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lUMMAIY 

The magnetically uniaxial rare earth iron garnet (Gd,Y,Yb)3 (Ga,Fe)R012 

has been grown on {111}   Gd3&\5012 substrates.   The liquid phase epitaxial 

dipping technique with horizontal substrate rotation has been employed in 

conjunction with PbO-BpCL and BaO-B203-BaF2 solvents In the temperature range 

of 900oC-1050oC. 

Growth parameters in the BaO-based solvent,   including growth temperature, 

undercooling and rotation rate, have been correlated with changes in jrowth 

rate and properties of the films.   The distribution coefficient of gallium 

has been found to be relatively insensitive to growth rate and only moderately 

sensitive to growth temperature in this solvent, in contrast to the PbO-based 

solvent. 

The films have been characterized with respect to composition, impurity 

content, lattice parameter, optical properties and magnetic properties.    Films 

of similar composition grown In each solvent have comparable magnetic properties, 

but the optical absorption coefficient, lattice parameter and impurity content 

are higher in the epitaxial layers grown in the PbO-B203 solvent. 
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SICIION I 

1.0.     INTRODUCTION 

The rapid expansion of magnetic bubble technology has led to 

the development of the rare earth iron garnets,1 thin films of which 

exhibit the magnetic uniaxial anisotropy necessary to sustain small 

mobile cylinJrical domains or "bubbles." The films must be of uniform 

composition and thickness over the active device area and must be free of 

most common crystallographic imperfections to ensure predictable response of 

the bubbles to applied magnetic forces. Epitaxial liquid phase growth techniques 

have proved successful in meeting most of the material specifications shown 

in Table I. 

In view of tht potential 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 bubble domain phenomena. 

2. Acquisition of the necessary data to better characterize and 

quantitatively describe both the crystal growth process and 

the salient physical and chemical properties of the crystals 

produced. 

3. Determination of the relationship between methods and parameters 

of the crystal growth process and relevant physical properties 

of the crystals thus grown. 

1 



Table I. Typical Specifications for Magnetic Bubble Materials 

MATERIAL PROPERTY SPECIFICATION 
RELATED DEVICE 

OPERATING 

CHARACTERISTICS 

Film Thickness. 
Run to run variation 
Variation over thft film 

3.0 - 4.0 ym 
±5% 
±n Bit Size 

Bit Density Bubble Diameter 6 ym 

Bubble Ellipticity < 0.2 

Characteristic Length 
Run to run variation 
Variation over the film 

0.8 ym 
± 5% 
± n A compromise between 

drive field power 
requirements, ease of 
detection, and bubble 
size and stability 

Saturation Magnetization 
Run to run variation 
Variation over the film 

75-150 Gauss 
± 5% 

± n 

Anisotropy Field »2 »Magnetization 

Mobility >200 cm/0e-sec 
Data Rate 

Coercive Force <0.3 0e 

Temperature Coefficient of 
Characteristic Length 

<0.001 ym/0K Operating stability over 
50°K temperature range 

Density of Crystal Defects 
Which Affect Magnetic Properties 

< 5/cm2 Reliable predictable 
bubble propagation, 
high yield of large chips 

Usable Defect Free Area > 25 mm2 



To meet these objectives we have developed a new solvent, 

comprised of BaO. B,^ and BaF2 for the solution growth of these impounds.
2*3 

Growth parameters have been explored for state-of-the-art crystal growth 

techniques in this solvent, including (1) steady state temperature gradient 

homoepitaxial growth of YFe*^ and (2) heteroepitaxial growth of the rare 

earth iron garnets (Eu.Er^ (Ga.Fe)5012 and (Gd.Y.Yb^ (Ga.Fe)^ by the 

dipping technique with horizontal substrate rotation. In the present contract 

period the growth temperature, undercooling and substrate rotation rate have 

been correlated with growth rate, thickness uniformity, and magnetic properties 

of the heteroepitaxial garnet films. 

The limitations of conventional PbO-based solvents have been 

explored, and films of nearly the same composition grown in the PbO-based 

and BaO-based solvents have been compared with respect to impurity content, 

lattice parameter, optical density and magnetic properties. In some cases 

significant differences have been found in these properties. 

