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SUMMARY

A ateady-state cryninl growth system auitable for the growth of
megnetic rare carth compounds has been designed, anglrucied,
and aucrasfully operatrd, The system has a numis ¢ «of ymportant fratures:

a) it providea a thermally stable ciyatal growth environment,

b) it providea a means for readily moving the send crystal (or a substrale
in the case of rpitaxial growth) in ard out of the solution, which prevemts
freezing the crystal in the solution upon cooling. c) it provides a large
solution aurface (2}" diameter) no that growth can be performed on large
subatratea in the case o!f epitaxial growth, and d) it incorporstes a atirring
mechaniam which can ensure » homogenrous solution and enhance trans -

port of crysial constituents 10 the growing crystal.

A very atable solvent, consisting of 8-0-830, -B.Fa. has
beendeveloped. This solvent is noavolatile and noareactive, and is well
suited (o the solution growth of magnetic materials, Its unique
qualitiea make it particularly advantageous for controlled cpitaxial
growth of mixed orthoferritea or garnrta, Characterization of this
aolvent has been initiated, snd the experimental solubility curve for
indicatea that 30 molar percent will dissolve 8t a typical crystal

Y l"e()3

growth tempersture of 1300°C,



Extensive characterization studies of the YFe03 crystalg grown
in the steady-state unit are in progress, FEquipment built for these studies
includes apparatus lor observing straight domain walls and the interaction
of defects with these domain walls, as well as apparatus for generating and
moving bubble domains., Arrays of bubbles have been generated in YFe03
grown in the BaO- 8203- Ban solvent, and the coercivity and mobility of
crystals grown from this solvent have been measured and found comparable
to the best values for crystals grown in the PbO-based solvents.

Fmission spectrographic analysis indicates that YFeO,_, crystals

3
grown in the BaO-based solvent contain only trace amounts of boron and
~ 0,08 wt, % barivm, which is lower than the ralue of 0,28wt, % Pb reported
for YF903 in the PbO based solvent, Qo

L.ang topographic studies have revealed defects in YFe03 which
cannot be seen optically, and this technique is proving to be a very useful

chavracterization tool,



1.0. INTRODUCTION

Since magnetic bubble domains have become potential
candidates for efficient information storage as described by Bobeck‘l) in
1967, they have generated a great deal of technological interest, primarily
because of the capability they offer for high storage density (up to 109 bits
per cubic inch of memory). Additional features of this technology include
the ability to perform logic and memory in the same material, low power
requirements and nonvolatility, The bright promise of the bubble domain,
however, is tempered by the very demanding materials requirements for
practical devices. Some of the stringent requirements for usable material
include:

1. thin single crystal platelets with the easy axis

of magnetization perpendicular to the surface
of the platelet;

2. very low defect density over large areas of the
platelet, since nearly all the common defects of
crystals severely restrict domain wall motion;

3. domains generated in such materials must be
small enough to allow high storage densities, yet
large enough to be detectable (1u < diameter < 75x ),
they must be mobile, and the magnetic properties

of the material must be temperature insensitive

to operating temperature;



At present there are three classes of magnetic materials in

which cylindrical magnetic domains have been observed:

1. hexagonal ferrites,
2. rare earth orthoferrites,
3. mixed rare earth garnets.

The hexagonal ferrites, such as Pprlzol9 have disappointingly
low intrinsic bubble mobilities(z) and are not of practical interest at present,
The orthoferrites, in general, have bubble diameters that are somewhat large
(~25-75u4) for efficient device use, but have the highest mobilities. The recently
reported uniaxial garnets(a) have bubble diameters and mobilities in the right

range, but the origin of their uniaxiality is not yet known, and is probably not

an intrinsic property of the crystal,

In the past, a great deal of research in the area of the growth
and characterization of magnetic rare earth compbunds has been built
upon an art-based technology. For example, most crystal growth
processes used for these materials are based on a molten salt slow-
cooling solution growth technique using a PbO-based solvent developed

(4)

nearly two decades ago by Remeika. In spite of numerous disadvantages



of the PbO-based solvent and the slow cooling technique itself, many

investigators continue to utilize this combination for the growth of rare
earth compounds, and although minor refinements have been added, there

have been very few innovations in materials preparation (with a few notable

exceptions). (5-13)

As materials requirements become more stringent, the conventional
growth techniques become inadequate, since they are essentially uncontrolled
and generally produce polycrystalline growth with poor crystalline quality,
Frequently only very small portions of crystals are suitable for device studirs,
Also, some of the mixed garnets being considered for bubble devices
contain up to six different metallic cations, which somehow must be’
distributed uniformly over large regions of the crystal. The amount of
incorporation of each cation depends upon the ratio of its concentration
in a saturated liquid in thermodynamic equilibrium with the solid garnet.

