[49]. In µ-PD crystals, compositional homogeneity results

in a nearly constant phase matched SHG wavelength along

growth direction.

These results provide the dependence of the most ap-

propriate composition for SHG applications from ul-

tra-violet to green region and the developments of future

growth technologies for a new material having improved

composition homogeneity from incongruent melt composi-

tions. It is considered that a change of composition in KLN

crystals can affect the electro and non-linear optical proper-

ties because of the considerable change of the birefringence

with variation of the Nb content. However, the SHG wave-

length in µ-PD KLN crystals is not always proportional to

the Nb content of the melt composition.

Crystal growth of the oxide fiber single crystal for optical applications
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Fig. 9. Idealized growth symmetries of cross-sections: (a)

a-oriented crystal with sketched unit cell in the centre and (b)

c-oriented crystals (after Ref. 39).

Fig. 10. Surface morphologies of as-grown KLN micro-crystals:

(a) x = 0, c-orientation, view on a-plane, (b) x = 0.3, a-orientation,

view on c-plane, (c) x = – 0.3, a-orientation, view on c-plane (after

Ref. 39).

Fig. 11. Lattice constants a and c of grown crystals dependent on

the melt compositions (after Ref. 38).

Fig. 12. Non-critical phase matched wavelength along the crystal

length (after Ref. 48).
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Lithium niobate (LN) is a useful material for non-linear op-

tical applications because of its large non-linear optical co-

efficient and numerous favourable physical properties. For

optical applications, LN single crystals of high quality

without sub-grain boundaries are generally required.

LN single crystals, grown from a congruent melt, have

been widely used in electro-optical applications. Two of

the most practical problems of such crystals are DC drift

and optical damage, the latter of which is known to be in-

fluenced by the photorefractive effect [50]. The photo-

refractive effect is composition sensitive. Although it is

known that the compositions close to stoichiometry are ob-

tained when the Li2O rich liquid is used, homogeneous LN

single crystals cannot be easily grown from the melts with

more than 48.6 mol% Li2O content by the conventional

Czochralski (CZ) method because of the segregation effect

[51]. Thus, the CZ LN crystals of nearly stoichiometric

composition are not uniform against the optical damage.

Also, multi-domain generation, growth ridges and struc-

tural defects adversely affect the quality of the conven-

tional CZ crystals of as-grown state [52,53]. To overcome

these problems of CZ, crystals were grown by laser heated

pedestal growth (LHPG) method by Luh et al. who could

obtain single-domain ones [54]. In order to establish an al-

ternative way to obtain LN crystals free from the above-

listed difficulties, we have investigated the growth of mi-

cro-single crystals by the micro-pulling down method,

which promises a good control of shape and segregation

[41].

Using the µ-PD method, LN single crystals of 60 to 800

µm in diameter were grown along the x-axis, y-axis, and

z-axis, respectively. Figure 13 shows typical as-grown LN

crystals which are represented with microscopic detail

magnification of crystals with 60 to 300 µm diameter

grown along the x-axis. We have grown crack-free x-ori-

ented LN crystals with a length up to 10 cm and high diam-

eter constancy using the µ-PD method. An aspect ratio of

the crystal length to the crystal diameter of about 200 has

been obtained. Homogeneous colourlessness over the

whole length and uniform diameter independent of the

growth directions can be shown. Also, the crystals grown

were free of cracks from the various compositions of the

melt having congruent (48.6 mol% Li2O), and stoichio-

metry (50 or 58 mol% Li2O) until the g value (solidifica-

tion ratio of melt) was about 1.

Figure 14 shows typical x-oriented LN micro-single

crystals with diameters of 500 µm, grown by the µ-PD

method from the melt compositions with 48.6, 50, and 58

mol% Li2O contents, respectively.

The morphology of the micro-crystals depended on the

growth direction very sensitively. Typical growth ridges

with a width of about 50 µm, elongated along the growth

axis, were observed on the crystal surface. They reflect the

2-fold symmetry of x- or y-orientation or 3-fold symmetry

of z-orientation, respectively, and are positioned similarly

to CZ crystals [53]. Figure 15(a) shows the cross section of

an x-oriented crystal with a characteristic 2-fold symmetry.

In Figs. 15(b) and 15(c), the morphology of growth ridges

of two crystals, grown under different conditions, is com-

pared. It can be seen that the ridge width increases when

the temperature gradient decreases from 200 to 300�C/mm

at the same growth rate (60 mm/h). The size ratio (ridge

width to crystal diameter) is markedly larger in uncon-

trolled micro-single crystals.

