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FLUID FLOW PATTERNS AND SOLVENT SELECTION
FOR LIQUID PHASE EPITAXTIAL CRYSTAL GROWTH
ON ROTATING CRYSTALS ’
‘Pei-Shiun Chen
Inorganic Materials Research Division, Lawrence Befkeley Laboratory:

and Department of Chemical Engineering; Univer31ty of California .
Berkeley, California

ABSTRACT

Fluid flow conditions and thermochemical pfoperties of soIVeht;
systems-ﬁeregetudied for solution crystal_growth in rotating
eystems;' Fluid flow patterns were studied with timeélapse photogfaphy g
using the‘dye—tracer method for flow delineation.evsimulation of i.
solutioo‘cryspel growth andFCzoehralski crystaligfoﬁeh revealed that
the convection currents induced by crystal rotation in a stationary ‘
and slowlyieo—rotating‘crucibleprovidedthe Besfrmixing conditione
at the cryetaliization interfece.' The boundary‘leyer beneath‘the_'
crystal became more uniform and thinner as the eryStel rotatiog rate -
increased. .The dimensions of ﬁhe crystal boondery?leyef cell Aﬁa:'
oVerall mixing rates were reduced by counterrotation of the'cruoiole,jf

The overall convective mixing rate was lowest for co-rotation of the

'crystal and crucible with comparable angular velocities.

The mixed solvent éystem PbO (Ba0O*B 03)l was,inveétigeted
theoretically and experlmentally for conditions allowing congruent
saturation of rare-earth magnetic garnets and eff1c1ent 11qu1d phase

“\

epltaxial grow;h. High quality EulErZGa0 ;Fe, 3 12 fllms were

obtained ffomvsolvents containing 10 mole 7 garnet oxides.



I. GENERAL INTRODUCTION

The widespread use of liquid phase epitaxy for the growth of--
single crystallfilms has been encumbered by three'najor difficulties}
First, there_ls theitendency towards polycrystalllte»growth by
multiple nucleation when the supersaturation is notlconstrained;

Second, solnent'inclusions frequent occur withinccrystals grown at’

high rates.l lhirdly, the non4congruency of melts nseo for garnetg
crystal growth can cause the deposition of unwanted phases as the

growth process_continues.2 The first problem can generally be solved

by COntrolled'seeding.3' To reduce the second problem, stlrrlng'has !

a beneficiel effect in preventing inhomogeneous snpersaturation.olongv,"
the_crystellizstion interface. Scheel found thatfstirring is an“inportent
way to obtein sol?ent—inclusion free growth.4 .The;third problem can |
be overcome by using an appropriate melt comnosition.‘ Qnon showedv .
that snppression of an orthoferrite phase during SOIution.growth:of .
garnets-coulc.be achieved by increesing ooth the iron oxide and.gellium'
oxide content above the st01chiometric mole fractlon“required.5 ,In_;
this thesis, two problems were.chosen for study: the ‘fluid flow patterns
produced by cristal'or crucible rotetion,'and'solvent systems for
optimizing the crystal yield by solution growth. |

The rotat1on of crystals dur1ng crystal growth is a frequently
used method for stabillzing convective mass transfer durlng controlled
crystal growth from the melt as in the Czochralski process and from |
solution as for 11qu1d phase ep1tax1al (LPE) crystal growth 6 The

important effect derived from the rotation of planar crystalllzation



inferfacesvis that a hydrodynamic boundary 1ayerqu'uniform.thickness'

is stabilized over the surface. In this study tﬁe effect of rotation

on fluid flow is examined by simulation experimenté, N S I

The receﬁt development ofvmagnetic,antiphasé‘doﬁain "bubblé".
memory deviceg with rare-earth magnetic garnet filﬁs-has induced
extensivé'?ééearch anq development into the magﬁétié'bubble phenomenon
and the:procéésing of magnetic bubble memory &évices. Unqutunately;,
the problem'of solvent seléctioﬁ for optional sétpréfioh and grqﬁfﬁ
of the garﬁef-phaéé_hés received relatively littlé;é;udy;  Aliléf:fhé:t
solvent systeﬁs used to date for LPE groﬁth of ﬁag#étié'garnet,films7"
_;fe non-congruently saturating.b Since a congruénfiy sa;urating; |
solvents will éxtend the yield efficiency in a givénAsolution érbwﬁh  "
précess and ﬁrevent secondary phases from preciﬁitating, a studyféf
solveﬁt.systéms_is éssential to ecénomIC'pr0ces§_&ésign; 'Ih this
thesis, the LPE growth of EuErngo.?Fe4.3012.from»éo}vgnts of the
system PbOx(BQO'BZO ) »

371-x

saturation of the garnet phase.

is studied for conditions allowing congruent ;

v
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II. VISCOUS FLUID FLOW DURING CRYSTAL GROWTH IN ROTATING SYSTEM

A. Introduction

_ Tho hydfodynamiCS of viscOué fluid flow undethoonditions-of‘forceob
and thormally driten convection are known toraffeottoryotalygrowth -
ptocesses.A Mixing conditions contribute signifiooﬁtly to the‘crystal
growth fate,‘mosé redistribution, dislocation density{ facotiog offoots
and compositioo.inhomogenéities in many\ctystal.groﬁth processeo,

These effecto are oarticulafly evident in groth ﬁethods'invol§iog

rotation of the crystal or fluid, as in the Czochraiéki crYStal'grthhf

process where a rotating crystal is pulled from tbe'ﬁélt, and'in solution

crystal growth in rotating crystallizers.

.Theteffeot of convective fluid flow produced ByycrYStal or orucible
rotation on crystal growth processes has become oo.importaﬁt aréa for =
both theoretical And experimental study'in the lastfdécade. Many
stodios of"the best known rotational growth method; the Czochralski
growth procosé, have shown a dependence of periodio'compoéitionjb
variation on;thermal convéction and its gffect on tHe tempeféturo
distribution'ot the crystal-melt intéfface.¥-7 .Striation-effects,inv‘
crystals have been reviewed by Muller and ﬁilhelm'who'showed that'too
opacing betweén Tejimpurity sttiations cortelatod ﬁith the frequency
of thermallosoillations.in the meit.2 Komarov ana_Régel have oboefvedf

periodic growth’and remelting of bismuth produced by‘turbulent thermaib

convectionQ3 Not all of the striation effects are produced by convection,

~as helical gfowth striations in rotated, Czochralskifgrown crystals




have since'Been shown to be induced by non-axially symmetric thermal

gradients in the melt.lp-6 Benson has shown that>Stirring cdnditioﬁs_
contribute markedly to radial macrosegregation id-Czochralski—éron»

silicon. |

Schulz—DuBois8 and Hurle9 ﬁeve both pointeddout ihat erueible_t-
rotation can produce drastic influencee.in the Hydrodynamic.coﬁditione.
of the soldeion crystal growth processes. Scheello-ﬁas used an_e_
accelerated crucible-rotation technique to increase the rate of mass
transfer and thermal equilibration for splutionecryetal growth qdee
GdAlO3 from PbO- PbF2 3203 solvents.

The d1rect observation of fluid flow has recently been shown to
provide valuable information about mixing conditlons ‘and fluid veloci£1e8~
in the 11qu1d phase. Flow trac1ng11 has been studiedvby many methods'
inciuding dye_treciﬁg,l2 optical iﬁterferencel3'end.qptical scattering.:l4
Dye-tracer delineation of flow in transparent flﬁids:is’en exceilent -
method for simuleting crystal growth in retaﬁing syefems.- Thisemethod o
has been abpiied to Céochraleki'crystal growth‘s:‘.niu-lation,ls_19 but
hes been limited to low viscosity liquids. This meehqd hbwever; cend
easily'be extended to liquids of.higher_viscosiﬁy,elThus; fu;ther
stqdy of this hydrodynamics of viscoue fluid-floﬁ in crystal growth”
processes is desirable. | |

In th1s study the fluid flow pattern in viscous fluids are studied

in an isothermal system con51st1ng of a fluid- f111ed cruc1b1e w1th

an ax1a11y—symmetr1c planar crystal at the upper liquid surface. This



geometry simuiates nearly isothermal Czochralski_cryétal growth as
well as liquid phase epitaxial growth on rotating disk substrates.
Finite-Viséosiﬁy effects are introduced by:using ethflené glycol.as
the working‘fluid. The thermal gradients presehciin the Czbchraléki
growth procéss were omitted from the simulation és éarlief_studies
.:have Sﬁownrtﬂat thermal convection does ﬁot dominafe the forcéd

vconvectidn.vg
B. Theory

Simulatidns of.fluid motion during CzoChralskirand:solutidﬁ cryst;1
growth fali into a first clasé 6f rotating fluid mbtion problemé‘infvbf
hydrodynamic'tﬁeory"where the fluid is enclosed &ifhin bOuﬁding‘ 
surfaées which are the significant cause of the fluid motion. The
probiém of fluid ﬁotion duriné'epitaxial growth 6q rotating subsfrates
falls into é éecond ciaés of_problems_wheré'the influence df‘outgr
bounding walls is only of secondary.importance in influenciﬁgvfluid
motion compéfed'with the effect of the rotational:ﬁétion of the imherSed_
substrate. The simplest theorem which can qualitatively describg-thé
convective motions iﬂ rotatihg liquid is the Taylor-Pfoudman_theofem.?O;z;
Taylor firét suécessfully treated the rotating flui&ﬂpfoblém byv"
_theoretical and experimental means. This famous.theorem states that
all steady'motioné in a rotating fluid are two—dimensional wittheSPect 
to the rotating axis. The Taylor—Prou&man theoreﬁ'isvonly stric;lf' |
valid for fluids witﬁ zero viscosity, but the theorem is app:oximately

valid at sufficiently high Reynolds number. The'Reynolds number is

. defined by
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Nﬁe = = i i :' | : (1)
where L is the depth of fluid between crystal andﬂérﬁciﬁle, Vv is the'.
kinématic.viécosity, and Q is a rotational anguiar veiocity. _in fhis
study the Reyﬁolds number ranged from 20.83 to iZﬁ,b'aﬂd ﬁhe TéYior-=
Proudman théqrem is expectédvto hold. 1In problemé qf_viscous flow.."

in flﬁids between parallel rotating disks, the.chafacteristiq pétéﬁété}éi

are the disk radius Rl’ the crucible radius R, and their‘angulér  

2
rétatiéﬁ-Velocities Ql and 92.