The ratio of the concentration in the liquid to that in the solid is termed

its distribution coefficient (Ko = xs/XL ), which quite often is a com-
plicated function of temperature. Since a homogeneous crystal requires

the distribution coefficients of each of the constituent cations to remain
constant with time, it is obvious that a slow cooling procedure must
inevitably produce inhomogeneties, which indeed have been detected by many

15
investigators, (14,15)



It is clear from the discusion above that materials problems are
the major limitation to the practical utilization of bubble devices, In view
of the technological importance of these devices and the key role of magnetic
rare earth compounds, this program was undertaken in an effort to advance the
state of the art in the science and technology of these materials. The specific

objectives of this program include the following:

1. Development of practical techniques for the growth of single
crystals of rare earth compounds having properties suitable
for studies and utilization of magnetic domain wall phenomena

("bubble' motion).

2, Acquisition of the necessary data to better characterize and
quantitatively describe botbh the crystal growth process and
the salient physical and chemical properties of the crystals

produced.

3. Determination of the relationships between methods and par-
ameters of the crystal growth process and the relevant physical

properties of the crystals thus grown,



To date, efforts have centered on the first two objectives. Techniques

have been developed for the growth of high quality YFeO, crystals which are

3
generally applicable to any class of "bubble' materials, These crystals are
being characterized in an effort to understand interrelationships between their
magnetic and other physical properties. The groundwork has thus been laid
for correlation between growth parameters and the relevant physical properties

of the crystals, which will allow optimization of prerarative techniques for

these crystals,

The choice of material for the development and characterization
of the growth process was somewhat arbitrary since the solution growth of
both orthoferrites and garnets is similar, and it is not yet clear which
particular material is best suited for ultimate device application, YFeO3
was chosen as the initial material to be studied in this program, since
it is similar in many respects to the balance of the rare earth orthoferrites
and thus can be considered typical, Furthermore, it is probably the best
characterized ''bubble'’ material currently available, For example, it has
been shown that YFeO3 exhibits an exceptionally high domain wall mobility

(intrinsic mobility rather than the defect limited mobility generally observed



in all other crthoferrites), Also, the Y3+ ion has no magnetic moment, and
hence, the problem of separating the effects of impurity substitutions or
other point imperfections on the b‘93+ sublattice are simplified, The only
significant disadvantage of YF@O3 is the relatively large kubble diameter

(~ 1004 m),

In this program we have investigated the use of steady-state solution

growth techniques, in which the crystal grows, usually on a seed, at a
constant (time invariant) temperature, nourished by a source of material

in a different (hotter; region of the melt, Material is thus continually
transported down the temperature gradient to the growing interface, This
technique obviates the homogeneity problems found in the transient (slow-cocl)
techniques, and provides the best means for reliable control of the parameters
which enhance crystal quality and morphology., Liquid epitaxial growth may be

regarded as a sub-class of seeded solution growth, but has not generally been

applied to this class of materials for several reasons, most notably the
lack of a suitable substrate and the unavailability of a stable, nonvolatile,
nonreactive solvent, Recently, a few suitable substrates have been found,

such as Gd3Ga5012 for the growth of Y3Fe5012, and YA103 for the growth



of YFeOs.and successful liquid epitaxial growth has been reported by several
investigatorsfs‘ 6) However, none of these studies used steady-state

techniques.

The generality and applicability of results obtained in this program

to other bubble material will become apparent in the following sections,



2,0, CRYSTAL GROWTH

2.1, General Considerations

There are several general requirements which must be fulfilled
in crystal growth of magnetic rare earth compounds to be able to use
them effectively in "bubble' devices. The first of these is the exceptionally
high degree of crystalline perfection which must be obtained, The need
for this is illustrated by the coercive force associated with various common
crystal defects listed in Table 1. e A second stringent requirement is
that relatively large areas (1 cm x 1 cm or larger) of highly perfect
material are required to store a useful amount of data, A third
requirement is that the crystals must be relatively thin (5 - 100 um)
to maintain stable cylindrical domains.(l) Another requirement is
that the material must be oriented with the easy axis of magnetization
perpendicular to the plane of the crystal platelet, A fifth requirement
is homogeneity of composition and magnetic properties of the
crystal, the latter being strongly dependent on the first, An additional
requirement is that the crystals produced should contain a minimum of
strain and/or foreign impurities, Strain in these crystals leads to high
coercivities,and foreign impurities to variations in the magnetic properties.
Finally, the process used to grow magnetic rare earth materials should be

easily controllable and reproducible. This requirement is of utmost impor-

tance with regard to the development of routine production capability.



TABLE I

Coercive Forces Associated with Common Crystal Defects.