The choice of materials to be grown has been dictated by the 

current state-of-the-art knowledge of the magnetic bubble materials, and 

in the present contract period materials studies have focused on the rare 

earth iron garnet (Gd.Y.Yb^ (Ga.Fe)5012. which exhibits the necessary 

unlaxial anisotropy with a proper stable bubble size of 4-8ym. 

The characterization studies necessitated the development of 

techniques to fully explore the properties of the rare earth iron 

jarnets. These techniques included (1) defect studies by an AC optical 

method. Lang and Berg-Barrett topography, as well as an etching tech- 

nique, (2) impurity content and film compositon by microprobe and emission 



spectrographlc analysis, (3) lattice mismatch by X-ray dlffractometry, 

(4) film thickness and thickness uniformity by Interferometry, (5) optical 

absorption, and (6) a full range of magnetic measurements Including 

magnetization, characteristic length, wall energy.anlsotropy energy, 

mobility, coercive force, Neel temperature, and the temperature dependence 

of the magnetic properties. 



SECTION II 

2.0. CRYSTAL GROWTH 

2.1. Introduction 

Although rare earth garnets have been grown by a variety of 

techniques, the most promising method for materials to be used foi 

magnetic bubble device applications has been that of epitaxial growth on 

a paramagnetic transparent substrate, including both liquid phase epitaxial 

(LPE) and vapor phase epitaxial (VPE) growth (also referred to as chemical 

vapor deposition (CVD) ). We have chosen LPE because it is an inherently 

simple and reliable process when used with a stable solvent, and one which 

permits precise interface temperature and temperature gradient control when 

properly implemented. The LPE process also permits the use of growth 

induced magnetic anisotropy in materials design. This flexibility is 

not possible in VPE. which requires stress Induced by a film/substrate 

lattice parameter mismatch to produce the necessary uniaxial anisotropy. 

2-1,1-   General Requirements for Reproduclbillty in Liquid Phase 

Epitaxial Crystal Growth 

The growth process is one of the most critical factors Influencing 

the magnetic properties of the epitaxial layer. Proper control of the 

process Involves a quantitative understanding of the relationships between 

rryst/il mo*Dholoav, comoosltion and perfection, and the solid-liquid 

interface variables . These variables are related to the controllable macroscopic 

system variables, such as growth temperature, fluid motion, fluid composition, 

and growth time, by the sections to the relevant boundary value problems. 



Although these boundary value problems are 1n general quite complicated 

since they Involve a moving boundary with coupled phase transformation, heat 

flow and mass flow, approximate solutions have been developed for one practical 

type of growth process, that of growth on a rotating horizontally held substrate 

Immersed In a supersaturated Isothermal nutrient solution.  The model assumes 

an Infinite disk rotating In a semi-Infinite solution and a diffusion limited growth 

rate which is determined by the motion of the slowest crystal constituent through 

a stagnant boundary layer adjacent to the crystal Interface. 

A rotating substrate In a cylindrical crucible produces tlie 
8 

fluid motion shown in Figure la, where the boundary layer 6 can be 

maintained constant over the entire surface of the substrate (except for 

edge effects) by rotating at a rate high enough to overcome the natural 

convection flow pattern shown In Hgure lb caused by the radial temperature 

gradient In the crucible (the wall Is hotter than the cente.). The width 

and uniformity of this boundary layer are critical in determining the 

epitaxial layer growth rate and thickness uniformity. The solute boundary 
9 

layer width for this model Is given by 

..l.tD'/'v'/'r-"2 (1) 

where D is the diffusion coefficient, v Is kinematic viscosity and r 

Is rotation rate.   The growth rate can be related to the boundary layer 
7 

through an analysis developed by Ghez and Giess 
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Figure la. Fluid motion Induced by a horizontally rotating disk In a 
stationary crucible. 
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Figure lb. Natural fluid convection caused by the radial thermal 
gradients Indicated by the Isotherms. 



D(CL-CE} .       exp(-a 
2  D^62) 

V        ^5 [rTR+2i;      "   , ] (2) 
n«l      (1 + R + R   o„   ) 

where CL - the solute concentration  of the slowest diffusing constituent In the 
multlcomponent bulk liquid, 

C^ » the equilibrium solute concentration of this constituent, 
p = density of the epitaxial film, 
D « diffusion coefficient of the slowest diffusing crystal constituent, 

K ■ the first order rate constant of the interface reaction, 
R   "   D/6K,a parameter measuring the relative Importance of diffusion 

to reaction, 

a   ■ the positive nonzero  roots cf the equation      tan o + Ro " 0,  and 
t   = time. 