We may consider a first class of problems aé the case of fluid
flow betwéen toaxiai disks of finite éxtent. Hére.fhe crucibléuﬁéllsvv
play a signifiéant‘role in influencing flow:velocity'dis:ribufioﬁs;
Inia'second class of problems, fhe flﬁid flow is to a finite‘rdt;tinga 

disk, and other boundary surfaces are of 1imited significanée.

1. Flow Between Coaxial Disks

The bounded‘flow betwéen finite,-rotating'diSRQ}difféfs subsﬁantially
from that fbr the unbounde&vflow‘problem.- The brobiém of the éfeédfi
fluid flow_of a'viscous,viﬁcompressible'f;uid betweeﬁ coaxial diSks-
separatéd by -a distance L hés inspired atténtioﬁ because_of'the
pbssibility.of solving the Navier—Stokés equati§ﬁ$ éxact1y.fof any ‘: ;T
Reynolds number. - As the Reynolds number NRe incféases, boundaryu. »
layers form.édjacent to the rotating éﬁrfacesvwith thickness 8 d_N;i(zo

Bachelor argued that the fluidvoutside the surféce boundary layers

‘'would not approach the von Karman free-disk solution, but would rotate



with a coqsﬁant angular velocity, Qf and that bqﬁndéry layers would
develop on-both disks.22 Although Stewartéon argued differen;ly on
the basisvof trends at low Reynolds number, tﬁe hﬁmefical'solutionS'
of Lance and Rogers,23 _Pearson24 and Stephensonzs,show-that Bachelor;s
qualitativé:picture of the flow is éssentially.gbftect. |

Fluid fléw in idealized configurations containing finité, cdaxial
diéks hé&evbeen the subject of seVeréi experimeﬁtal'studies.utilizing l
either gééés 6f liquids as the working fluid. Schqiz;crunow;26,Piéha
and'EckertzJ.and Stewartson28 studied fluid flo&ibétween centéred‘&iéks
of équal; but finite,’size in aﬁ open fluid. _Whenfonly_one disk waé
" rotated éthVCOnstant rate while the 6ther was S£3tibnary, the mainv‘i

body Qf‘fluid'between the disks remained essentiélly quiescenf., The -

main fluid motion was within the boundary layer on the rotating disk;

‘but there was little motion elsewhere.

| 'Picha'aﬁd Eckert also studied fluid £low betwéén finite,.coaxially
rotatingvdisks shrouded by a closely fitting cyiindfical COntaiher. |
.This éonfigﬁration‘CIOSeLyvresembles the CzochtalskivéryStal gtaﬁth
configurétibd utilized in ghe présent study. Agéin, when only one

disk was roféted at a constant fate,_the_obserVed'fiuid_mofion withinfﬁ

the cyiindér closely'resembles the flow betweenbinfinite plates, except

that the azimuthal flow velocityover most'of the central core was éﬁly :

about threé—tenths that of the rotating disk. Their'experimental résults

for counter}rotating disks bounded laterally by a stationary cylinder

showed no circular motion of the internal fluid.

[




Carruthers énd Nassau described the fofced_convectidn induced by
crystal and crucible rotation in a simulated dZOQhralski crystai growth
system usiﬁg a transparent liquid of low viscoéityﬁwith _injected-dye.29
These authéfs also_observed deteched shear 1ayeré;inbthe fluid when
the crystal and crucible were Eounter rotated. uIt>is evident that;sheér
layers»play'an important rple’in rotational crysfal:gréwth prbéésSés,'
aﬁd that'éhéir:magnitude and effect should.increasé with increééing |
viscosity of the crystgllizihg fluid. |

2. Flow to a Finite Rotating Disk

Hyde and Titman studied the detached shear layers in a system in‘:

which fluid filling a rotating cylindrical container is stirrrédvbyva i

30

disk immerséed in the fluid. They found that there was a non-

-axisymmetric shear layer formed when the Rossby number was greater ‘

than a critical value. Qutside the shear layers, an axia1 vélocit&

component is required to balance radial flow within-the shear 15yéf., 
To defermingléhe axial velocity; consider a disk éf radius R1 fétatiné:
with velociﬁy 2. The flow to thevboﬁndary layep'mﬁst equal_théjradiai

flow through the analus of thickness § with the aﬁefage‘radial'velocity

- given by‘;r =_b.424r9.' The axialgvelocity which ba1énces the radial_-'

flow is then

v = 0.8856 AQ L BN
z=§ o G : v

Therefore, the axial velocity depends on the anguiar Velocity of the

diék, but not on its radius. Similar estimates can be made for axial

flow to detached shear layers. The fluid motion near a slow, axially
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moving disk in a viscous, rotating fluid has been,stﬂdied by Morrisoh
and Morgan using transform methods?l 'The axial flow velocity then
depends also on the axial velocity of the disk.

- 3. Flow Instability

The Rayleigh criterion for stable, rotationaliflow indicates,ghe

limits' of stability. 1In the absence of viscosity the neceséary and

sufficient condition for angular velocity distribution to go unstable - -

is
4
dr. T

The Rayleigh criterion for v=0 therefore states that for stable flow .
the angular momentum per unit mass, |r Q|, must not decrease with

increaéing-radius, with the instability limit given by

| 2, R, z . B -
o= = > (== = p~, (stable flow) - (4)

For flow stability on the surface liquid then, thevcrYétal must rotate

~in the same direction as the crucible (co-rotation), but with angular

velocity (R2/Rl)2_times that of the crucible. Wheﬁ'the crystél and_”

crucible rotate in opposite directions (counter-rotation), the surface

‘flow is unstable for radii less than the model plane radius Ro givén'Byyi"

and stable for radii larger than Ro'

-2

R0 = (rz—rl)/(rle-z-r R y : | : ‘(5):

172

o4 2002 oo
N, = 37 ") <o. o 3

¢ 1
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The effe§§ of finite fluid viscosity is to pOstpbne-tﬁe onset of
flow instability'by viscous dissipation. The instability criterioﬁ
was first explofed by G. I. Taylor who found an ahalyficai expréssioﬁ
for the criterion.20 The results show that for Qi‘lésév;hén'a'minimﬁﬁ': 

vaiue the flow is stable for all values of QZ.; As Ql increases above

 the minimum value, the flow becomes unstable for an increasingly wide -

range of both positive and negative values.

4. Edge Effects

Edge effects on fluid flow to rotating surfacés‘are of ten negleéted-

on the assumption that such effects have negligible influence on fluid

~ flow near the axis of rotation, provided that_the_bOundary layer

thickness is much less than the surface radius. The values of S

and v, are nevertheless proportional to r, according ﬁb the similarity .

6
transformation, and therefore the radial and tangential momenta are
most sensitive to defects in the rotating surface and to discontinuaties |
in stress on the fluid at the surface edge. The edge discontuity is =

more pronounced for inward flow than for outward flow on the surface

_since in an outward flowing layer the flow is stabilized by the flow -

field established at small radii. For an inward flowingvlayer where

the flow field is controlled at large radii tﬁé sta‘biiity of the flow mgy" |
be difficulﬁ to achieve. It follows from the Raléigh}critefion tﬁ;t
unstable flow will occur around the edge of the fofa;ing sQrface if

the inequality B(rZQ)Z/Br < 6 is fulfilled. 1In genéral‘thé eédge effects- 

are complex énd:pot easily handled analytically.
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5. Dimensionless Groups

Theoretical properties of fluid flow aﬁd of f;éw,étabiiity aré
often most conyéniently expressed in férmS'of non—dimensioﬁal numbers,
or groups,,the most famous of.which is the Raynbldg_nuﬁber.* giyeh in
Eq. 1. In problems of viscous fléw_in fluids betwéeﬁ parallel roﬁétihg'
.disks; the parameters are the.disk raaius,Rl, the;érﬁéible radiﬁs R2_’ 
and theirtangﬁlér rdtatiqn velocities 2, and Qz} Tﬁé'dimensionless '
_groups of thesg baraméters and physical_constants'aréjthén |

"R o Y Do o : :
p'-'=-—2', o = RL "u=9_2’. oo (6)
1 ‘ 1 . . S

Rl‘

A dimensionless group which always appears in rotating systems is the

-Taylotvnumber;

in which R is any of the linear dimensions. The vorticity pf;
the basic rotation, is measured by the Rossby number defined by
-0 . . ,
N, = 1__3;_2L___ e CO N
2 (&, +1,) :

These variables are used in evaluating the experimental results whigh:'

follow.

% .
Symbols are . defined at the end of the thesis.

v
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C. ‘Experimental

1. Apparatus

Experiments were designed to simulate Czochralski;crystal growth
from_Viscous melts,'and liduid phase epitaky.of garnet~films from
solution on rotating substrates. Flow patterns were delineated by the
dye tracer method and time-lapse photography.‘ The s1mulation apparatus’
of Flg. 3 con51sted of a 96 mm inner dia. cyllndrlcal_heaker and |
polymethylnethacrylate simulation-crystal cyllndrical solids, alignedb
coaxially and independently driven by variable speed synchronoué notors;l
The diametersvof the simulation crystals uaed were_ﬁé mm<p=3) and
48 M(p=2).” .

-Studio lamps were placed: behind opaque screene surround1ng the
crucible to illuminate ‘the fluid. A digital timer was reflected 1nto
the viewing area by'a émall mirror placed below the,cruc1b1e., The*tlmet.
was reset for each exper1ment to indicate the time 1nterva1 follonlng
dye'lnjectlon 1n the tlme—lapse photographs. The depth of the ethylene ;
glycol working fluld could be adjusted, but the simulatlon crystal
was placed in contact with and parallel to the uppernsnrface of thej
fluid. o |

For flow visualization the angular velocities of the crucible and _i

simulation cyrstal were fixed, and the forced convection in the fluid

allowed to reach steady state. Then a neutrally bouyant dye_diésolyed
inlethylene glycol was injected with a 0.5 mm capillary Syringe into the‘ﬂ

fluid at the center of the simulation-crystal disk surface, or

alternately at other points within the fluid. The:dye—traced.flow was then
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photographed by time-lapse, 35 mm photography. Tolallow correction for

the lens effect of the cylindrical crucible, a’mirror was positioned

over the melt at an angle of 45° to the vertical in order to allow ' .

simultaneous viewing from the top and side. A redhfilter_wes used to
enhance the contrast between the-aniline‘blue dye and’the beckground.
Other dyes examined were found to provide'lower contraSt..-A frame of
reference was established for the rotating crucible by synchronizing
the 1nterva1 between photographs to the crucible or crystal rotation .
speed and.by’setting the ratio of crucible andACrystal rotetion
speeds equal to’ the retio of small integers.