DEFECTS

110 Twin Planes

Grain Boundaries(§ 2 0. 1°)
Scratches and Etch Pits
Inclusions and Voids
Growth Plane Intersection
Dislocations

Growth Striations

(from Reference 186)

COERCIVE FORCE

1000 Oe

100 62 Oe
1 -100e
1 -500e
1 - 50 Oe
~1 Oe

0 - 50 Oe



2.1,1, Discussion of Available Techniques

Methods used to grow magnetic rare earth crystals in the past
have included conventional flux growth techniques, hydrothermal solution
growth, (8) Bridgman growth, ) the floating zone technique, (12) ]

modified Czochralski technique using a solution rather than the congruent
(7) (10)

melt, and chemical vapor phase deposition, However, there are

limitations associated with each of these methods,

The operating temperature of the chemical vapor deposition process
isrigidly dictated by the thermodynamics of the chemical reactions involvea,
which generally occur over a very limited range of temperatures. This
very narrow temperature regime makes it difficult to coutrol the composition
of mixed rare ecarth orthoferrites and garnets, and it is fortuitous if the

operating temperature coincides with the optimum growth temperature,

The principal difficulties associated with the growth of magnetic
rare earth materials by the hydrothermal method are (a) the low growth rate @
which makes it too slow for the practical growth of bulk crystals, (b) the requirement

for elaborate equipment, and (c) incorporation of hydroxyl ions by the crystal,

Neither the Bridgman nor the floating zone techniques can be used

to grow iron garnet crystals because they are incongruently melting, (17,18)

The orthoferrites are congruently melting, but the melting points are very

high (~ 13870°C for YFeO3),creating apparatus requirements that are difficult

10



to reliably maintain for any appreciahle length of time, and in addition, a high
oxygen pressure (> 1 stm) is required, Another limitation for the Bridgman
technique is that for eacn crystal growth run, the platinum crucible used to

contain the growth melt must be sacrificed,

The bulk of the magnetic rare carth crystals grown (o date have
been grown by a random -nuclestion, slow-ccoled (trunsicnt), PbO-based solution
technique. (3,13) There are several problems associated with this method
which relate to the nature of the solvent, the lack of control of nucleation,
and the fact that the crystal growth occurs over a wide range of temperstures
(usually > 200°C) during the cooling. These disadvantages will be discussed

further in Section 2.1.4.

Techniqucs have been developed for the s~lution growth of rare

earth garnets which solve problems inherent in the randomly nuclested growth

‘”sod ‘l‘ouudor(“” describe the crystal growth of

process. For example, Bennett
YIG on a seed attached (0 a platinum crucible which is capable of being
rotated to remove the seed [rom the melt. This crystal growth technique is
efficient because it avoids the many small crystals grown by the random
nucleation technique, and perrmits the us» of one melt (or many crystsl

growth runs. Ther serded sirady-statr tnchnique hus many superior [ratures

which will be discussed in greater detail in the following section,

2.1.2. Crystal Growth by the Seeded Steady-State Solution Technique
To circumvent the problems inherent in methods generally used

previously in crystal growth of rare earth orthoferritcs and garncts, we have



utilized the sceded steady-state solution technique in this program,. This
technique has not been investigated in detail by others, except as noted
above. The steady-state solution technique is, in essence, growth in a
thermal gradient. The growth occurs at constant temperature on a seed
crystal held in a cool portion of a solution which is saturated by a source of
crystal constituents in a hot zone of the same solution,

Probably the most important advantage of solution growth is that
it allows one to select the temperature Lest suited to the phase equilibria
of any particular type of material, thus avoiding problems of the type
encountered in the Rridgman and floating zone technique described in Section 2.1, 1,
Magnetic rare earth materials can be grown by the steady-state solution technique
at temperatures of 850-1300°C with conditions at the higher end of the range
being the better suited for crystal growth, for serveral reasons, The viscosity
of the solvent is much lower, thus promoting transport of material to the
crystal; the kinetics of crystal growth are much faster than at lower temperatures,
increasing the growth rate, and due to the slope of the liquidus, the solution is
more enriched in crystal constituents at the higher temperature than at the
lower temperatures, thus requiring less transport of material (less solute
mater‘.l has to be rejected) through the crystal-liquid interfacial region during

growth,

A second distinct advantage of seeded steady-state golution growth
is that it provides an effective way to homogeneously mix cations in the

crystal lattice,which is essential for growing high quality solid solutions,

12



A third importaat advantage of seeded steady-state growth is that
it can readily be used to grow magnetic materials epitaxially on a nonmagnetic
substrate material. This eliminates many problems associated with the
bulk growth of crystals as discussed in Section 2.1,1., including a number of
lengthy processing steps, and would provide a means of handling and
supporting these materials as very thin layers, which is the form in which
they will be used in device application.
In addition to these advantages, the use of a seed or substrate in
combination with steady-state growth permits the control of nucleation in
the solvent,thus reducing any tendency to dendritic growth., This is a serious
problem in transient growth,and leads to crystals containing a large
number of solvent inclusions, Seeded growth also provides for control
of orientation,making it possible to reproducibly grow crystals with the easy
axis of magnetization parallel to the direction of crystal growth, thus elimi-
nating the growth of material which cannot be used. The use of a seed also
provides a means of growing large crystals in relatively small systems
compared to some used in the transient or slow-cooling technique. B
Ste 'dy-state solution growth is a relatively simple technique, and
therefore, is easily and reliably controlled. A number of reports of garnet

and other iron containing crystals grown by this method attest to this, 42 Al=ed

2.1.3. Seed or Substrate Selection

There are several considerations in selecting seed or substrate
materials to be used in the steady-state growth of this class of materials,