Dislocations in a micro-single crystal were studied by

X-ray topography. Figures 16(a,b,c) are topographic im-

ages obtained from each sample under different diffraction

conditions as attached. Here, as shown in Fig. 16(d) for

comparison, many dislocations and sub-grain boundaries

are observed obviously in a LN wafer grown by the con-

ventional CZ method. Contrarily, dislocations and sub-

-grain boundaries cannot be detected in the µ-PD crystal.

The etch pits reveal the point of intersection of dislocations

with the surface.

Figure 17 is a photograph of the etched surface seen the

y-face of an a-axis grown LN micro-single crystal. We

could not detected the dislocation etch pit which is consis-

tent with that of X-ray topograph.

It is well known that dislocations are a direct result of

thermal stresses. Usually, in conventional crystals the ideal

stress-free state cannot be realized because of the presence
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Fig. 13. Microscopic photograph LN micro-single crystals grown

along the x-axis from 48.6 mol% Li2O with diameters of 60 and

300 µm, respectively (after Ref. 40).

Fig. 14. Photograph of x-oriented LN micro-single crystals with

diameters of 500 µm grown from melts with 48.6, 50, and 58 mol%

Li2O (after Ref. 37).



of non-linear temperature gradient [55]. Also, a correlation

to the crystal diameter has been discussed [56].

However, the present results grown by the µ-PD

method show a dislocation-free single crystal empirically.

The erbium (Er) doped fibers were used to prove the

physical mechanism of two-photon as well as excited-state

absorption under near-infrared (NIR) diode laser excitation

[57–59] and room temperature green up-conversion lasers

were developed by pumping Er-doped fibers with infrared

(IR) lasers [60–62]. The doping of LN is an interesting task

because it enables us the combination of the optically active

Er3+ ions with the excellent nonlinear, electro-optical and

acousto-optical properties of this material [63]. Then, the

Er:LN has been proposed as a very useful material for opti-

cal storage, optoelectronics, and waveguide devices [64].

Therefore, the Er doped LN single crystal fibers with con-

gruent and stoichiometric composition were grown by µ-PD

method. The crystals were transparent, but the colours of

grown crystals were changed from colourless to pink (in

congruent composition) and orange (in stoichiometric com-

position) depending on increase in the Er3+ concentration in

the crystal.

The concentration of Er3+ ions was distributed homoge-

neously along the growth axis [65]. This is probably because

the nature convection was restricted in the micro-nozzle and

the Er constituent became unified along the growth axis.

Figure 18 shows the up-conversion intensity measured

in congruent Er:LN single crystal fibers. It means that the

Er:LN possesses strong up-conversion emission, at the

green wavelength region of 540–560 nm. The dominant

peaks of up-conversion intensities around 550 nm were due

to the 4S3/2 �
4I15/2 transition, while the small peaks around

530 nm were due to the 2H11/2 �
4I15/2 transition [67]. For

the same pump intensities, the measured up-conversion in-

tensity for the 3 mol% Er doped crystals was about 3.5

times larger than that of the 1 mol% Er doped crystals. It

shows that intensities of up-conversion are increased in

proportion to increase of Er3+ concentration.

Crystal growth of the oxide fiber single crystal for optical applications
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Fig. 15. Morphology of x-oriented LN micro-single crystal at a pulling rate of 60 mm/min: (a) typical cross section at a temperature

gradient of 200�C/mm, (b) growth ridges observed on the crystal grown under the same conditions as in case (a), (c) growth ridges on the

crystal grown under a temperature gradient of 300�C/mm (after Ref. 37).

Fig. 16. X-ray topographs of LN single crystal of (a) perpendicular

and (b)-(d) parallel planes along the x-axis taken from different

diffraction plane as attached: (a), (b), and (c) µ-PD crystal, (d) CZ

crystal (Marker represents 500 µm) (after Ref. 41).

Fig. 17. Etched surface seen on y-face of an a-axis grown crystal

(after Ref. 41).



Figure 19 shows the up-conversion intensity of stoi-

chiometric LN single crystal doped with 1 mol% Er. Simi-

larly, the stoichiometric LN has the strongest peak intensity

around 550 nm wavelength region. The measured

up-conversion intensity of 1 mol% Er doped stoichiometric

LN single crystal was about 2 times higher than that of 3

mol% Er doped congruent LN single crystal and the inten-

sity was increased with the adding of Er concentration. It

means that the stoichiometric LN single crystal is desirable

in comparison with congruent LN.

Zhong et al. showed that LN doped with about 5% or

more magnesium oxide, MgO (Mg) exhibits a remarkably

reduced photo-refractive response compared with undoped

LiNbO3 [68].