2. The Working Fluid

Ethylene glycol is found to exhibit exCellent‘physical properties
for simulation of viscous_fluid.fiow during crystal growth. iIts - |
kinematic viscosity 18 considerably higher than thathof the water and
water-glycerol mixtures studied earlier in simulation.emperiments.
The physical properties of ethylene glycol are summarized in Table 1.
Because it contains a single component, the problem of incomplete mixing
1n~water-glycer1ne mixtures 1s-evoided. Also, because of the higher
- viscosity, the‘thickness of thevhydrodynamic»boundérytlayers, 6 given'
by Eq..9 becomes observably large at‘experimentally‘convenient angular . o o
-velocities._.
3. Procedure :
'The following steps were used in each experiment;'_The crucible
was filled tozthe desired height with ethylene'glycol,' The simulation

~crystal was then lowered to a height sufficient for contact_with the
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Table 1. 'Physical Properties of Ethylene Glycol35v(l,Z-Ethanediol;

HOCH,CH,OH) .

thermal expansion

22
o _ Temperéture

Property | 20°C | 40°C

Density d(gm/cm) S 113 1.099
Kinémétic viscoéity v(cmzlsec) ' 0.1915 , '_’ _“0.0879.'
Specific heat ,' ) c,(ergs/gm°C) 2.38x10’ o Z.ABX10? 
Thermal diffusivity ' K(cmZ/sec) 9ﬂ42x10f4‘ 9.42X10_4 .
Coefficient of ~acee™h 6.4 x107> 6.5 x107>
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| rotating fluid after Qi and Qz'had been éet. The.system was.alibwed tq“
reach complete steady state, then dye was injected aﬁua fixed point and the
digital timer started. Photographs of thevdye traces Qére then taken at
regular time iﬁtervals; Experiments were éonducted ﬁdjdefinezfluid. |
flow patterns under condi;ions of 1) cdupter—rbtation-ofFnystal an& 
crucible, . ii) érystél rotation only, and iii) coerotation ofvcfysta1‘ 

and crucible.

D. Experimental Results

Initiai experiments were designed to g;udy.flﬁid_flow Velocitiés
during the‘simulated'Czochraiski or solutibn éryStal'grpwﬁh under'iséthéfﬁal
cOnditions. _Se?erai different conditions of rotétioﬁ?ﬁereIStudiéd. e
thafion rates of the simulation cryétal and crucibie{ﬁere set 3£ 
15 r.p.ﬁ. intervals between-90'r.p.m. and 90.r,p.m._t

The reéults‘of dye;traced flow e#périmenfs with.p¥RZ/Rl%3 and B
0=L/Rl¥2 are.shown in Fig. 4., 1In each expefiment_fhe dyé was iﬁjectéd 3
at the center.of'the simulatioﬁ crysfal face. For_éognter—rotation‘:
_with crystalvrétation controlling thé flow,'the dye rémainedﬂwithin;a}. 
fluid layer a&japént to the simuiation gfystal.. for codn£er—rotatioﬁ :ﬂ'
with crucible fotétion controlliﬁg the flo#, the dyé tréce‘movedlgowpﬁarai g S0
Qith a gradually»acceleratipg réte to the'botéoﬁ;sﬁrfaée of the éf“CibI?;i
where it sbread outward‘in the radial direction by'centrifical forcé; :

then upward. At the wall of the crucible the fluid waS'aImost stagment.
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For crystai rotation only, the d?e'spread oﬁfwérd in‘the radiéi:'
diréction by centrificai force,»then descended gradéélly. :The'central v
.part of the fluid between thevcrucible andvcrystaiffd?med a torus~Shéped
vortex'ring.v | | |

éo—rotation(qf thé cfystal and crucibfe'produéédié modifiéatién
of the siﬁple.flow.for cruéible rotation oﬂly.'_When the rotatibn rate'
6f the crystél was_large;-tbe flow pattern was'éimiiaf_to that for_cfysféi
rbtation'only. When.thevrotatibn rate of the cfysfal'was smaller than
that,qf the c;ucible, then thg flow patterﬁ was ﬁeé;ly solid body ;otatioh;
‘The dye mofion’wés then limited to a smalliaXial régidﬂ.just uﬁ&erAéath ﬁ
- the center of‘the crystal. | |

Additionél exPerimen;s Qere,performed to deterﬁine ﬁﬁe effgét?éfr.;:~
the variables p, 0 and Y on shear layers and forced:coﬁ§ection velocitiésg
The fluid flow patterns for crystal rotation.qnly are:ého&n in Figf‘s. »v
The fluid in the center of the crucible roﬁéted in é3;§rusfshaped‘vottei';
ring in all eXpériments; When the rptatio@‘rate waé sﬁgil, the radigg of:
the vdrtex-ring was cofrespondiﬁgly sﬁall, as was the circulétionf
velocity. theﬁ the rotation réte Qas increased toj90 f.p,m.,vthé éxis”'
radius'éf the #thex ring expahded-to a Value equaL.£o ;he radiusﬂbf fhevi
crystal, and fhe,nearly statiénafy fluid'regionvét fhe-crucible'wéil'ii  3
because smaller. The forced convection flow then reééhéd almost éjeryf -
part of the vessel.

Fléw patﬁerhs for crucible rotation only are’shOWn.iﬁ Fig. 6.

At low crucible rptation rates the dye traée was close to‘fhe crﬁciblei-

-wall, and the shear boundary layér next to the crystalfwas nonuniforﬁ.
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There was a small vortex  just beneath'ﬁhe édgeAéf thé‘crfstal.' Forv.
faster rotatioﬁ.rates the flow velociﬁy was higher and the vortex
ring became a cylinder whose radius was.near that df'th; crystal.

Flow patterns for co—fotatibﬁ are shown in Fig.'7i combinations ofl
crystal and cfuéible rotation in the same sensé'pfodgced_avmodifiéation'

of the simple flow pattern for crucible rotétion Oniy; Couette-

instability was obServéd to occur when the crystal :otation'velocity was

much higher than that of the crucible. When the rotation rate of;the o

érystal was smaller than that of the crucible the induced flow pattern .1'

was confined to a cylihdef directly‘underneath the cryStal;_and:tﬁé-fipw “ -

was stable against Couette instability. When the_rofation rates of
bdth crucible and crystél were the samé; the fluidirététed.as a sqii&'ﬁddy.
The 'degree of_mixing for co-rotatﬂx1waévery low. :
"Flow patterns for counfer?fotation of the crysfal.crqciﬁle éré
sho§n1in.Figs.-8 and:9; “The circulation influehéed_by'che cryéfal f
and crucible weféélways.séparéted by a stagment surface,:‘Therefore;3the
whole fluid' could be dividéd into threezvparts:. 1) the crystal-
influence regibn, 4i) fhe crucible—influeﬁée regidﬁ, an& iii)_a éoiid;j
body rotation fggiqn at the upper part of thé crucibléIWall. For o
‘Ql-> = QZ tﬁg'flow pattern was siﬁilar to tha; fqr é?ysta1 rotétidn'
only, except that this region was much‘sﬁaller and_iimited to a regibp.
jﬁst beneath the érystél. Several vortices could be seen on fhe.fiﬁid,” ;
s@rface for somé ranges of rotation fa;es with Ql $ 6292. When the» _'
cfucible rotation fate increased, this rggion decreééed to negligible

size.

I
i
{
'
[
|
H
i
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E. Discussion

" For most liquid metals the viscosity at the meltlng temperature
is small, 1-4 cp. Thus, there is a thin boundary layer at the cruc1b1e _
wall and beneath the crystal bottom face. The thickness of these
boundary layers is so thin that rotation produces-negligible-fluid
‘flow. | | ‘. |
- In crystal_growth from solution; on the other_hand, the viscosity :E
of the solution'canvbe large, and'mass transfer fron>so1utionvthr0ughv"n
a larger boundary layer to the solidvphase is requiredi The crystalllzing
component.moves from the bulk solution to the boundary 1ayer by
convection, then diffuses through the boundary layer to the surface
of the crystal.v Latent heat of crystallizatlon 1s_released at the :
surfaCe. Therefore, the purpOSe_of crystal and;crucible rotation is:
i) to reduce'the_thickness of the boundary layers, and:ii)_to increase _~L
the mixing regiOns throughout the entire vessel by”circulation of the_'
fluid. The miaing circulation generally_increasedfvith NR' | |
A comparison between the~experimentally observed flow patterns and -
thosebfor'low viscosity fluids is shown- in Fig; 10r~:The flov'patterns
observed in ethylene glycol, representing a viscous crystal growth S
solution, differed 31gnif1cantly from the flow predlcted for an 1nviscid‘7
fluid. Detached shear layers were_observed below the s1mulation crystal.
For crystal rotation only, a detached shear layer:was expected‘to_ari
‘ form along a cylinder below the crystal Instead, thekshearvlayer was B
a flared conic w1th a radius which increases with distance from the crystal.

Therefore the flow pattern in this case could be divided into three parts,_a
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i) a central cone in solid body rotation rising tonard‘thelcrystal,
ii) a vortexdring circulating below the crystal outer radius, and
iii) a stagnent-boundary'layer adjacent to the crucible_outer_wall.
When the crystal rotation ratewun;increased, thebwidth;of the shéAQg
layer and of.the boundary layer adjacent'tovthe cruCible'wall decreased.
in reasonable agreement w1th the angular velocity dependence of Eq 9

For cruc1ble rotation only, the detached shear layer remained cylindrl—
cal, with a radiusAapproxlmately that of the”crystal,}for all'rotation
rates. There was a slight vortex just beneath thevedge of the crystal;
however;‘ A similar flow pattern was found for co;rotation. The mixing
for:these rotation conditions was very péor,l' N |

For counterwrotation;'the flow pattern in the:region influenced by
the crystal is.similar to the case of crystal rotation‘only, except that‘
this region is_smaller and'limited to.alsmall volume.underneath the'crystal.
The thickness of this region‘uaried with the radial distanCe from the axis
of rotation.v.As the magnitude of the crystal rotation'rateFWas increasedJ
above that of the cruc1ble the crystal influenced region became.wider and
thicker and the rate of change of thickness w1th radial distance changed
-sign with increasing crystal‘rotation rate.‘ Instabilities were'observed -
on the surface of the liquid 1n the form of assymmetrlc.surface vortices,
appearing in modes of equispaced groups of two, three or four. ’The modes r;
depended on the_rotatlon rates, but the systematlc depence was‘nothidentified.