To permit epitaxial growth of the magnetic material on the substrate, the lattice

13



parametcrs of the two materials must be nearly the same, and to prevent the
separation of the new growth from the seed on cooling, the coefficients of
thermal expansion must be similar. In addition, lattice parameters

and coefficients of thermal expansion of the substrate must be matched to
those of the magnetic material to prevent the creation of lattice strain

which would produce a high coercivity in the material, For application
considerations, the seed should have a large cross-sectional area since this
is a limiting factor in the amount of information that can be stored. The seed
should also be nonmagnetic to allow free bubble movement and it is desirable

(but not necessary) that it be transparent so that the Faraday technique can

be used to detect the location of bubbles in the material, YAlO3 is a possible
substrate for YFeO3. since it meets some of the above requirements and is

available in large area single crystal form,

2.1.4, Solvent Considerations

(15, 28-30)

A review of a number of reports of growth of mag-

natic rare earth materials by transient PbO-based solvent techniques
¢ s well as prior experimental work of our own, indicates that this solvent has

a number of inherent disadvantages, They are:

a. the solvent is very corrosive toward the crucible material

(platinum) at growth temperatures;

14



b. the solution is fairly volatile, and thus the composition and the
surface level of the liquid change throughout the crystal
growth unless a sealed system is employed. Also, in epitaxial
growth processes, the substrate may be damaged before the
epitaxial growth begins,as a result of the vapor transport of
PbO to the substrate surface;

c. in addition to the orthoferrites or garnets, large
quantities of other phases crystallize out, thus consuming
source material for the magnetic materials; and

d. the solvent is more dense than the magnetic r .terial,
making seeded strady-state growth difficult.

The problems associated with the PbO-based solvent may be

(39) The

largely circumvented by use of the BaO-B203 solvent system.
advantages of this system are numerous. First, there is no corrosive

attack on the crucible material (platinum) by the solvent, which permits

(a) very long growth runs to be carried out, (b) several runs to be carried
out using the same solution, and (c¢) minimization of the amount of platinum in
solution which might be incorporated by the crystal. A second advantage

of the BaO-based solvent is that loss by vaporization is negligible,

This is important for epitaxial growth, since it allows growth

without a change in the liquid level. The third advantage is its

high solubility for YFeO3.which means that during crystal growth the ratio

15



of the concentration of the crystal constituent in the liquid to that in the

solid is high and, therefore, growth conditions are highly favorable,

(31)

Another advantage of the BaO-based flux is its low viscosity which

allows easier trangport of crystal constituents from source to crystal., An
additional advantage is that the solution is less dense than the crystal, and

thus the source material rests on the bottom of the crucible where it cannot
interfere with the growth of the crystal, This is an important asset for

epitaxial growth,

An analysis of the lead-based solvents is given in ihe Appendix,
but here we direct our attention to the more interesting BaO-based solvents.

The solvent power in this system arises from the combination of an ionic

(5)

liquid, such as BaO, with a network liquid like B, O Linares found

273’

that upon slow cooling solutions of YIG-BaO-B_O,, the iron content of the

273
stable precipitating phase increased as the ratio B203/Ba0 increased; and
that as the amount of 3203 increased from 25 - 50 mole %, the stable

phase varied from YFeO, - Y Fe O, = BaO: 6Fe,0, ~ Fe, O, (see Figure 1).
Apparently, the Y H enters the network structure of the borate more

readily than the Fe3+. which, because it is excluded, is more readily
available to the growing crystal, (32) As the liquid, then, becomes less
ionic, its dissolving power for Fe 3+ becomes weaker, hence the amount of

Fe 3+ in the growing phase is greater. Because of this tendency of the

solvent to preferentially dis solve one crystal constituent over another (in

16
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this case the addition of Ba2+ causes FeS* to be dissolved preferentially to
Y 3+), it is desirable to be able to tailor the properties of the solvent to fit
the crystal to be grown in it. This binary solvent was ideal for the growth

of YIG, since it is most stable at the low melting eutectic at 39. 5% B203.

Several investigators have used the solvent since it was first discovered, (22,31)

but there have been no recent reports of its use.

Although YFeO,, could be grown from the eutectic BaO-B203

3

mixture by adding enough Y203 and Fe203 to make an equimolar mixture,

the solution would then be (during growth) saturated in YZOS but unsaturated

in Fe203. which would make the theoretical yield as well as the velocity of
growth less than optimum, and would be deleterious to mass transport in
the solution.

In light of these considerations, it was decided to examine possible
additions to the BaO -B203 solvent which would make it more amenable to

the crystal growth of YFe03. One such addition is BaF,, which allows the

2.
ionic character and melting range of the solvent to be shifted to more

desirable values, and also appears to decrease the viscosity of the solvent.

