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Effect of cation radii on the formation of complex oxide crystals
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The effect of cation size on the structural stability of various oxide materials is discussed based on experimental
observations of segregation, phase formation, congruency, and other parameters determining crystal growth condi-
tions. The results indicate that the procedures necessary for optimization of crystal composition include growth of

mixed crystals, composition analysis, calculation of segregation coefficients, and estimation of the relationship
between the structural stability of the end member compounds forming the mixed crystals.
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Introduction phases that are formed in the melts corresponding to
the vicinity of the stoichiometric composition of the
As research and production of crystals continue to target material. These data can be used to develop new
increase, a number of important materials are not original growth procedures and to improve existing
available in single crystal form because of difficulties ones.
related with chemical and physical properties of the
desired target materials and especially incongruent Experimental Procedures
melting. Much effort, time, and resources are necessary
to develop growth processes that result in high quality The research scheme is based on the statement that
crystals of these compounds. oxide materials with the same structure have different
Because most of the known crystals melt incongruently, structural stabilities [3, 4] depending on the kind and
and because growth of such materials is possible onlysize of cations located in specific crystallographic sites
from the melts of compositions different from that of
the desired compounds, many important crystals cannot
be produced with a size and quality necessary for
!ndpstrial applications. E)gisting research _findings_ [1-6] AN 4\\{\,_
indicate that the nature of incongruent melting particularly Y,
depends on the relation between structural stability
(Fig. 1) of the desired target and the undesired foreign
phases in the melts of stoichiometric composition of
the target phase at the growth conditions (melting
temperature). Thus knowledge about the stability of
any oxide phase [1-3] might help to understand the ways
and directions of improvements of existing materials.
This report discusses experimental procedures that
allow the preliminary design and final growth of new
complex oxide crystals: bulks, fibers, and films through
the routine study of structural stability (Figs. 1-2) of
selected structures and the modification of the original
phase diagrams. The aim of the study is to determine
equilibrium (most stable) compositions for all crystalline
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E-mail: chaniv@mcmaster.ca, vchani@yahoo.com Fig. 1. Stable (above) and unstable (below) oxide structures.
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Fig. 4. Dependence of concentration (in atoms per garnet fermul
unit) and segregation coefficients of rare-earth catiofsihrihe
(ZLn)sFesO, mixed garnet films (above) and segregation
coefficients of LA* in the £Ln);Ga0y, flms (below).
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Fig. 3. Growth of mixed crystals.

cations can be studied in one crystal growth experiment
as illustrated in Figs. 1 and 2. The relationship betweenalso. Putting equal amounts of different cations together
the effects of cation charge and cation size on theinto the melt will result in equal conditions determining
bonding strength between the cation and the structurethe rates of transportation and deposition of the particles
is unclear. Therefore only the effect of cation size on from the melt onto the crystal surface. Therefore incor-
the formation of the oxide phases is discussed here toporation of the cations into the crystal will depend only
simplify the general understanding of the melt/crystal on the strength of bonding between the cation and the
system. structure (Fig. 4).

Modification and optimization of crystal composition Generally almost any crystal growth technique based
for selected structures can be performed based on then solidification from the melt can be used for the
known tendencies [1-5]. The methods necessary forfabrication of mixed crystals. Nevertheless some condi-
this optimization include (a) growth of mixed crystals tions should be applied when possible:

(Fig. 3), (b) composition analysis, (¢) calculation of (a) The concentration of the end members compounds
segregation coefficients, and (d) estimation of the in the melt should be equal to ensure equal conditions
relationship between the structural stability of the end for the desired phase formation of both end member
member compounds forming the mixed crystals. Melt compounds,
and flux growth, liquid phase epitaxy (LPE), Czochralski  (b) The concentration of the end member compounds
(CZ2), micro-pulling-down |{-PD) and other melt-related should be as low as possible to decrease the effect of
techniques are suitable for the mixed crystal growth. the interaction between the end members in the melt
and the possible formation of clusters or intermediate
Segregation phases that by chance will effect the segregation
between the melt and the mixed crystal
Segregation of number (more than two) isovalent (c) The growth rate should be as low as possible to
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ensure equilibrium conditions at the vicinity of the

melt/crystal interface. On the other hand application of -% il i

a low growth rate will increase accuracy of the segre-

gation measurements as follows from the Barton, Prim M@ﬁ_
and Slichter (BPS) equation [7]. Thus, a flux growth %%bmﬁeﬂﬂ
technique is preferable to melt growth ones: Czochralski, s ;

micro-pulling-down (u-PD) fiber growth [1,2,5, 6], %%Fs
and others. Surprisingly in spite of a very high growth

rate (1-10 mm minuté), segregation in the u-PD process | 2 | Llal Lal 1al | 10
is also detectable. Sometimes this technique allows 50
fabrication of single crystals of incongruently melting
materials from the melts that contain_ small (5-10 Fig. 5. View of (Th,Lu}AlsOx
mol.%) amounts of flux. As an example, incongruently

melted KNbQ crystals were grown using,® flux [8].