The rates .of flow circulation were studied for the-dependence'on f'.
rotation rates of the :‘the crucible_and simulation crystal. :The general |

o . s ‘

dependence of the axial flow velocity increased with Qz , in accordance

with'Eq.vlll
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Rotating:the crucible by an aCCelerated*decelerated technique
is an effectiye,method to achieve composition unifornfinhthesebsolutions.
From experiments it was found that‘the time to reach;homogeneity'by
this method is-about one-third ofvthe‘homogenizationhtiﬁe by thé[ ”
'conventlonal rotatlng crucible method. This‘phenomena-can be.simply
interpreted by hydrodynamic pr1ncip1es. When an incompressible fluid
is caused to decrease 1its speed of flow there is an increase in pressure
and vice versaff Any change in velocity:proflle w11l also'cause a change
of pressure;::A pressure gradient is then built up;"This‘pressure 2 |
-gradient willuinduce a mass transfer by preSSure diffusion."Whenvthe'..
crucible was suddenly stoppede the fluid.closed to’theJSOlid walls
was stopped 1mmed1ately, but the bulk liquid still had a 1arge angular -
momentum. The pressure is hlgher at solid boundarles and 1s lower |
at the center. | Fluid than flows from outside to the center and upwards.
The flow directlon is just opposite to the regular flow pattern which |
is caused by constant rotating crucible. |

When the rotation speed was high gas bubbles‘Werevproduced which ';

attached to the Crystal surface. Higher rotation speeds produced hlgher o

numbers of bubbles with a smaller size. ThlS effect tends to produce
cavities in real crystals during,the growth process.; Because the»center
of the.rotating‘crystalvis a stagnant'pointﬁand aAbubblevattaChed_

to that pointlwill'be stabilized by the centripetalbforce‘field:

and the surface tension.
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The s;ability at higher angﬁlar velocity_is loﬁér (prdducing'
fluctuation pf_motion and bubbles) but the time tovreach-homogéneity
is shorter. fﬁﬁs,-there must be‘an optimum rotation speed for each
system. Syéfeﬁ with Higher viscésity uéuallvaiii.ha&e-higher'crifical

rotation speed to-keep stable motion.



Fig.

Fig.

Fig.

Fig,

23

FIGURE CATIONS

Fluid velocity functions F, G and H. (afteﬁ-?on Kérmanzo).

AXial'fluid velocity to a .disk rctating with angular velocity

Yy from"a co-rotating'fiuid,with bulk angciaf.velocity Qe

(after‘Rogers and'Lehce23).

Schematic of Apparatus used for flow visueiization,

.'iDye—traced fluid,flow simulating Crystel grpwth in'rotatingvlﬁ

syscemsv= p = 3,_0 = 2.

I;'

- IL

III.

-time

Counter-rotation with crystalérotatiOn'control,of flow,r:

Q, = 6. 28 sec_l;fQ = -1. 57esec—l»fof time = 6 9 sec (a),

l 2

11.7 sec (b), 18.6 sec (e), 29.3 sec (d), 63. 4 sec (e)
V’Counter—rotation-w1th cruc1ble rotatlon control of

flow, Q, = 1.57 sec L, @, = - 3. 14 sec 1‘for'

1 2 ,
5.2 sec (a), 17 4 sec (b), 25 3 sec (c),

42 3 sec (d), 80 0 sec (e)

Crystal rotation only, Q = 3.14 sec:l, Qz = 0, fbt@ '

'-tlme‘ 7 0 sec (a), 61.5 sec (b),v120 sec (c), -

e 170 sec (d), 210 sec (e)

V.

1,;15.o'sec:(b), 34.0 sec (c), 62.5 sec (d), 130.4 sec (e).

.Co-rotatlon with' crystal—rotation control -of flow,

= 6.28 sec 1, 92.= 1.57 sec.;ffor‘time = 5.7 sec (?)’x

. Co-rotation with crucible-rotation ccptrol of flow, = -

Q. = 1.57 sec !, 9, = 6.28 sec . for time = 7.2 sec (a),

1 2

116.3 sec (b), 85.4 sec (c), 256.5 sec (d), 420.7 sec (e).



Fig. 5.

Fig. 6.

Fig. 7.

Dye;traced
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fluid flow with crystal rotatibn only. '

a) 9;=3.14 sec™’, p=3, 0=2; b) 2=6.28 sec™", p=3, o=2;

¢) ,=3.14 sec™t, p=2, 0=2; d) 0=1.57 sec™l, p=3, 0=3;

e) Qi=6.28 sec-l"p=3’ 0=3; f) Ql=7;85 Sech, 0=3, 0=3."

Dye-traced
a) 925;.57
c) 2,=3.14

e) Qé=4;7;

- Dye-traced

p=3, 0=3.
a) 0,=64.71

c) Ql=6.28

e) 0,=1.57

Fig. 8.

Dye-traced

a a_c =p=3 N

Fig. 9.

a)521=l.57
c)821=6f28
e);zl=6;28

Dye-traced

with counter-rotating crystal and cruciblé.'pé3; 0$3f

a) 2,=3.14.
¢) Ql¥é.28
e) 9=4.71
8) ,=3.14

1) 9157.85

fluid flow with crucible rotagion'éniy.

sec ~, p=3, 0=2; b) Q,=1.57 éecf}, p;3;_o=3;
_sec"l, p=2, 0=2; d)'92=3.14iseéfl,.p=3,'0=3;
seg—13 p=3, 0=3;  f) 92=6.28 sec‘l; p=3, 0=3;
fluid flow with co-rotating crystal and cfnciblef_'
_1;

2,=3.14 sec’t; b Ql=4;71-sec'1,.92=1;57 sect,

Sec_l, Qz=l'57 sec_lg d) Q1=lu57;éec—l, 92=3.14 Seéi;,

sec

sec_l, Qz=4.7l secfl; f) Ql=1.57 Sec—l,'92=6,28 éecjl.

fluid flow with counte;—rotatiné crjstal aﬁd_crucible.

0=2; d-f = p=2, 0=3.

sep_l, QZ=—3.14 sec_l; b)$21=3;ié‘sec~l, QZ=—3.14 sec-l;
1 v o :

sec ", QZ=—1.57 sec—l; d)521?3F14'secf1,522=—3.l4’sec-l;

séc~l,522=—3.i4 sec_l; f)s2l=6;28“8ec—l,§22=—1}57 sec-l.

fluid flow, simulating Czochralski crystal growth

sec-l, Qz=fl.57 sec—l; b) Ql=4}71 sec—l, QZ=—1.57vsec 3

sec-l, Qz=—l.57 sec_l; d) Ql=l,57 séc—l, Qé=—3.14 sec T

sec~l, Q.=-3.14 sec_l; £f) 91=9f42;3é°le Q2=53.147sec5 ;

2
sec_l, 92=—4.71 sec—l; h) Ql=6.28 séc—l, Qz=—4.7l sec-l;
sec_l, Qz=—4;7l sec_l.

o .
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Fig. 10. Comparison between shear layer model'éhd‘éXperimental flow

patterns.
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III. SOLVENT SELECTION FOR CONGRUENT SATURATION}GF MAGNETIC GARNETS

A. Introduction

Liquid phase epitaxy (L,P.E}) has been used as a;means of depositing

homoepitaxiall‘ahdrheteroepitaxialz.tﬁin fiim fdr_@agﬁétic bubble”doﬁain:
deviceé.. ’.Aviéfge duadtify of reseafch haé been pérfprmed‘éhdﬁing

that bubble déméin memory'd¢vices fabriéafed from ﬁﬁééé‘materials haVe;
the capabiiity.to‘operate'at high‘speeds with»éignifiéaﬁtly low data - .

. 3,4
access times.

The magngtic bﬁbble domain devicé'isfa powerful'f
product for computer architects.' Compared with ofhéfftechnologies~in'fv
the storage field such‘as.drums, disks and%tapes, bUbBleiteChnology has
the aanntage of nonvolatility and ﬂdndestructive reé&é@ﬁ.s WOfk_iél 
now concentfétedion'the magnetic garnet-films. These.ﬁaterials can sﬁﬁ—v
'pori bubble dbméiné with diameters between 1 and 151pm; wiﬁh 5 um -
diameter buBb1ésvwide1y used in_working devices.6  Iﬁthé L.P.E.
techniqﬁe a‘Supersaturatéd soiutioﬁ of rare earth oxides aﬁd'ferric pxide
is‘preparéd.in-sdme propér.solvents,‘énd.brought iﬁto COntéct.with |

a non-magnetic substrate such as gadolinium gallium garnet (GGG), where:

solution crystal growth occurs. To ensure that the films gorwn are uniform

in composition and thickness, the substrate ére;giVeﬁ aﬁ‘a#iél'rofationQ 
There are two major solventsvpresently used for:LxP.E. growth o

of the'bubble garnets, thé lead‘oxidé-base'flux.agd;the barium oxidé-

base flux.. Eécﬁ‘of them has its own advantagés ana:disadvantages'ﬁith

regard to volatility, reactivity with thé platinum cfﬁcible,fsolubility




_(a) PbO PbF
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R _ » - : 7. R
of magnetic garnets and solvent incorporation. At -present -the-

PbO-base flux is still used most widely on the industrial scale’

- because of low viscosity and low growth temperature. - Several solvent

systems have been studied for garnet crystal grOWth f'These are_

»

2+ (b) PbO-B, 0~ PbF .~ (c) Pb0-B,0, and (d) BaO 3203 Ban

Convent1onally, solvents (a) and (b) are used to grow bulk garnet crystal 10 12
Both of these solVents present some dlsadvantages-In_that.growth of
iron-gatnets:reanes"higher temperature (~.1300°C);'tne weight loss of
solvent‘is hlgh, and‘the density of solvent inelusi'_ons"is»higvh.9 Forl:i

the solvent PbO,Tthe addition of 2 weignt %’3203 snpptesses the

precipitation of.the magnetoplumbite phase. ‘The solvent BaO- B203ﬂBaF

e e . - - 7 _
is qulte new and is advantageous in several respects; ~ The advantages

of BaO B.O base solvents over PbO-base fluxes are: reduced solvent

273

evaporation, _lower corrosion of platinum crucible,ﬂless solvent’
incorporation in the garnets dnring crvstal growth-and higher soluoility'
of garnet oxides.‘ The viscoSit& of the 350'32 3 base solvents is,b -
however,_mucnbhighervthan-that of the.PbO—base solventsa.