It is particularly advantageous to provide F  in the melt because it has been

(33)  ihat PbF, added to the PbO-based melts enhances the growth

noted 9

of large single crystals, possibly by suppressing the formation of Fe4+
. 4+ 2+ 3+
in the crystal. Fe is formed when Pb  replaces Y ' accompanied by a

change in valence of Fe3+ to Fe4+. F provides the necessary charge

18



compensation by replacing 02-. BaF2 has a very low vapor pressure at

34
crystal growth temperatures.( ) and thevefore, the stability of

the solvent is unimpaired. An expe:imental program has been initiated

to characterize the BaO-B203 -BaF2 ternary system in order to determine

the optimum regions for crystal growth.

BaO-B203 -BaF2

(5)

is not the only stable solvent system that can
be used. Linares pointed out a number of possible substitutions for

BaO and B203; and alternatives to BaF2 which are presently being examined
are the other barium halides, such as BaCl,, BaBr, or Bal,. cl” , Br ,
and I are all much larger than F~ and should not be as likely to substitute
for 02‘ in the YFeOs lattice. Thermodynamic data for these compounds
suggest that they should all be stable at crystal growth temperatures.

2.1.4.1. Interface Stability Analysis

It is appropriate at this point to consider the maximum rate of
growth that one may expect in crystals grown from this solution while still
maintaining the integrity and quality of the product. It is well established
that the cores of solution-grown orthoferrites and garnets often contain
inclusions and growth faults(m’\}v?\)ich are indicative of dendritic growth
caused by an excessive growth velocity. A high quality single crystal,
free from inclusions and inhomogeneities, requires a stable planar interface
during growth, An estimate of the maximum velocity beyond which a planar

interface will break down into a cellular interface can be obtained by a
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35
constitutional supercooling analysis. Tiller( )has shown that the

critical velocity for a multicomponent solution is given by

G
vmax : -—L
Ty, i
S —i—(ko - 1) X(0)
S X
L D'
where i = crystal components (Y203 and Fe203),
-'I-'L = liquidus temperature
GL = temperature gradient in the liquid at the interface
koi = distribution coefficient for component i
i

D" = liquid diffusion coefficient for component i
Xi(O) = interface concentration of component i.

The distribution coefficient is given by

n

N xjwj
. Pcompd. j=1 liquid Xicomﬂ.
° pliquid f‘ XW. Xiliquid

= i compd.

where p = density
X = mole fraction
w

= molecular weight.
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In Equation 1 , it is assumed that

(1) there is no convection in the liquid so that all mass transport

takes place by diffusion,

(2) interface attachment kinetics are infinite,

(3) interfacial energy is zero, and

(4) temperature gradient in the solid is equal to that in the liquid.
Both surface energy (y > 0) and interface attachment (4 < oc) effects resist
interface breakdown, so that the maximum allowable velocity is increased
by amounts AVy and AVu. Convection reduces the critical velocity as does
a reduced temperature gradient in the solid (one would expect Gs ~ 0 for

an optically transparent material like YFeOs). The critical velocity is

given by
V., < VE5 € LAV + AV +AV_ +AV
C max T C Y 1l (3)
where vE*8:C€+ ig calculated from Equation 1,
max

AVT < 0 results from thermal effects,
AV C < 0 results from convection in the liquid,
AVy > 0 is a surface energy effect, and
AVu > 0 is an interface kinetic effect.
Each of these effects may be large, but they tend to cancel each other,

and there is no data available to evaluate them. Only an estimate, then, of

the allowable interface velocity is obtainable from Equation 1.
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In order to calculate Vmax' the system parameters must be

calculated or estimated. G_, the temperature gradient in the liquid,is chosen

LD
to be 1.8°C/cm in the steady-state growth situation (a typical experimental
value). The magnitude of the diffusion coefficients of components in the

solution can be estimated from viscosity data with the aid of the Stokes-

Einstein Relation*

where K Boltzmann's constant

T

temperature (*K)
n = viscosity
r = ionic radius,
. (36)
Oliver has measured viscosities in PbQO-based solvents and has fit the
data to an equation of the form

o e AeE/R'r ) F

where, for a PbO-48 mole % PbF2 solution

*This relation is strictly valid only when ions of the diffusing species are
much larger than those of the solvent, but it will provide a useful estimation
here.
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A » 0.0026 t 0, 00009,

B « 8.421.1 .

This leads to D ~ 10'5 cmzllcc at 1300°C, a value similar to most metal
systems. Since the viscosity of the Bat)-based salvents is less than that of
the PbO-based solvent used in the calwlauom.(a”thh value of D repre-
sents a lower limit for the diffusion coefficients of crystal components in

this solvent. The slope cf the liquidus surface is at a minimum along the
YFeOs-lolvcnt join if this is a quasi-binary system, the maximum component
of the slope being along this join (the slope is zero perpendicular to this
join). Since velocity is maximized by minimising the liquidus slope, it is
advantageous to grow crystais along the join. The slope of this line for the
solvent composition used in the steady-state growth experiment has been

obtained experimentally and found to be m, « 816°C/mole fraction at

L
1300°C. The components of the liquidus slopes in the direction of the crystal
components will therefore be in the range 0 < (a'l' Iax‘ ) < 816°C/ mole
fraction, and for convenience wa choose ‘a‘l’ /ox! , = 400°C/mole fraction
(only the order of magnitude is important for this calculation). The density
of the compound is 5. 67 gm/cc, and the density of the liquid has been found
to be ¢.78 gm/cc. At 1300°C (the interface temperature), the interface
concentration is given by the equilibrium concentration of saturated liquid