Also, Er:Mg:LN crystal fibers were grown by the µ-PD

method from a congruent melt. The grown crystals are trans-

parent and crack-free and have a light yellow colour which

is characteristic of Mg doping. The segregation coefficient
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Fig. 18. The up-conversion intensity of congruent Er:LN single

crystals: (a) 1 mol% Er doped and (b) 3 mol% Er doped crystals

(after Ref. 66).

Fig. 19. Up-conversion intensity of stoichiometric LN crystal

doped with 1 mol% Er (after Ref. 66).

Fig. 20. Transmission spectrum of Er and Mg co-doped

stoichiometric LN single crystals (after Ref. 69).

Fig. 21. Photoluminescence (PL) spectra of the Er3+ ion doped in

the Mg:LN (after Ref. 72).



of Er3+ ions was in the range of 0.85–0.86 according to the

Mg concentration in the starting charge. So, the segregation

coefficient of Mg ions was about 1.02 according to Mg con-

centrations in the melt. It can be explained with a view of

growth method because the nature convection was restricted

in the micro-nozzle and the Er and Mg constituent in

Er:Mg:LN melt became unity along the growth axis leading

to the homogeneous composition throughout the crystal.

The transmission spectra at a room temperature are

shown in Fig. 20. Several energy bands are observed in

the grown crystals [70]. The observed energy bands are

due to the f11 electronic configuration of Er3+, it is the

transition from the ground state 4I15/2 to the excited states

which are created from the 4f11 electron configuration

[71]. Also, the transmission spectra is similar to those ob-

served in Mg 1 mol% doped crystal containing Er3+ ions,

but relative absorption was different. From a viewpoint of

reducing the photo-refractive effect, relative absorption

spectrum according to Mg content, the Er:Mg:LN crystal

grown with added Mg of 3 mol% was observed the pro-

gressive photo-refractive resistance more than grown

crystal from 1 mol% Mg and 0.6 mol% Er co-doped LN

congruent melt.

The spectra of crystal fibers have shown an energy

band emission spectrum with the strongest line correspond-

ing to the 4S3/2 � 4I15/2 transition, as observed around the

UV, NIR regions under the 514 nm excitation (Fig. 21).

The emission intensity for the 3 mol% Mg doped crystals

was about 1 time larger than that for the 1 and 5 mol% Mg

doped crystals.

(� )��������

In various industrial fields, there is a great need for materi-

als having high strength combined with high toughness at

high temperature. In this regard, many monolithic and

composite materials such as directionally solidified ce-

ramic eutectics are attracting considerable interest because

of their high structural stability up to nearly the melting

temperature [73]. In the early 1960s, systematic investiga-

tions of ceramic eutectics began and a considerable number

of researches have been devoted to the structure and prop-

erties of these eutectics.

A few years ago, new and good experimental results

were reported for Al2O3-based eutectic systems such as

Al2O3/GdAlO3 [73] and Al2O3/YAG [74–77]. Especially,

growth of these materials in fiber form yields an improve-

ment in the mechanical properties [77] because fiber crys-

tals have a very high strength due to their crystalline per-

fection and small cross-sections. On the other hand,

Al2O3/ZrO2 eutectic crystal systems are also of interest for

high strength applications. The solidification of the

Al2O3/ZrO2 and Y2O3-doped Al2O3/ZrO2 eutectic system

has been studied previously [78–82].

Recently, Lee et al. [83] investigated micro-structural

changes of Al2O3/ZrO2 eutectic fibers as a function of so-

lidification rate by micro-pulling down (µ-PD) method

which has been demonstrated to be an effective technique

for the growth of fiber crystals [76,84–86], and the eutectic

fibers were grown by the µ-PD method.

Figure 22 shows the Al2O3/Garnet system eutectic fi-

bers obtained. In this system, reasonably stable growth was

achieved over a wide range of pulling rates, 0.1–20

mm/min, with the highest achievable pulling rate being

around 30 mm/min. The diameter of these fibers was well

controlled in the range from 200 to 500 µm, and the length

was 550 mm. The fibers were white or coloured, depending

on the rare-earth ion.

The lamellar thickness of the zirconia, ZrO2 (Zr) phase

was found to be uniform for each cross-section investigated

and decreased from 380 to 110 nm as the pulling rate in-

creased from 1 to 15 mm/min as plotted comparatively

with Al2O3/Y3Al5O12 in Fig. 23.

The general relation � ~v–1/2 where � is the inter-la-

mellar spacing and v is the solidification rate, can also be

applied to the lamellar structure of Al2O3/Zr eutectic. The

proportional constant is close to 1, if � has the dimension
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Fig. 22. Al2O3/RE3Al5O12 (RE = Tb-Lu, Y) eutectic fibers (after

Ref. 87).