The composition and temperatnre range for precipitation of the

desired phase from a given solvent‘iS'oftenHSeverely limited. Often;:ﬂv

the composition change of the solution during crystal“gtowth is unknown,
and replenishment of thevgarnet-phase-components'for*solvent re—use'

is'not an easy matter. Hence, the_sdlution’remainingTafter'solution growth o

is normally discarded. This is economically an impraetieal procedure,
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If a;solvent'édhld be found which allows c0ngfueﬁtisaturat10n'ofbthe",
~garnet phase, then regeneration of the solvent would“be'pOSSible; and thé

yield and economy of the LPE process could be improﬁed.

" B. Phase Equilibria.

The splu#ions rquired for_LPE.grbﬁth of‘ﬁaéﬁefaé.gérnet filﬁsb'N :
are cbmplicated muiticoﬁpéﬁent systems wﬁich'cpntain rére earth'OXideé,
iroﬁ and:non-mégnetic éxides of_trifvalent 1ons,'3ﬁd]§olvent compoﬁenté,.
Table Ivsumﬁarizes'the”curfent litéfature on LPE growﬁh of garpét |

films frqm PbO-based, and BaO—based'solvents. The-éompoSitionsvbf the . -

' garnet compounds are presentéd along with the solﬁéptgéomposifions, initial a

molar.ratiqs.of'garnet.dxides to solvent:oxides,>aﬁd;growthlfemperaturés.
Beéauée:thé raré ééfths occupy thékdodecahedfélfSifgs in tﬁe
garnet laftice;:ﬁhile_tri—valent iron.énd smallér iéﬁs oécu§§xthe tetra¥
" hedral and'dddeéahedral siteé, itfis‘conVenient td:rgpresent'thé
multicomponént splution in a pséudo—térnary.phase diagfaﬁ with the
relatively'inéoluble soivent oxides_#akéﬂ as the;fir$f=¢omponeh£, thév 
oxides of the'dodeéahedrai ioné fakén ag_thé secqﬁd; énd Oxideé of the
tetrahedral and §§tahedra1 ions taken és fhé’third._V f  | |
The péeudoéte?nary fepfesentation of.the.initiél solution.
:compositions for LPE growfhvpf magnetic éarnets is:shqwﬁ in Fig.  1;
Figure':Z-shOWS'an eXpanded section of thé'pseudo—ﬁerﬁér&fﬁhaée
field shbwing th¢~iﬁitial solution coﬁéositions for,LPE_érqth of the

2 solvents allow the higheét solubility,

garnet phase. The PbO-PbF

‘followed by PbO-PbF,-B,0,, BaO-BaF,-B,0, and Pb0-B,0, solvents in

2 7273 273
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order of decreasing solubility of the garnet phase. fhe garnet—solvent
pseudombinary.tie line separates the ternary phase field into two regions.
All of the_solutions containing-PbOebase solvents anpear'abeve'the tie
 line and require ‘an excess of iron oxide'in'thefmeltlfor_equiiibrium
with the;éernet phase, whiie the sdlutions COntaining_BeOfbsse‘selvents
appeer‘belonvthe tie line and'renuire'an excess»ef‘the rere_earth oxides
for the required.phesevequilihrium. Mixtures of‘the'BaO—baSed, and
PbO—based solvents.shouldvallow c0ngruent saturat;onvof-the gernet:phese.
The COrrespending mixed solvent ranges are indieated.in the.nsen&o‘ |
ternary.phase'field_of Fig. 2 by dashed 1ines. nit‘ishevidentithat_mixtures‘
“of the PbO-based and BaOfbased solvents should allsn congruent saturation
of a-given'garnet compound; .. ‘ | o
| bThe eXperimental data snmmariZedvin Fig. Zlindieates that thevgarnet
'solublllty in PbO can be modlfied by the addition of 3203 and PbF2 to
the solvent. In order to preserve the congruency of saturation durlng _
precipitatibn of the garnet, it is alsoveSSential that the projected
normal to the 1iquides surfeee lie'along.thelline'ef eongrueney;'jThis
eondition wouid renuire»a mixtnre of the three selVents B. c, and D shown
in:Fig. 2. In this study, simplifled b1nary mlxtures of- solutlons C and D
were studled to test congruent saturation of the gernet EuEr 30;7_e4;3 12"
at a single growth temperatnre.

| The enperinent dats shmmerized in Fig. 2 indieateuthat thevcrystal'
growth comp051t10ns of solutions C end D lie on opp031te sides ofv .

the line of congruent saturatlon'(shown dotted). ThlS suggests that
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some mixture of the two fluxes would yield a congruently saturating '
solution. This hypothetical mixture has been determined by assuming
mixed solvent solutions to be ideal This extrapolated congruently
saturating solvent.then contains the follow1ng mole percentages =
5.8% Re203, 9.6% (Ga2 3

'garnet 0xidesuto flux is therefore 1:5.5.

+ Fe 0 ), and 84 6% solvent. ‘The ratlo of

2680, 7€, 301> from a congruently

saturating solution, the molar COmposition.of the'component garnet

In order to crystallize EuEr

oxides is fixed at 12, 57 Eu203, 25% Er203, 8 .75% Ga203, and 53 757 Fe2 3

- The comp031tion of the flux’ was determined from Fig. 2 using the lever -

rule to obtain the ratio of solvent C to solvent D 1 2 8, where the -

composition for,solvent C and solvent D are from'Table.I, 947 Pb0’+ 6%-3263_

and 41% BaO + 18% Ban + 41%'3203, respectively. "Since the amounts of
3203 in solvent c, andsBan.

solvent system is further simplified by omitting these:components;

in solvent D, are not predominant, the

_ Therefore, the solvent system proposed for study of:congruent saturation
experiments is the system (PbO)X(BaO'BZ(A)3)vl_‘_x and;theipredicted congruently
saturating.composition‘is x=0;26; |

. The compositionvof the solution for garmet crystal'grovth.has heen
iThe ratios |

Ispecified by molar ratios_of component oxides, R, .-

conventiallylspecified'for liquid phase'epitaxial'growth:are
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Solvents and Grou;ﬁ Conditions for Gatnet'Cry_sta'l Crowth

. - ‘. Garnet S
" Solution Composition’ oxides Growth . . -
Garnet Solvent (mole 2) ' (mole %) (mole 2} -Temp (°C) Ref.
1. Eu ,Yb,  FeO PbO 94, B,0; 6 Eu03 0.264, Yby03 O. 456 9.71 880 8
1.171.9°7512 s Fe30 50, 70 84.83,
] B,03 5:45.
2. BuEr,Ga, ,Fe PbO 89, B,0, 11 Eu,03 0.303, Ery0 0.587, 8.48 950-870. 9
2%%0.77%.3%2 S R l-‘e¢3)365 Ga203106, '
PbO 81.15, B303 10.4 -
3. YbEu PbO 94, B0, 6 ¥,04 0.52, 2u,0, 0.14, 9.71 960 . 13
25%, 5™, 560, 5P, 5012 . 2% 108, 0.1, Fe28812. v
Gay0y 0.8, PbD #4.9,:
4.  EuEr_Ga PbO 94, B.O, 6 Euj04.0.58, Brzo 116, 8.20  1050-850 - 14
1572%%0. 77 1.312_ 23 _(2;.30 0“.,.3036 R . -
‘ rbo 86.3, B,0,°5149
S. EuEr,Ga 0 PbO 94, B,0, 6 - Eag0, 0.24, Er;04 0. 48, 9.71  970-890 -: 15
: 12°7‘3“ 23 c.,o,os.rezo;,aas
Pb0 84.87, B,0; 5,45
2%3 - :
6. Y,Ga, Fe, ,.0 PbO S0, PbF, 50 10.20, Gay0y 1.76,.  ° 36.50  1265-1051 11
370.57 4.4371; 2T Eezo:; 22.9, r§o 352.5, e e :
‘ PbF, 32.5 o
1. Ysl-‘esolz PO 53.3, By03 7.7, Y,03 10.0, Fe,03 20.0, - 3033 1300-950 10
PbF, 39 b0 37.3. B,03 5.4, : :
- PbF, 27.3 :
8. Eu  o0Gd .. Tb . Fe 0 Pbo 43.7, By0 7.7, Euj03 0.2, Gdy05 5.1, 26.33 1300-950 12
. 0.0972.32°70.59" 5-12 rbE, 43 PO Tbydsy 1.3, Fez03 19.9, . AR
PbO 32.1, B,0, 5.7, PBF, 35.7
2% 2 -
9. Er,Tbal PbO 43.6, 7.8,  .Euy03 6.5, Tby03 3.4, 29.40  1300-950 - 12
e B PbF, 453 A1303 4.4, Fey03 15.5, :
Pb0 30.6, B303 5.5,
PbF, 34.1
10.- ‘EuEr,Ga BaO 40.9, By03 41.3, Euy03 2.7, Ery03 5. s, 19.22 ©.1000 - 7
1%72%%0.77%.5%12 BaF, 17.8 Gaz03 1.5, Fes03 9.4, :
Ba0 33.1, B203 33.4,
7 par, 1404 '
11. Gd, Y, . Yb. ,.Ca. .Fe, .0 Ba0 40.3, By0s 4.15, . Gdp0s 1.9, Y504 4.1, . 20.00 1140-990 -7
0.7°1.55770.75770-9 4.1 12. . BaF, 92 Yb303 2.3, Cazdy 2.3, . .

F¢203 9.4, BaO 32.2, - ]
23332, NF2166 .
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Ba0 - 3 R ‘ ' i
)3 y : N S ) . ;

C ano3 + Fe203 + Ga203 oo - : = \ i

' Tln,0, + Fe,0, + Ga,0, + B0, + BaO + PbO 4 '

273 3 3 273
where Ln is.a rare earth metal.