(xYF «Og e 0.3 mole fraction) divided by the distribution coefficient in

Equation 2.
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For growth of YF‘eO3 from a typical BaO-based solvent containing
equi-molar amounts of Fezo3 and Y203. the distribution coefficients become

(from Equation 2)

ko = 3.98 i = Y203, Fe203 .

and the maximum velocity calculated from Eguation 1 is vmax = 3.28 X 10.7
cm/sec. To avoid constitutional supercooling leading to interface break-
down and a dendritic mode of growth, the steady-state growth experiment
should therefore be designed for a growth velocity of ~ 10”7 cm/sec.

This velocity is several orders of magnitude lower than the
maximum allowable velocity in growth from a pure melt, but is8 comparable
to values computed by Tiller for solutirn growth of several classes of
semiconductors from a binary solution (which range from 10-6 to 10-10 cm/sec).
It should be noted that vmax increases strongly as the growth temperature
increases; and hence it is advantageous from this point of view to have
the interface temperature as high as possible, commensurate with apparatus

capabilities and other requirements.
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2.2. Experimental

2,2.1, Growth of Seed Crystals

2.2.1.1, Procedure

The method of growth of seed crystals required for the steady-
state solution growth was similar to that outlined by Wanklyn.(zg) This
method was chosen because it was easy to implement, it gave reproducible
results, and the crystals were adequate in size for use as seeds. The
materials used were from various suppliers and have the following purity
levels: Y203 - 99, 9999%; B203 and Fe?‘O3 - 89,999%; PbO and PbF2 -
99.99%. The starting materials were weighed to give mixtures with
the composition shown in Tablell and were thoroughly mixed. The mixtures
were loaded into platinum crucibles which were loosely covered and set
into a muffle furnace,

The 'source materials, Fe203 and Y203. were dissolved at the
soak temperature and the temperature was lowered at a constant, slow rate
to the final temperature indicated in TableII, A slow stream of air was
continuously pumped into the muffle to maintain an appreciable oxygen

pressure and to remove PbO and PbF, vapors from the interior of the

2
furnace since they attack the alumina lining, At the final temperature, the
crucibles were quickly removed from the furnace, tipped to pour the solvent

out and replaced in the furnace. The temperature of the furnace was then
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lowered (much faster than during crystal growth) to approximately 400°C
where the crystals could be removed without cracking from thermal shock.
The solvent still adhering to the crystals was removed by dissolving it in

20% HN03. In each run a considerable amount of YOF was formed.

2.2.1.2., Seed Crystal Growth Results

Typical crystals grown by this technique are shown in Figure 2.
The conditions and results are summarized in Table II.

The low yield of YFeO_ in No, 8, compared to Nos, 7 and 11,

3
arises from the fact that this run was terminated at a much higher temperature
than the others.

The formation of YOF in runs similar to these has bren experienced
by others. (28,37) The YOF is the first phase to crystallize from the
solution as is indicated by the fact that it forms a crust at the surface of the
solution and the magnetic crystals are found adhering to this crust. This
formation is both an advantage and a disadvantage in the growth of YFe03.
It helps in that it provides a nucleation site for the YFe03. Thus the amount
of supersaturation is low when the YFeO3 starts to grow and the tendency

to dendritic growth is less; but on the other hand, a number of these sites

are created leading to a large number of rather small crystals.
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Figure 2, YFeO3 Seed Crystals Grown from PbO-Based Solvent,
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Another disadvantage in the formation of YOF is that it leads,
indirectly, to the formation of YIG (Y3Fe5012) rather than YFeO,. This

can be explained by means of a set of competing chemical reactions. *

1. Y,0, + PbF, & 2 YOF + PbO,

273 2
2 d
2. 3 Y203 + 5 Fe203 d 2Y3Fe5012 » an
-
3. Y203 + Fe203 ud 2YFeO3 .

The formation of YOF in reaction 1 depletes the yttrium content in the
solution. In the instance where this lowers the ratio Y/Fe (which was initially
1.21) to a sufficiently low value, reaction 2 becomes favored over reaction 3

and YIG is formed rather than YFeOs. Another factor which contributes

at least partially to this indirect formation of YIG is the concentration of

PbF, in reaction 1. In cases where the weight loss, which is primarily

2
due to loss of PbFz. (29)

tion results; and the tendency toward YIG formation appears to be higher.