Therefore this method is also appropriate for a in a stoichiometric T}AIsO;, melt instead of the garnet
determination of the relationship between segregation phase. The information about structural stability of

Scale in cm

fiber crystals.

coefficients through growth of mixed crystals. both target (TAG) and foreign (TAP) phases was suc-
cessfully applied for modification of incongruently
Stability Diagram melting TBAI;O;, by partial substitution of T with

Lu®** and other small rare-earth cations.

The dependence of the segregation coefficients on The substitution phenomenon in the (TbdahyO;»
cation radii can be interpreted as stability diagram. A and (Tb,Yb)AlsO;, mixed crystals have been studied
high segregation coefficient can be considered as measuréy solidification of corresponding melts using a micro-
of bonding strength between the cation and the crystal-pulling-down method. The p-PD apparatus, based on
lographic site in the oxide matrix. The problems related RF heating of the crucible, was used for the growth of
with growth of high quality oxide crystals are generally the fiber crystals with a relatively high melting point
very similar. The stability of a foreign (undesirable) (2000°C).
phase is often greater than that of the target (desirable) It was found that with substitution of Towith Lu®,
phase at the established growth conditions. ThereforeYb®", and/or T, the tendency of TbAlQperovskite
the formation of the foreign phase is sometimes prefer- phase formation in the FhlsO., melt decreases. Then
able, and therefore the target material melts incongruently.growth of (Tb,Lu)AlsO;, and other related mixed crystals
This way growth of the desired crystals from the melt from the melt of the same composition becomes possible
of the same composition is difficult or impossible. (Fig. 5). In the case of (Tb,L48lsO,, crystals, an

However, the original phase diagram can be modified invariant point was found to exist in the vicinity of the
by a corresponding correction of the composition of Th,J uygAlsOr, composition. Therefore uniform (chemical
both the target and foreign materials [1-3]. For example, composition, phase, lattice parameter) single crystal
as the stability of the target phase increases nucleatiorfibers of the above material up to 500 mm in length and
and growth of the foreign phase becomes difficult or about 1.3 mm in diameter were produced at pulling-
impossible. Microscopically cation size and the strength down rate of 1.2 mm minute In a similar manner, a
of chemical bonding between the cation and the correction of composition for other oxide crystals is
structure (Figs. 2-3) determine [3] the kinetics of incor- expected.
poration of any particular cation into the structure. This  Generally growth of mixed crystals is quite difficult
is why growth of mixed crystals is considered an or impossible, because segregation between the end
appropriate method for study of structural stability. member compounds results in a non-uniform distribution

Growth of Mixed Crystals Temperature/°C

2043 Liquid (L)

Invariant Point

The stability of garnet (AI50,,), langasite (LgGaSIOyy),
huntite-borate (YA(BOs)4), KTIO(PO), (KTP), and
other structures, that have several types of cation sites
have been particularly studied and discussed in [1-3].
ThsAls01, (TAG) garnet is good example of the practical
application of this approach [1, 2]. Growth of TAG !
crystals by conventional melt growth techniques (Czochralski ] | il
method) from the melt of BBIsO;, composition is Lu;AlsOr Thz,LugsAlsO12 To3AlsO
almost impossible because of incongruent melting [9]. Fig. 6. Phase diagram for the jAl:O.>ThsAlsOr, Systen
The TbAIG; (TAP) perovskite phase primarily crystallizes proposed.
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of constituents along the growth axis, a variation of field of phase formation on a phase diagram and a high
lattice parameters, and mechanical stresses. This is grobability of congruent melting characterize the crystals
common understanding of the behavior of mixed oxide formed by equilibrium cations (Fig. 2) and have maximal
systems [10]. Growth of high quality (Tb,l&sO0;, structural stability. Most probably these crystals have
(Th,Yb)AIsO1,, and (Tb,TmgAlIsO;, mixed garnet minimal solubility in solvents and good mechanical
crystals from the melt and other experimental results properties due to strong bonding between crystal particles.
show that these systems are most probably described
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