According‘to the arguments above, the molar ratios predicted for ' o

'congrUent"saturation of the garnet_phase ig the:SqlVént.a?e then i
Ry = 1.43
R2 = 6.14 E
.R3. = 0.7 ;
R, = 0%154 .. 1%
The feQUired VAiue'qf R, is SOméwhat dependent 9§rﬁhe C§m§ositidn‘of- . E
.the garnet films. v ' }



- Fig. 1.

" Fig. 2.

"
»
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FIGURE CAPTIONS

Isothermal section of the simplified ternary phase diagram
for garnet growth..

SolVent—rich corner of the simplified ternary phése.diagramn 

>showi§g solution compdsitions for gérnet gtdwth from

278,03

A)‘PbOTPbFZ’ B) PbOerFz—Bzos,:Q) PbOfBZQ3'a?§ D) BaO-BaF

solvents.
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(Fe,6a,A%),05

,.

""_Garnet

Ortho-
ferrite A&

— V4 NNV 4g¢.\\‘]j, 
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Congruent Saturation  \ |
0f— v v v Moo
40 30 20 - 10 0
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IV. AN EXPERIMENTAL STUDY OF THE PbO-Ba0°B»03 SOLVENT SYSTEM FOR
" CONGRUENT SATURATION AND LIQUID PHASE EPITAXIAL,GROWTH OF
EuErzFe4 3 a5.7 12 FILMS.

A.._Introductlon

Mixed solvents in the PbFZ—PbO BaO-BaF,,- 3203 system offer

potential for'congruent’saturation of rare—earth'substituted'garnets

in 1iquid phase epitaxial growth proceSSes; Congruent saturation of

'the garnet phase has the property that components of the garnet phase‘

have the same ratio in the solut1on—grown fllm as in the solutlon.

As alconseduence, the,yield of liqnid phase'epitaxlally grownvfilmsv

is potentially-great,'without therdepoSltion of undeSired phaseSa:
'Conditions'for garnet‘phase growth from-solntion»with different :

solvents'arehekemplified forhrare—earth~lron garnets whose phase Aia—xj

\

gram are shown in Fig. 1. With a PbO solvent thevsolution_composition

‘range for garnet—liquid phase equilibrium is limited to a narrow-

range at a glven 1sotherm, as shown in Flg la._ A 1arge exceSS“of

Fe203 is requ1red and the rare—earth component is easily depleted

'from‘the crystallxzation 1nterface during depositlon., A solvent which

causes displacement of the range of garnet 11qu1d phase equ1libr1um

'toward the rareeearth corner of the ternary trlangle is shown 1n

Figvllb For thls solvent the garnet phase is congruently saturated

at p01nt a, but solution growth causes a displacement from the line of”

congruency. For the solvent of Flga lc, the garnet phase is again .

COngruently:saturated at point a and congruency is maintained during

- solution growth;
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In thisfstudy, the binary solvent systeﬁ PbO—BaO BZO3 was -

explored w1th regard to phase equillbria and growth characteristlcs

of EuErzFe4 363, 7 12 films. An evaluatlon of phase equilibria for

garnet solubilities in PbO-PF PbO-B,0, and BaO-BaF ,~B,0

2 3’ 273 27273

should congruently

23 PbO PbF -B.,O

__solvent systems 1nd1cates that EuEr 4 3 0 7 12

' saturate a solvent containlng 26 moleZ PbO 37 mole/ Bao and 37 moleé

Under,condltions of congruent‘saturation, thercomponent mole:

8,03
fractions in the solvent are present in the same ratios as in the

J

garnet phase.
Con81der a solutlon for 1liquid phase epitax1a1 growth contalning
- 5.8 moleA rare earth oxides with Eu203 and Er203 present invthevratio“ 

of 1:2, 9.6 moleé group IIT element oxides (nonrarejearths Fe, Ga;_etc.)_

with Fe203 and Ga,0, present in the ratio of 6:1 ~and 84.6 mole%

solvent cons1st1ng of 26 mole/ PbO ‘and 74 mole/ BaO B 0 The corresponding :

2 3
molar ratios are then given by:
Fe,O
. 2°3 . .
R, = === = 1.43
‘:; - Z Ln2Q3-
) Fe, O : v
R, = goge = 6.14
: _ 273
= FbO -
R3, BaO 10'7
R > Ln203 + Fe203 + Ga203 ,; 0,154
4 2 Ln,0, + Fe O, + Ga,0, + BaO + B_O_ + PbO '

2°3 7 273 T PEpr3 T PAT T Bty
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© These ratios for the PbO—BaO'3203 mixed solveﬁt'afeACOnsiderably '
different from those given by Blankl for the 98 molé%’PbO + 2 mole%

B,0, solvent forvwhiéh

273
Rl = 14,
R2 = 16,
R3 = ——gbg = 15.6
. 273
R, = 8.45

' because non-stoéichiometric ratios'of_the garnét’phase‘components arevf
required in the Bbo--_baée solvent. | |

To testhor congfuéncy of saturation of the garnet ﬁhaée; )
solvents_containing 18,_26 aﬁd'34 méle% PbO iﬁ BéO'§203 wereichoéen-
for stﬁdy; These solvent compositions are sthn“iﬁ Fig. 2 aﬁd-v h
compared With otherlsolvents froﬁ which yttriqm;iron garﬁet (YiG)
s known‘to-crysfallize.v It can'Ee_séen fhat'thé-tﬁpeersolvéhtl

coﬁpésitions-lié within the phasé field.fdr_cfyétélliéatibn 6f_YIG;
In_otdef to test for congruency of garnef satﬁrafion iﬁ sblﬁtibns_

‘coQtainihg1differenﬁ mole frééﬁions of‘garﬁét oxiag,.éol§eh§s'
: withldiffgreﬁt coﬁposition pafémeters.R4 were éhé;ed.‘ Ih addi£i6n~, :f'

to theAvalue.R = 0.154 (garnet'oxides/solvenﬁ = 1/5.5),-predicted

A . :
from simﬁle éblubility theory the valués R4 = 0:10 (garnet oxides/sol&ent =

1/9) and R = 0.20 (garnet oxides/sblven; = 1/4) were chosen. These ;

4

nine solution compositions are summarized in Table 1.



Table 1. Solution Compositions for Garhet Film Growth
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Sample # |

- garnet oxides

solvent

(molar ratio)

BoO-B

20

’_Flui_Coﬁposition (mole?Z)
PO |

3

: 5.5
: 5.5 

: 5.5

26
18

.';34

'”26

18

T
26
18

34

74

82

74

82

74
- 82

66
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B. Experimental Apparatus and Method

All tte melts were prepared from high pufityigarﬂet componeﬁt
oxides snd.reagent pufity solvent bkides.- In eécﬁ'eXperiment 99;592
pure Pb0¥_§9% BaO, reagent grade B 03, 99.99% Eu2 3 *, 99. 9% Er203 *,v
3,++ and 99% Fe,0, # were used. The eompdsitioP'pf-the

garnet ox1deSvin each solution were prepared according‘td the

99.9997% Ga 0

stoichiometrical tatio in the garnet phase: Eu203 12 5% mole,

273 273 273

fractlonsland weights in all solutions employed fot;the grewth of

. Er,0, 25% Ga 0, 8.75% and Fe O 53.75%. The component-oxide mole

EuErZGa0 7 4 3 12 are listed in Table 2.

The substrates were cut from a boule.of.Czochralski-grown,_

"(lll) - oriented gadolinium galllum garnet (GGG) h1n platelets

of substraté materials were cut from the boule uSing a 0.0lS-in._

diamond saw.

29%0.7F¢4 .30

film has some,sdvantages. The lattice constant'matChing of the-film l

The use-of GGG as a substrate for growth of EsEr

; specificallythVGGG is very. élose, as the lattice. constants for GGG

» and EuEr,Ga, are 12.382A and 12. 385A respectively. Thus,

2°0. 7 4.3 12

there will be essentially no intefacial or'misfit-dislocationsvformed

so long as the lattice mismatch between film and substrate._‘The'

'resistance'of GGG to dissolution is somewhat superibr to other garnets.

*%
Alfa Chemical Corp.,N.Y.

++Apache

Baker



Table 2.

Melt Comp031t10ns for Garnet Growth of EuEr

2

Ga Fe

4.3 12

Molar ratio of garnet

Solvent Composition

Initial Melt Composition in moles (grams)

. oxides to. solvent - (mole %) o o o .
IR . 1153.3  69.6  223.2 356 _ 382.6 188 160 (M-W)’

BaO ‘;B203' .- Pb0O| BaoO VB203" PbO- - Eq203 Er203 Ga203 Fe203

1 1:5.5 37 37 26 {0-02609.0.02586 0.01882 , 555 1 530 0.212 1.107

' (48) (1.8g) (4.28) ' '

2 1:5.5 41 41 1g|0-03118 0.03118 0.01366  c47 3 377 0.228 1.189
‘ S (4.788) - (2.17g) (3.058) ' ' _

5 1% 5 33 33 34 [0-02211 0.02212 0.02276 ., o5, 1,163 0.200 1.047
' (3.398) (1.54g)  (5.08g) L '

o , , 0.02609 0.02586 - 0.01882 : . S

4 1:9 37 37 26 | (4g) . (1.8g) (4.2g) 0.346 0.752 0.129 0.677
,’ o 7 10.03118 - 0.03118 0.01366 o .

5. 1:9 41 41 18 | (4.788) (2.178) (3.058) 0.371 '0,808 10.139  0.727
L ] L 0.02211 0.02212 0.02276 : S
6 1:09 133 33 34| (3.39) (1. 54g) (5 08g) 0.327 0.711 0.122  0.640

7 1: 4 370 37 26| (4g)  (1.8g) "(4.2g)' 0,777”‘1.592"0;291””1.522

8 1:4 41 41 18 | (4.788) (2.178) (3.058) 0.835 1.817 0.313 1.635

9 1:4 33 33 34 | (3.39g) (1.54g) (5.08g) 0.735 1.600 0.275 1.439

-76-
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Also, high quality GGG is available from commericiél‘sﬁppliers.

The éize of GGG substrates f&r L.P.E. g?owthAwére 4x4x1 (mm).