is proportionately small, a higher PbF2 concentra-

As depicted in Figure 2, the typical YFeO, crystal grown by this

3
method is nearly cubic, measuring 3 - 4 mm on a side and is quite suitable
for use as a seed crystal. There are, however, a number of voids and

inclusions in these crystals which limit the areas suitable for device

applications to dimensions of approximately 3 mm X 3 mm. These crystal

*It could best be explained by using a quaternary phase diagram, but the
data necessary to construct such a diagram has not been completely deter-
mined. The explanation given above is only a qualitative one since there are
a number of factors involved in fixing the ratio Y/F which are difficult to
describe and measure,
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defects are the direct result of dendritic growth which is brought on by

supercooling the solution,

2.2,2, Preparation of Source Material

The materials used for this were Y203 and Fe203 powders described
in the previous section. The powders were weighed out to give an equi-
molar mixture of the compounds and thoroughly mixed by grinding them together
in an agate mortar. The mixed powders were pressed into a pellet die
3/8" in diameter. The pressed pellets, contained by an alumina boat,
were then sintered at 1225°C for 20 hours in air, reground, r epelleted
and fired again at 1300°C for 48 hours. X - ray powder diffraction analysis
indicated that all but approximately 5% of the starting materials had reacted
to form YFeO3. An emission spectrographic analysis showed the pellets

to contain less than 50 ppm impurities. The density was 53% of the theo-

retical density for YFeOs.
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2.2.3. Characterization of the BaO-Bzg,, -Ban Solvent

2.2,3.1. Liquidus Surface and Solubility of YFeO3

As Ban is added to the eutectic mixture of Ba0-39 5 mole %

B203. the liquidus point becomes a curve in the ternary diagram as shown
in Figure 3 . The experimental points in this diagram were determined by
continuously monitoring the temperature of a solvent melt of known composi-
tion, and noting the temperature at which the solvent became too viscous to
pour. The experiments were conducted in a muffle furnace, and once a
reasonably low melting composition was found (such as 41 mole % BaO,
41 mole % B203. 18 mole % Ban), solubility determinations of YFeO3
were conducted in the same furnace. Here, small crystals of YFeO3 were
suspended by a platinum wire in the nearly saturated melt, held for several
hours, removed and examined optically, Either
(1) the solution was unsaturated and the crystal melted or
developed rounded corners, or
(2) the solution was supersaturated and the crystal grew, as
did a myriad of smaller crystals which nucleated both on
the seed and on the platinum wire,

The solubility curve obtained in this fashion is shown in Figure 4 . The

data can be fit to an equation of the form

o xoe-AH/RT o)

31



'V 18 07109Ing AJRUIA], B YN ‘WISAS

¢ 1eut .2 0%g .oeg 105 uo13dsfoag snpinbry renaed siqissog °g aanfig
€o2g 0% % 370K
00l 06 08 0L 09 0S 0 0¢ 02 ol org
NANAKANANAKAAANARANANR AANANASANEARY ALL
JoSl6
@ H06 0
02 0068 08
¥
v/
o _ -—— oL
Oomwwo / .
ot \\ 09
7
540985, /
0 06
0°g % 3J10W
N..._cm % 310N 09 ot
/ 0L 0¢ uoyo|IN23dg — — —
0i0Q (Dju2wiiadx3l —Q
08 02
06 ol
001

24og

32



16504+

15504+

14501

o This Investigation
B S. Blank et al (13)

13501

TEMPERATURE (°C)

12501

11501

loz%zfodoéoéo7=<>ab9bloo
MOLE PERCENT YFe0, —

] '

1050

Figure 4. Solubility Curve for YFeO, in 41 (Mole) % BaO,

3
41% B,O,, 18 % BaF,.
s 3 33 2



where X, = 5.03 and AH - 19,408 are assumed constant over a fairly wide

range of temperature.

2.2,3.2. Density of the Solvent

The density of this solvent was determined with the aid of a recording
electrobalance. A furnace placed vertically under th. balance contains the

saturated solven., and a single crystal of YFeO, is suspended by a platinum

3
wire from the balance. The weight of the crystal in air is recorded as it
hangs just above the melt, and then the furnace is raised so that the crystal
is completely immersed in the solvent. The buoyant force tends to reduce
the apparent mass, but this is counteracted by a large downward force from
surface tension effects on the Pt wire. If the melt is not saturated,

the crystal will change in weight, and this weight change is related to the

density by the equation

AMS = AMa 1 - — (7)

where AMS change in apparent mass of the crystal in the solvent,

AMa = change in mass of the crystal in air,
Py = density of solvent, and
p. = density of crystal,

This method for density determination is particularly advantageous because
the effect of surface tension is eliminated when only changes in the appa-

rent mass are considered. The density of the solvent calculated from the
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weight change data is 4.75 t 0.2 gm/cc, comparable to the calculated density
(4.95 gm/cc) based on a weighted average of the densities of all the compo-

nents,
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te

2.4, Steady-state crystal growth

to

2.4, L. Apparatus

There were several important crystal growth requirements which
necessitated special apparatus design considerations. [t was necessary to be
able to vary both the growth parameters and the operational procedures with
a minimum of inconvenience,

Probably the most important of the growth parameters is the
thermal environment of the growth system. The temperature must be con-
stant with time,and its spatial distribution must be such that the seed crystal is the
coolest part of the system so that growth will be on the seed rather than in
any other part of the system,