Equation (2; predicts an Initial transient stage of epitaxial 

growth (during which the second term dominates) which decays exponentially 

to a steady-state growth rate given by the first term for rotation rates 

> 0. The theory predicts a growth rate which varies parabollcally with 

the rotation rate and linearly with supersaturatlon. If the llquldus curve 

is assumed to be a straight line, the growth rate at fixed rotation rate 

should also vary linearly with undercooling. Such a correlation has been 

attempted in the PbO-based scvent by Giess  et al.'   in general, 

however, the llquldus curve is best described by C ■ C e'AH^RT where *H and 
10,11 E 0 

R are constants, and it is readily shown that the growth rate should be 

proportional to (TS-TG)/TG, where Ts is the saturation temperature and TG Is 

the growth temperature.   These assertions have been shown to be valid for the 

BaO-based solvent as will be discussed in Section 2.2.2. 



This analysis also points out the variables that must be 

controlled for adeüuate reproduclblllty of growth rate and film thickness. 

The most Important of these are the supersaturatlon (C|-Cc). the boundary 

layer width 6 and the growth time t. The rotation rate (which has the greatest 

effect on 6) and t can easily be controlled to ±1 rpm and ±5 sec respectively, 

which are consistent with the reproduclblllty requirements In Table I. The 

parameter most difficult to control Is the supersaturatlon, which Is determined 

both by the growth temperature (which can be controlled to ±0.3oC) and by the 

presence or absence of crystallites growing elsewhere In the crucible. Spurious 

nucleatlon leads to Irreproduclble thickness and magnetic properties of the 

epitaxial film. It Is best avoided by (1) using crucible and holder geometry 

which do not contain sites of easy nucleatlon, (2) operating at low values of 

undercooling, and (3) vigorously stirring the solution above the saturation 

temperature before growth to ensure complete dissolution of all constituents. 

These conditions have been met with adequate care on the part of the 

crystal grower, and the resultant run-to-run variations In thickness, 

characteristic length and magnetization are currently within the requirements 

shown In Table I for films grown In either the PbO-BpOj or BaO-BpO.-BaF« 

solvent. Reproducible growth In the BaO-BgO^-BaF» solvent will be demonstrated 

In Section 2.2.2. 



2.1.2. Garnet Composition and Substrate Selection 

Garnet compositions must be carefully selected to meet the 

stringent materials requirements listed in Table I, and perhaps the most 

:r1tical control is needed in matching substrate and film lattice parameters. 

Gd3Ga5012 has been chosen as the substrate material for this program since 

it is commercially available in the quality and quantity needed for liquid 

phase epitaxial growth, although there is no fundamental reason whv 

bubble garnets could not be grown on another substrate such as Y-AlgO,«. 

In the current contract period,attention has focused on the garnet 

composition (Gd,Y,Yb)3 {Fe,Ga)5012 for two reasons; (1) it has the potential 

to satisfy the requirements listed in Table I and therefore is of great 

practical interest, and (11) it is representative of the entire class of rare 

earth iron garnets, and therefore the development of techniques for its proper 

growth and characterization may be applicable to the entire class of garnets. 

2.1.3. Crystal Growth Solvents 

There are two solvent systems currently used for the growth of the 

rare earth iron garnets, the PbO-based and BaO-based solvents. 

Each solvent has certain advantages and disadvantages as shown In Table II.   The 

principle advantage of the PbO-B203 solvent is Us low viscosity at growth 

temperatures as low as 800oC, which permits complete runoff of solution after 

crystal growth.    The higher viscosity of the BaO-B^-BaFp solution, on the 

other hand, makes solution removal more difficult, but is advantageous 

10 



Table II.    Properties of PbO-Based and BaO-Based Solvents. 