These were moqnted in Koldmount for‘polishing. _The polishing procedure
consisted bf 4 fine grinding steps on i/O, 2/0, 3/@;74/0, emery grade_vl
papers, followed by lapping with 6p and 1u_diamondf§éstg, and finaliy'
a‘Linde A (O;3ﬁ A1203)—Qater'slurry lap iﬁ a syhtroﬂ vibranr; Sincé
substréte defeé;s are readily replicated by the épitaxial'filﬁs, aﬁd

the replicétea{defects generally have adversé effééts-oﬁ bubble:prbéerties,
Carefullyvpolished substrates éré essential to.sqééeséfui epitaxiél .
growth. | .

The apéargtus'employed_fdr‘the growth of theiepifaxiél gérhet;
filmsvis shown in- Fig. 3.: A plétinum crucible'containiﬁg é mixturé‘_‘ .
of flux aﬁd ﬁutrient materials were placed in thé.cénter of.thévfurnACe;
The temperature of the.flux melt_wés determined with a.Pt;Pf 10% Rh  3,-
thermocouple placed within the crucible justvabovevthe molten 501utioﬁ;
This theréocodple wasvalSO_uéed as a sensor for7cohtfol.of:the fqrnacézg '
tempéiature;. A LPAC-1 SCR powef controller wasvﬁSedfiﬁ éithefkan
automaticvconﬁrol modé or a manpal contrdl,mode{  Réﬁote gutomaticvv
contfol was also available for'prpgrammed cqoling}fiiﬁé gaddiini@h
gallium garnet substrate was positiQnediﬁqrizonaliy.by a platinum
.holdef.attached to a céramic tube‘supported by a,ﬁbtqr drive é$$éﬁbiy;‘
This assémbly enabled the substrate to be~moved=§eftiéa11y'o¥‘héld o
» ‘tube holder aédJSubétrage wére

in a fixed position while the A1203
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.rotated; 'Fof.rotation.the ceramiC‘tube Aolder ﬁas7connéctedito é
drive motor énd variable speed.éontrol. |
In each.gxperiment the‘rota;ing substrate:wasvplaced:in the

‘furnace af é position_just aboye:thé.éoluﬁidn{'_Afgérrghis positién o
was-ﬁaintainédvfor several minu£es in.Qrder fo apﬁain-thérﬁal éduiii—
brium, tﬁé‘substratebwas inséftéd info:fhe_ﬁelf~By r6tatingv£wo  -
supbort'kﬁobs into grdoves‘on the rod.hoider{ |

| Solubiiity curvés'fbr'E'uE.rzGaoerlh.jOl2 iﬁ'défferentvflugéé‘
were déterﬁined by suépen&ing a non?rotating,_pbliéhédb(lll) GGG
substfates'in;solutions-with'different.amount of:garnet qiides fér
a period of iOfminhtés; ‘Thé shbs;fafes were slowly ﬁitﬁdfaﬁn énd{ v"'
 examined visuélly'fqria deposiﬁed film._'if no.film Qas deposiféd;
theﬁtemperatﬁré was fedﬁcéd_ﬁntil a‘film.waSuobSefQéd. The liquid@s‘ ‘7
tempetatﬁre w;s taken aé,the highéét temperature_é£ whi¢h anlepitéxiai'
layer appeared on the subétrate.' U$ing‘;his-liqqidﬁs Aafé,,epitaxial"'
garnet_filgs wére grown at aéprOXimatéiy'eqﬁal'sdpércodlings qufv_j
each of ﬁhé ﬁiﬁe solution compositioﬁs. L

'Films.df'ﬁhglmagnetiéaliy uniaxiai rare ear£h éarne§ EuEréG

wefe'grovﬁ heferoepifaxially.on'{111} GCGvsuSstratésfby the fbllowing
iprdcedurer :Pfiér to the dipping Qf the subétraté.into the mélf the
solution waé heated'to about 1200°C, énd held éfH#his témﬁéfatufé'f6r°
aﬁproximately,ﬁ_hrs in ordef to completely diééoiVévthe garnet é6mponeﬁt
oxides and to équilibrate the ﬁelt. The temperaﬁure of the melt Waév.i

then lowered to the dipping temperature. A substrate was’

thengradually lowered into the furnace until it reached a position.

20.77%.3%12
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just above the melt and allowed to reach a statg“of thermal equilibrium.
Thén the rqtating substrate was inserted into the mq1ten solution.
A substratgArotation rate of 60 fpm'was usea in most expefiments.:
The solutioﬁsfwere cooled uniformly at raﬁes ofEZ 7i6°C/min.during
film growth éxperiments. At the QOmpletion of the gfowth éycle:the,
sample was slowly withdrawn ffém the solution.

Usually a thin_iayer-of fluxﬁcovgred the surfaéé'of the samples.
Wheﬁ desired; this layer could:bé dissolved in'a-varm, dilute’ééiution

of HNO The éleaned, deposited film were examined by optical microscopy

3° _
to determine film uniformity,-color'and'secondary phése formation. -

The flux coating was allowed to remain on saﬁples‘examined fdrﬂ'

_ the composition of each layer by electron microﬁfdbg'analysis. A

Materials Analysis Company Model 400 electron microprobe analyzer was
used to determine the distribution of each compoﬁeht in different 1ayers.
The electron accelerating potential was set'at_ZO,keV in orderﬁto‘exeite‘

the L, emission from Pb. The efféctive emergence angle was fixed the

optimum ang1e7of 40.29°'in_this‘instrument. A monoenergetic beam of

electrons wasjfocused onto a 1-2u diameter spot on the specimen, where

the resulting excitation of the electrons of atoms ih the matérial

produces characteristic x-radiation which is monito:éd by_détectérs,f,”

with x-ray intensities on registeréd on counters,‘whose output is

periodically printed on tape for data correction and evaluation.

" Detection conditions for each element analyzed are summarized in

Table 3.
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Table 3. Element Detection Conditions for Electron:Micfoprobe_Analysis.'

’Elemeht- _Charac;er%stlc Wavelength vAn?1VZi“g " Detector
- x-ray line , crystal o » o

o L S,
Ba L, . 2775 . PET  FPD

Eu.- L | S2121 ¢ L sepl”

Er . L “1.784 - LiF - FPD

Ga k. 1.3  LiF - seD

Fe - K . 1937 . . .LiF ~  FPD

Pb L . 1a75 LiF i': FPD

Pentaerythrltol 002 diffractlng planes.

TFlow proportlonal Detector (93/ Argon 7% Methane, 0 00025 in. mylar
window) .

++Sea1ed proportiohal Detector (Xe gas;:Be window)-, .'
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C. Results

h . ‘. . 1. 3 v o .
The approximate iquidus temperatures for EgErzGao.7Fe4.3O12

various solvent systems is shown in Fig. 4. These data are compared

in

with liquidﬁs_data for other solvents by Hiskesz"arid Varnerin.4
From these régﬁlts'it s obvious that the additioﬁ:of BéO'BZO3 to
PbO can inctgase fhe solubility of’EuErzGao'7Fe4;3012 in PbO; Weight
loss by vaporization of the solvent compositions»s;ﬁdied were found’
to be lesé than 4% at 1200°C during a half hour péfiod. Because the
volatility of Ba0 is much less than that of PhO, the Ba0 addition
should lower the activity of PbO in the mikture.,‘gH

' Typicél'growth conditions-afe summarized in Table 4.. Deposited
film were:éXQmined by optical microscopy to characterize their color,
surface smoothness and pﬁase.'_These characteristics are sumﬁarized
" in Table 5. Results of molar ratios'détermined-by the electfon micro-
probe analysis.of film and interfacial solvent comﬁqsitions are shown
iniTabies,6 and 7. Several of the films, samplesjé, 5, and 6, were
of very high d@ality but unfortunately were too-fhih (< 5u) to yield
reliable compésitibnbdaﬁa by micrdprobe analysis.‘-Thé procedure for
caléhlating film composition from micrqprobe x-;éy'infensity data is
given in Appeﬁdix'A.

The di;tribution coefficients for the compoheht‘oxidés Qere

deduced from the micrbprobe data. The distribution coefficients for each
componentvwas‘deduced and shown in Figs; 5; 6 and 7 as a fﬁnction of

solvent composition. All of the distribution coefficients 0. ‘are nearly

unity except for Opa and Opy* These values are much closer to unity



Table 4. Experimental Conditions for Garnet Film Growth

Sample Garnet oxides PbOI . (moiar ratio) qu%iﬂg.rate G?oﬁth tempéra;ure Rota;ion
Solvept BaO{B203-PbO . S / (vC/mln?_ .-Range (;C)_A (r.p.m.)
1 1:5.5 2 2.0 963 ~ 800 o
2 1455 18 1.0 925 ~ 880 0
3 1t 5.5 34 1.5 1030 ~ 988 0
4 1:9 26 1.6 1930 ~ 890 :o
5 1:9 18 40 890 ~ 850 0
6 - 1: 9 3 3.3 970 ~ 750 60
7 1 § 4 26 4.0 1030 ~ 850 - 60
8 1: 4 18 3.6 o 1oio ~ 850 60
9 1t 4 j,_34,.. 3.2 1030 ~ 800 60
/
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Table 5. Microscopic Obsefvations of beposited Films.
Sample Color 'Smooihness ‘ b'Phase
1v. - éellow greéﬁ émootﬁ Garnet
2. yellow gréen . rough : Gérnet with black precipitates
-3 .dérk yellow green rough  | Carnét with bléck pregipitates
4 golden green excellenﬁ; smodth: Garnet
5 - golden greeg very:gmoqthg»~ Garpet by
.67  301deh green _‘excéllept, sﬁqoth':'r Ggrpe;'
. 7: ' yellqw.greén | | rpﬁgh Gggpét 
i8:  |  vSiack §§il§w fiiﬁ : '1_' 19ﬁgh~ :i;' “‘;:Gérﬁet.wi£h £ié§k pfé§ipi£atg§
9 _&a;k ye11ow green rough ‘ Garﬁet with'biack precipi;ates‘black

spots
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Table 6. Molar ratio of elements in garnet films.