Fig. 23. Lamellar thickness of Zr phase in the matrix Al2O3 of

versus pulling rate (after Ref. 83).



in µm and v is in µm/s. This value is small relative to the

value of 10 for Al2O3/Y3Al5O12 and Al2O3/GdAlO3

eutectic systems [86]. The nanometer scale of lamellar

thickness is very thin compared to Al2O3/YAG eutectic fi-

ber having micrometer-ordered lamellar thickness [85].

Typical eutectic microstructures were shown in Figs. 24

and 25 as a function of solidification rate. The eutectic

microstructures were composed of two or three phases de-

pending on the eutectic component, and distinguished by

their different shapes and colours. The black matrix was

shown to be Al2O3, and the white phases were YAG or Zr

in binary systems. While the eutectics containing YAG

showed homogeneous “Chinese script” lamellar pattern

like Fig. 22, the microstructure of Al2O3/Zr binary eutectics

changed from lamellar structure to cellular-lamellar pattern

via circular and triangular colony structure with the solidi-

fication rate as shown in Fig. 25.

In the ternary eutectics, gray YAG phase made a homo-

geneous second phase on the black sapphire matrix, and the

Zr phase as relatively small particles that appear white in

the micrograph. Both YAG and Zr phases in the ternary eu-

tectics showed different morphologies compared to those

of respective Al2O3-based binary eutectic systems. It could

be observed that neighbouring YAG grains were connected

to each other, but the Zr particles were scattered.

*� �
������
��

Among the materials for a new generation of high speed, effi-

cient, multi-functional optical devices, small-diameter and

long-length bulk crystals are of considerable interest for min-

iaturization and high efficiency. In particular, rod or fiber-like

micro-single crystals have already received attention as attrac-

tive materials for a variety of electro-optical application, such

as second harmonic generation (SHG), micro-laser sources or

optical memory arrangements because of their extended inter-

action length and high optical intensity.

Because the dimension of the cross section approaches

the diameter of the stimulating laser mode, the habit is of

special importance for micro-single crystals. Therefore the

correlation between surface morphology and growth pa-

rameters, like starting composition of the melt and temper-

ature field, are of considerable interest for optimization of

the SHG properties.

Consequently, the fiber crystals such as potassium lith-

ium niobate (KLN), lithium niobate (LN) and eutectic were

grown by variously modified melt growth like the laser

heated pedestal growth (LHPG) technique or micro-pulling

down (µ-PD) method which accompanies a significantly

high temperature gradient at the solid-liquid interface. KLN

is as a potentially useful material for non-linear optical ap-

plications because it is remarkably stable to intense laser ra-

diation and has excellent electro-optic and non-linear coeffi-

cients. Similarly, LN is a useful material for non-linear opti-

cal applications because of its large non-linear optical coeffi-

cient and numerous favourable physical properties. The

growth of eutectic materials in fiber form yields an improve-

ment in the mechanical properties because fiber crystals

have a very high strength due to their crystalline perfection

and small cross-sections.

In case of LHPG technique, a CO2 laser beam creates a

molten zone on the top of the source rod, then the seed

crystal is dipped into the molten zone and slowly with-

drawn, pulling the growing crystal from the melts and the

µ-PD method involves growing single crystals through a

micro-nozzle by pulling in the downward direction. The

LHPG or µ-PD methods make it possible to explore the

field effects by controllably changing the growth velocity

V, the temperature gradients in liquid GL and in the solid GS

near the interface over a wide range.

In this study, the grown fiber crystals had no crack and

sub-grain boundary and good optical properties and physi-

cal properties.

Of course, there are technological problems, the fiber

crystal growth from the melt allows for excellent funda-

mental studies on nearly unidirectional heat and mass

transports, growth kinetics, phase relations and diagrams,

capillary stabilities and dynamics of individual imperfec-

tions. Especially, even before the costly conventional

growth methods of bulk crystals are used, the brief and un-

complicated test of the crystallization behaviour of new

materials by fiber growth is of immense encouragement for

research.
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Fig. 24. SEM images of perpendicular cross-section of

Al2O3/YAG binary and Al2O3/YAG/Zr ternary eutectic fibers

grown at various pulling rates, 1, 5, and 10 mm/min (after Ref. 88).

Fig. 25. SEM images of perpendicular cross-section of Al2O3/Zr

(Y2O3) binary eutectic fibers grown at the pulling rate of 0.1, 1, 5,

and 10 mm/min (after Ref. 88).
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