VolatlHty 

Viscosity 

Chemical Reactivity 
with Platinum 

Density 

Solubility of Magnetic 
Garnets 

BaO-B^-BaFg 

Negligible at 1450oC 

Relatively high at temperatures 
less than 1000oC 

Negligible 

Less than magnetic bubble 
materials (~ 4.7 gm/cm3) 

- 18 mole % at 1000oC, 
2-3 times greater than 
Pb0-B203 solvent 

Garnet Phase Saturation       Congruent 

PbO-B203 

Considerable at 900oC 

Low down to 800°C 

Reacts readily If 
free lead Is 
present 

Greater than 
magnetic bubble   , 
materials (~ 6 gm/cnr) 

~ 7.3 mole % at 
940° C 

Incongruent 

Solvent Incorporation 
(Decreases with 
Increasing temperature) 

Gallium Distribution 
Coefficient 

0.01 wt. X Ba at 990eC 
growth temperature 

xGa - 1 

0.2 wt. % Pb at 900oC 
growth temperature 

a6a - 1.6-2.5 

11 



during growth because It does not respond as readily to thermal Instabilities 

In the fluid, such as the tendency for natural convection shown In Figure  lb. 

The higher viscosity has a minor effect on the boundary layer thickness 

during growth since It enters as the 1/6 power In Equation 1.   The primary 

advantages of the BaO-based solvent are Its low volatility and chemical reactivity 

with the platinum crucible, and the high garnet solubility.   The low volatility 

aids run-to-run reproduclblllty and the low chemical reactivity Inhibits platinum 

incorporation into the film, which can affect the lattice parameter and defect 

density, and hence the magnetic properties of the film. 

2.2. Experimental Procedures 

2.2.1. Crystal Growth 

The growth techniques were very similar in both the PbO-B-O, 

and BaO-B203-BaF2 solvents.   The 0.75" diameter Syton* polished (^GajO.. 

substrates were dipped into '250 gm of growth solution contained in 100 cc platinum 

crucibles as shown in Figure 2.    Representative solution compositions are 

shown in Table III.    In the PbO-B.,0» solvent, two values of the ratio 
Fe-O« t ' J 

Rl "  fTn^g    were used» Rl ' 9 and Ri " 14-   ^Is ratio was maintained 

at R^- 1.1 in the BaO-based solution.    The solute concentration in the 

PbO-B203 solution was varied from 7.306 mole% for R1 ■ 9 to 8.683 mole« 

for R1 ■ 14, and as a result the saturation temperature varied from 

940oC ±70C to 9250C ±20C (as determined by substrate dipping experiments). 

In the BaO-based solvent the solute concentration was maintained at 19 mole« 

resulting in a saturation temperature of 1060oC ±70C. 

The solutions were prepared by first melting the premixed dried 

solvent constituents at 1100oC and then dissolving the premixed solute at 120CoC for 

24   hours.     The solutions were equilibrated before each growth run for a minimum of 

*A froduct or  rne Monsanto Company 
12 
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Plotinum  Substrate Holder 
Attached  To Alumina  Rod 

Substrate 
(Gd3Ga90|2) 

•Furnace  Liner 

— Growtn Solution 
(BaO-B203-BaF2  plus 

Garnet Constituents) 

Plotinum Crucible 

Ceramic  Pedestal 

hvurt 2. Liquid Phase Fpltaxlal Growth Apoaratus. 

Table III.   Representative Solution Cnn^dtlons for 
LPE Growth ot (td.^SUS)^ 

PbO-B203 Solvent Bt0-B203-BaF2 Solvent 

(grams) (grams) 

«»0               230.7500 

BJOJ                 4.6116 41.5051 
BaCOj 

117.6169 
BaF2 45.8789 

Ft203            14.0708 25.7202 

S^Oj             1.9107 6.7766 

WJOJ            0.b323 12.2286 
YJOJ              0.7343 

16.8696 

W»203            0.6200 14.2436 

Ft203/rLn203          14 (molt ratio) 1.1 (mole ratio) 

Solute Concentration   8.683 Molt i 
1 _. 

19.000 molt X 

13 



1 hour at n00oC with constant stirring. The BaO-based solution was also 

maintained between runs at 1100oC with constant stirring. The PbO-based 

solution was maintained at 9850C between runs to minimize solvent loss 

by vaporization. 

Initial growth runs were performed by dipping the substrates 

vertically Into a quiescent solution followed by a slow (Icm/mln) 

withdrawal from the solution to ensure solution removal after growth. 

Most of the growth runs, however, were performed with substrates held 

horizontally and rotated during growth at speeds up to 200 rpm. After 

growth,the substrates were rotated at 200 rpm for PbO-based solution 

removal and at 2000 rpm for BaO-based solution removal. 2000 rpm was sufficient 

to remove all but a small ring of the BaO-based solution at the periphery of the 

layer. The films were subsequently withdrawn from the furnace at a rate of 

5 cm per minute, and the remaining solution was etched off with 3058 acetic add 

at 80oC. 