. ( Flements R

Sampl? Fu Er Fe Ga ~ _Ba _'Pb Phase Deposited
1 1.226  1.745 0.768 4.232  0.007 0.002 = Garmet
2 1.400 1.580 0.520 4.480 0.009 0.010 Garnet
3 1.130  1.830 0.750 4.250 0.010 = 0.030 Garnet
7 +1.309 .681  0.764 ' 4.236  0.005 0.006 ‘Garnet

e 2 i . Garnet coated.

8 1.2600 1717 1.187  3.813 0.009 0.0L1 oo ®r o
9 1.171  1.811  0.731  4.261  0.004 Garnet .

- 0.014




Table 7. The Distribution Coefficients.

. Mole fraction

Mole fraction of

S?“Ple  -of garnet oxides. -~ PbO in¢solvent' ﬂEu ‘E?-' Ga_»' Fe L.’ Ba Pb 
1 26% 1;24 : 0.88 :1.10 0.98 0.42 1.82
2 15.4% 18% a1 0.80  0.74 - 1.64 0.71  1.67
3 | 34% 1.15 0.93 1.07 0.99  0.51  1.48
7 26% 1.31  0.85  1.09 - 0.9 . -0.78  1.00
8 20% 18% 127 0.87 170 0.89  0.65 1.8l
9 34% 118 0.9 '_1;04 0.99  0.47

1.52

~19-
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R

than are values reported for the-PbO—-base1 and BaO—base2 solvents. The

optimum solvent composition in the PbO-Ba0+B,0 system which yields

2 3
near unity distribution coefficients for Eu, Er, Fe and Ga is approximately
42 moleZ PbO. The distrlbutlon coefficient for the encorporatlon of

Ba generally was less than unity, decreased w1th increaslng PbO mole

whereas the distribution coefficient for PbO was'larger than unity.

- D. Discussion and Conclusions

Several c0nclusions can be dravn fromvthe film growth data. fThe :
garnet films grown from solutions containing 10 mole/ garnet oxides |
 were found to be. less affected by the solvent composition. The highest
quallty garnet fllms were formed in the three solvent compositlons.
containing 10 moleZ garnet._

For the.s01utions'containing 15.4 and 20:mole%'garnet,vonly‘the
solvent containing 26 moleZ‘PhO in Ba0y3203 prodnce& garnet‘filmsiwithout
_ second phase formation at a later stage of film grovth,fand withoutJ |

solvent inclu31on.. |
The solvent consisting of 18 moleX PbO in BaO 3263 was found to
cause higher solvent encorporation in the garnet films when the mole
fraction of dissolved garnet waS'large. The 34 mole/ PbO 66 mole%
BaO- 3203 solvent prevented excess iron from becoming encorporated in
the garnet films. |
These reSults can be interpreteo with the pseudo ternary phase

diagram shown in Fig. 1b. For the solvent contalning 26 mole/ PbO,

the garnet formation region contains the stoichiometrical line only
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at large fractions of dissolved garnet. The composition ranges for
garnet-liquid phase equilibria for the solvents ébntaining 18 and
34 moleZ do not allow congruent saturation of the -garnet phase except

at low fféctions of dissolved garnet.



Fig. 1.

Fig.

Fig.

Fig.

Fig.

" Fig.

Fig.

and iron oxide-rare earth oxide ratios, R,
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FIGURE CAPTIONS

Ternary phase diagram for garnet SOIutionogrowth:_ a) non-
congfuent saturation, b) isothermal congruent saturation, and
c) congruent saturation during growth.

Reglon on garnet solutlon growth in PbO- BaO B2 3 solvents.

Equlpment for liquid phase epitaxial growth of garnet fllms.

L1qu1dus'temperatures for garnet c:ystal growch for;dlfferent :

v]_.°

Distribution coefficients of,Er and Eu as a function of solvent -

compos1tlon in the PbO—BaO 3203 EuErzGa0 7 4 3¢ 12 system.

Dlstrlbutlon coefflcients of as a function of solvent composition

in the. PbO BaO- B203 EuErzGa0 2 4 3 12 system.vu

Dlstrlbutlon coefflcients Ba and Pb as a. functlon of solvent

compos1t10n in the PbO—BaO‘B 0 —EuEr system,“

203 EuEr, aoﬂ7 §4.3°12
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V. GENERAL CONCLUSION

During crystal growth, crystal rotation is an_important process
for increasing convection, aiding mass transfer aﬁd’improving the
uniformity ofvcbmpo;ents in melt and solution—growp crystals. Crystal
‘rotating forvmixing is especially valuable in thevézochralski growth
process and in liquid phase epitaxial growth for gongruent saturation
of the garnet EuErzFe4.3GaO.7012. Liquid phase eﬁitaxial growth has
been sfudied for solvents in the system PbO—BaO'B203. The highest
quality garnet films were grown in a solvent contéiﬁing 26 mole? PbO
in which the garnet o#ide mole fraction was IOZ.I'Eer the result
obtained it is concluded that the range of garnet_liquid phase equilibria
varies slightly with the mole fraction.of garnet diséolved in solution.

_ l .
The optimal sqlvent shéuld be 42 moleZ Pb0O-58 molé% BaO'B203 in which

10% garnet oxides are dissolved, giving distribution coefficients near

unity for all components of the garnet phase.
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APPENDIX

Calculation of Molar Ratios in Garnet Films from Microprobe Data

1. Wt. Percentages:

The weight % of each element in a sample wééJdalculatedvfrOm Xx-ray
counts generated during a ten second period from the sample and from
a standard éample. These data must be'corrected f§f £he background
x-ray intensity. For Er in samplé 7vth¢ backgrédﬁqaintenSity was
125 counts/lo_éec, and the x;ray intensity_corrépfioé for backgroﬁ#d
was 3388,‘ﬁhilé the.standard sample containing 2;9 weight % Eu produced _'
680 counts éfter background corréction. The weigﬁ£ Z 6f.Eu was thém
calculatedvfrém the ratio, -

Wt bf.Eu in sample 7 - Counts of Eu. in sample 7
Wt%Z of Eu in standard sample Counts of Eu-in standard sample

This calculation gives the value,

3388
680

2.9 x (

y = 14.4 .

(Wt% of Eu in sample 7).

2. Mole Ratio
When the weight % of each element had been calculated, the mole

ratio was next calculated. In sample 7, thevweigﬁtvpercentagesfwere

14.4 Eu, 33.1 Er, 30.9 Fe, 2.07 Ga, 1.00 Ba and 4.30 Pb.
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After dividing>these values by their own atomic wt{ one obtains the mole
percentages, 0.095 Eu, 0.20 Er, 0.55 Fe, 0.03 Ga,7.28><10-3 Ba and - -

. 0.21 Pb. These elements are thus present in the'fatip;
Eu : Er : Fe : Ga : Ba : Pb ::

0.841 : 1.770 : 4.869 : 0.266 : 0.065 : 0.186 .

The recérdéd x-ray intensities for differenttsémﬁles is summarized
in Table.A;l.,>In Table A-2 the standard counts aﬂd;composition'ofrthe
standard éamplé are given. The computediweight éercéntages of eiementé'
in thelgarnef film are given in Table A-3. CaliBratiqnvcurves for

the six elements were then constructed for the solutions used for

film growth, after correction for background. These shown in Figs. A-1

through A-6 were used to check the data for internal consistency. The
systematic error for Eu and Ga were relatively highf Data fér Eu, Ba

and Ba showed a high degree of internal consistency.

|
i
|
1
i
i
|
|
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Table A-1. X-ray Counts for each:Element.

Counts/10 sec.

Sample " Eu Er  Ga Fe g 'f  Ba " Pb
1 3450 - 5760 1712 11512 133 aso"'
2 . 3736 4936 1114 11244 164 12
3 3295 6153 1757 12090:;. 203 42
7 338 s190 1534 9949 84 7
§ 1720 5070 2926 8680 1]»e133 | 11 
9 . 3435 6257 1752 il998ivn.w”84 o 39

These data have been corrected for backgrounds which are Eu(125) Er(120)
Ga(1016) Fe(llO) Ba(1028), Pb(230)

The values for Boron are not shown here, since thls element is
difficult to detect by electron microbe analysis.
..I.

'The films of samples 4.5, 6 were too thin to examine by electron
"microprobe analysis
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. ' o ’ *
Table A-2.  The standard counts and composition of the standard sample.

Element Eu _Er Ga Fe Ba .va
Total counts 1000 1000 1000 1000 1000 1000

wt% as oxide 7.50.  7.02  4.53  3.10 - 1.00  21.68

* o
Solution crystallized around sample 6.
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Table A-3. The wtZ of each element in garnet film.

,Sample | Eu Br Fe Ga - Ba _. Pb -
1 25.88  40.44 7.75 33;96ﬂ 0.13  0.67

2 28.02  34.61 5.06 34.86 0.16  0.26
3 2471 432 | 7.95 34.72 .‘ 0.20  0.91
7 25.79  36.43 6.9 30.84 0.08 L 0.15

8 20,40  30.50  10.39 26.91  0.13  0.24

‘9 25.76 43.92 7.93  37.17 - 0.08 0.41
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FIGURE CAPTIONS

Fig. A—l."Caiibration curve of Eu.
Fig. A—2._:Calibration curve of Er.
Fig. A¥3. Calibration curve ovaa.
Fig. A-4;v;Célibraﬁion curve of Fe.
Fig. A-5. vCalibrationvcurVe of Ba.

Fig. A-6. Calibration curve of Pb.
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LIST OF SYMBOLS

fluid density (gm/cm3)

dimensionless radial flow velocity
dimensionless tangential flow velocity
dimensionless axial flow velocity
pressure (dynes/cmz)

dimensionless dynamic pressure

Height of liquid contained in\the cruéiblé (ém)/'
Rossby number |

Ta&lor'nﬁmber

radius of crystal (cm); component ratio

radius of crucible (cm) |

Schmidt number, Vv/D

mass average velocity

normal distance froﬁ:the crucible bottom piéne'

distribution coefficient

I'(4/3) the gamma function of 4/3, = 0.89298

0

u

angular velocity co-ordinate

. ‘rotational velocity ratio Cﬁzﬂﬁl)

kinematic viscosiﬁy (cmZ/SeC)

radii ?atlo (R2/Rl)

- reduced fluid height (L/Rl)

. : 2
viscous stress (dynes/cm”)

angular velocity of surface i (radians/s)
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NOMENCLATURE (Cont.)

Pearson

—

0
L{z
‘l

ROY

Reynold's No. = w, =
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This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
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any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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