Features of the systrm include a) a stirring mechanism
which enhances growth by promoting transport of crystal constituents to the
seed; b) a means of changing the level of the seed during growth so that it is
easy to yrow on the seed for a specified length of time and c) a large liquid
surface exposure which provides the capability of growing
on a large surface arca seed, These last two features are especially
advantageous for epitaxial growth on a substrate. Another feature of the
apparatus is that crystals can be removed from the system at a rate slow
enough to prevent cracking by thermal shock, which has been a serious
problem in the growth of garnet crystals, & Finally, the design had to provide
an apparatus that was reliable and gave reproducible results, A schematic

view of the system is shown in Figure 5 ., The furnace is a two-zone resistance
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type with platinum - 40% rhodium windings and is capable of running continuously
at 1540°C. The power supply for the furnace is controlled by a closed loop
control system containing a current-adjusting type controller in conjunction with
a silicon controlled rectifier unit,

Radiation sh.elds and the solvent crucible are supported by alumina
tubes which are terminated at the furnace ends by solid alumina plugs. A check
of the temperature stability showed it to be adequate (+0, 5°C at 1200°C) for

crystal growth purposes,

2.2.4,2. Run Procecedure

The Y203. Fe203, and B203 were the same as that described
earlier (see Section 2,2.1.1). The Bxa.F2 used was 99, 9% pure with strontium
being the only impurity present in any significant amount (200 ppm). The BaO was
obtained by thermal decomposition of BaCO3 which was 99, 999% pure, The

solvent materials were weighed out to give the composition indicated in Table 1ll.

A solution saturated with YFeO3 was mixed and loaded into a

platinum crucible, YFeO3 source material was dropped into the solution
and a seed crystal was mounted on the end of a rod which could rotate the seed
continuously in the solution, For all runs, the crystal was oriented so that the

easy axis of magnetization was parallel to the axis of rotation,

The crystal growth parameters are indicated in Table II],
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Growth Parameters for Seeded, Steady-State Growth Runs of YFeO

TABLE III

3.

Run No, Composition of Rota-

Solvent Seed Temperature tion Run
(mole percent) Temperature Gradient from Rate Time

BaO BzosBan °C Source to rpm  hrs.

Seed, °C/cm

Ssl 53.4 35.6 11,1 1112 3.9 22 46
Ss2 53.4 35.6 11,1 1115 7.6 50 168
8S3 53.4 35.6 11.1 1110 5.0 50 167
SS4 53.4 35.6 11.1 1110 3.4 50 235
SS5 42,6 41.0 16.4 1292 1.8 50 65
SSé 42,6 41,0 16.4 1294 1.2 50 212
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2.2.4.3. Results and discussion of steady-state solution growth

In cach of the runs listed in Tablelll, YFeO, was successfully

3
grown onto the seed crystal with the exception of Run 885, in which a crystal
nucleated and grew on the platinum tube,

The first four runs can be discussed as a group., Emission
spectrographic analysis of three separate samples indicates barium incorporation
of approximately 0,08 wt. "s, The new growth in Run SS4 has the same orientation
(determined by the direction of easy magnetization) as the seed,indicating that
the new growth was epitaxial to the seed crystal, The crystal growth,which
measured 8 mm x 6 mm x 6 mm, was sliced with a 0,005" wire saw, mounted
onto a polishing block, polished to a smooth finish and microscopically examined,
The examination showed that the crystal growth contained a number of voids,
grain boundaries and twin planes,

The crystal grown in Run SS5 measured 2 mm x 2.5 mm x 1 mm,and the
easy axis of magnetization was normal to the flat side of the crystal, The
morphology of the crystal grown under this set of conditions was very much
better than for the first four runs. The approximate growth rate for SS5 was
1.1 x lo-scm/sec as compared that of 4,7 x 10-8 cm/sec for run SS4,

For run SS6, a stirring paddle was placed between the source and
seed to assure homogeneity throughout the solution, A very large amount of
material was transported to the seed proving that indeed this could be accomplished,
but apparently the rate of transport exceeded that for stable growth, resulting in
the growth being polycrystalline, The morphology of the small crystals was good
(as in run S85) indicating that with the proper crystal constituent transport

conlitions, good quality YFeO, crystals can be grown by this technique,

3
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3.0, CHARACTFERIZATION AND EVALUATION

3.1, Chemical Analyses

To determine the amount of impurities incorporated in the
crystals grown in the BaO-based solvent as well as those from the PbO-
based solvent, emission spectrographic analyses were performed on the
crystals, Table IV shows typical impurity levels found in YFeO3 samples
grown from the PbO-based solvent and the BaO-Based solvent, To remove
solvent inclusions, the samples were ground by mortar and pestle and
soaked in a hot 20% HNO3 solution for three hours, The Ba content appears

to be lower for crystals grown in BaO-based solvents than the Pb content of

those grown in PbO-based solvents, although further clarification is necessary.

TABLE IV
Typical Impurity Levels Found in YFeO3 Samples Grown from PbO-
and BaO~Based Solvents,
Sample from Sample from
PbO-based solvent BaO-based solvent
Pb  0,1-0.2 wt, <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>