The growth temperature In the Pb0-B203 solution was maintained at 

900oC ±0.3 0C for all growth runs, but was varied from 990oC-1050oC In the 

BaO-based solution. All the growth runs were Isothermal except for a few 

cooling runs In the BaO-based solution from 1040-990oC. 

2«2«2-   Results and Discussion of Growth In BaO-based Solvents 

The giowth parameters for representative LPE growth runs of 

(Gd,Y,Yb)3 (GatFe)5012 Illustrating the variation In growth rate with growth 

temperature and rotation rate are shown In Table IV. The saturation 

temperature for all the films was 1060oC ±70CS and all except the one 

grown by slow cooling were grown from the same batch of solution and were 
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Table IV. Growth Parameters for LPE Garnet Growth 
in BaO-B203-BaF2 Solvent. 

Solution Composition 

Gd.7Y1.55Yb.75Ga.9Fe4.1012 

Run Temp. 
(0C) 

1020 

1020 

1020 

1020 

990 

1040 

1050 

1040-*-990 

Growth 
/ Rate » 
Ciim/^n) 

.76 

.70 

.43 

.21 

1.02 

.29 

.13 

.16 

Rotation  Thickness 
(rpm) 

200 

120 

50 

120 

120 

120 

im) 
5.8 

3.5 

3.3 

1.6 

5.1 

2.9 

3.9 

3.6 
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held horizontally.  The solutions were equilibrated for periods varyinq 

from 2 to 18 hours at 1100oC with constant stirring prior to growth. Initial 

experiments in which the solutions were equilibrated for 2 hours at 1100oC 

without stirring produced thin films of irreproducible thickness, which 

indicated incomplete dissolution with attendant crystal growth elsewhere in 

the crucible during the growth run. Stirring during the 2 hour equilibration, 

however, produced films with predictable and reproducible ...ickness which 

indicated the absence of spurious crystallization in the solution. There 

was no difference in growth rate between a 2 hour and an 18 hour equilibration, 

implying that 2 hours is sufficient. 

Although spontaneous nucleation can be readily detected in the 

PbO-based solution by observation of crystallites floating on the surface, 

this is not possible in the BaO-based solutwn because it is less dense than 

either garnet or orthoferrite. Spurious crystal growth can b(» detected in 

either solution by examination of the crucible walls for crystallites after 

the solution is poured out at the conclusion of a series of growth runs. No 

such crystals were ever found growing on the crucible wall. Occasionally, small 

garnet and orthoferrite crystallites were found on the surface of the epitaxial 

film, but these could be easily moved about or wiped off, and were presumed to 

have originated from spontaneous nucleation in the ring of solution remaining 

on the periphery of the film and on the substrate holder Itself as the 

assembly cooled during removal from the furnace. These small crystallites 

were then presumably leached out during etching and stuck to the epitaxial 

layer. The presence of orthoferrite as well as garnet crystals Is not surprising 

since an ^ of 1.1 must be close to the orthoferrite phase boundary and it is 

possible for the solution to approach the phase boundary upon cooling. 
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The effects of rotation rate upon film thickness and growth rate 

are shown in Table IV and Figure 3. The growth rate varies linearly with 

the square root of rotation rate with a positive intercept at the origin as 

predicted by Equation 2. Figure 4 shows that at constant rotation rate the 

growth rate also varies linearly with AT/T and passes through the origin, 

which is predicted by the analysis If the liquidus curve is exponential/ 

The thickness uniformity of horizontally rotated films did not depend 

strongly upon rotation r»t«? in either solvent, and the variation was 

generally less than 5% of the thickness of the film over >50% of the 

area as shown in Figures. 

Reproducibility in the BaO-BgOg-BaFg solvent is demonstrated 

in Table V which show? ciic results of a series of 20 growth runs over a 

period of 19 days in one batch of solution plus another 3 growth runs in 

a fresh batch of solution. The growth temperature was held constant (1020oC) 

during this period and the film thickness and growth rate were varied by 

changing the rotation rate and growth time. All the films we » grown from 

the same batch of solution, which was equilibrated at 1100eC between runs. 

The growth rate varied from 0.21 ym/min to 1.12 um/mln and the thickness 

varied from 1.6 ym to 8.5 ym. Despite this wide variation in growth rate, 

the magnetic properties remained remarkably constant. The Neel temperature 

of 1630C +rc is within the error of the measurement as is the magnetization 

of 163 gauss ±10% (except for run number 10). There is, however a slight 

upward trend in magnetization with increasing growth rate. This trend can be 

more easily detected In the variation- of the characteristic length (0 with 
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Figure 4. Effect of undercooling upon the growth rite of gemet fll« groM 
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Figure 5a.    Fringe pattern In (Gd,Y,Yb)3 (Ga,Fe)5012 grown 

In BaO-based solvent.    Film thickness 3.2 um. 
Na illumination (x - 5890A). 

1 cm 

Hgure 5b. Fringe pattern in (Gd.Y.YbU (Ga,Fe)5012 arown 
in PbO-based solvent.    Film thickness 3.2ym. 
Na illumination (x ■ 5890A}. 
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Ttbll  V.     R»pro<JüClb11Uy Mtt  for  (Gd.T.Ybjj  iGi.t»)^.^ 

Grown In laO-ljOj-ltFj Solvent «t 1020*C. 

Run 
No. 

U yt Sine» 
Beilnnlnq 
Of thlt 

Stritt of Runt 

GroMth Rtt« 
(i,»i/»t1n) 

h 
IK») 

1 4«N 
(««u*t) 

0-     2 
trflVCT**) CC) 

1 S .3S .59 14S .10 162 
I S ■ V .55 146 .09 . 
3 1 .M .44 144 .06 • 
4 • .42 .58 1S2 .11 . 
1 10 .46 .S3 168 .12 164 
• 10 .81 .55 167 .12 ■ 

7 11 .SI .« 169 .13 • 
• 11 .SO .64 170 .12 162 
• 12 .76 .44 187 .12 • 
10 H M2 .43 204 .14 ■ 

11 16 .70 .61 166 .11 164 
12 17 .21 .64 159 .11 • 
1} 17 .24 .57 141 .09 163 
14 M .62 .46 157 .0» 163 
IS 1» .43 .64 147 .09 162 
1« .t .41 .67 157 .11 • 
17 2)    . .76 .48 168 .11 • 
It 23 .SO .63 169 .12 • 
:i 24 .70 .47 161 .10 • 
M 24 M .46 170 .11 162 

Fr««h Solution 

11 3 .46 4.6 .64 160 .11 163 
12 7 .70 M .46 171 .11 • 
21 7 .64 3.2 .46 174 .12 163 

UnctrUlnty In V* 
tlOI tlOt «SI tISS .    «161 

1 
tl'C 

.»■- 

.50-- 

.45-- 

.40 

0\    ^ N •    »—4—I \ \ 
NO O    \ 

\ 

■N Ni \       o o^ 
\ \ 
\ O • O v 
\ ^v \ oo \ 

o  \r±5% 
k      o i M«0'wr»mtnl  Error 

hHH^, \ 

4- -t- -•- ■+- -H -t- 
I       A        M       M       .7        .8       .9 

GROWTH RATE (Um/MIN) 

-f- ■+■ 
1.0 I.I 1.2 

flfurt 6. Vtrlitlon of Ottrtcttrlitlc Ltngt* »Uh Growth Rttt for 
(U.T.Tb)] (Gt.r»)s0|* Grown it 1070'C.    (tM clrclt« 
rtprtttnt fllM fria rlrtt fettch of telutlon, dtrktntd 
clreltt tht itcend bitch of solution). 



growth rate shown 1n Figure 6. The shaded region Indicates only the uncertainty 

In the measurement of I. The uncertainty In both growth rate and t Is shown 

for the data lying outside the shaded region, and It can be seen that within 

neasurcnent error, all the .lata arc consistent with a decrease In I c# 0.025 um 

for an Increase In growth rate of 0.1 »iin/mln. Implications of this variation 

and comparison with films grown In the PbO-based solvent will be explored In 

Section 3.5. The point to be made here Is the ability of t.te present growth 

process to reproduce films of predictable properties as demonstrated by the 

fact that all of the ?*» films lie within th» n*«sur«r«»»nt uncertainty with 

respect to magnetization, Neel temperature, wall energy and characteristic 

length. 

Characterization techniques will be discussed more fully in Section III. 
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2-2.3.  Results and Discussion of Growth In the PbO-B?0, Solvent 

A series of growth runs was carried out In the PbO-B203 solvent 

for conptrlson with those In the BaO-B^-BaF,, solvent. Initial growth 

run. performed In the PbO-based solvent with the substrate held vertically 

did not produce epitaxial films of uniform thickness In contrast to those grown 

with this geometry In the BaO-based solvent.'"5 The films were always thicker 

at the top «ven with a vertical temperature gradient of 7«C/cm (hotter at the 

top). This was attributed to the dominant fluid motion caused by the radial 

temperature gradient, and all subsequent runs were performed In the horizontal 

growth mode. The films were grown at 900oC (undercooling - 25*C) and a 

growth time of 4 minutes at 30 rpm produced films 3.7 ±0.1 um thick. The 

rotation rate employed resulted In films that were flat to < ±0.15um over 

80% of the area of the 0.75" diameter substrates. 

Although the value of ^ »9.0 has been reported to be In the 
12 

orthoferrlte phase field,   no evidence of orthoferrlte precipitation 

was seen In films grown from this composition. However, as the films were 

withdrawn from the growth solution, small droplets of solution often remained 

at the Junction of the substrate holder, and as these cooled, small (1-3 gm) 

crystallites of both orthoferrlte and garnet precipitated, just as described 

for the case of BaO-based solutions In Section 2.2.2. This occurred for 

Rj « 9.0 as well as R, . 14.0. The crystallites deposited on the garnet 

film surface as the solution was etched off In add, and could be easily 

brushed off the surface. The presence of both orthoferrlte and garnet 

crystallites suggests that the two phase boundary Is reached before the solution 

solidifies (somewhere between the growth temperature of 900oC and the eutectlc 

temperature of 7830C), resulting In the copreclpltatlon of both phases. 

*£ A comparison of some of the properties of films grown In the PbO-B-O- solvent 

with those of similar composition grown In the BaO-B203-BaF2 solvent will 

be given In Section III. 
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, SECTION 111 

3.0. CHARACTERIZATION AND EVALUATION 

3.1. Film Surface Morphology and Magnetic Defect Density 

Flat, crack-free surfaces with low defect densities are required 

for successful operation of bubble devices. Cracking and macroscopic 

surface quality can be adequately controlled by suitable compositional 

choice to avoid excessive lattice mismatch as well as by proper control over the 

growth process. The most persistent class of defect remains the localized 

defect or imperfection in the garnet film. There are several sources of 

localized defects, (1) dislocations and Inclusions in the substrate 

resulting from faulty growth conditions, (2) scratches or particulate 

matter on the surface of the substrate resulting from Improper polishing 

and cleaning procedures, and (3) defects introduced during the eoitaxial 

growth process. The third class of defects results from spontaneous 

crystallization of either garnet or orthoferrite phase with subsequent 

incorporation into the film. In some cases a faceted pit is formed at the 

site of incorporation which is difficult to distinguish from a pit originating 

from a substrate defect. 

We have observed different defect morphologies in the BaO-based 

and PbO-based solvents. The only significant defects present in films 

grown in BaO-BgO-j-BaFg were triangular pits, either pyramidal or flat 

bottomed. These pits never had surrounding mesas or raised portions of 

the garnet film around them, which was Invariably seen In ♦he PbO-BgO- solvent. 
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The dimensions of the pits ranged from 3-10 gm and the depth varied 

from <0.5 um to the depth of the film. Some of the pyramidal pits were 

attributed to substrate dislocations by the characteristic strain pattern 

when viewed between crossed polarizers, and others were caused by 

partlculate matter on the surface. The origin of the flat bottomed pits 

Is not clear. They may have been pyramidal pits originating at the 

substrate surface or In the film Itself, which began to fill up us the fllit. 

grew. Similar flat bottomed etch pits have been seen In Improperly 

polished substrates which have been etched In H3P04 at 160
oC. The defect 

density In the films sometimes varied by as much as two orders of magnitude from 

run to run where the only variable was the substrate, and the best layers had 
2 

defect free areas >20 mm , adequate for magnetic bubble devices. The only 

other prevalent defect In these films was the occasional cracking and 

spallIng of the film around the periphery (<1 mm In from the edge) of the 

horizontally rotated substrates caused by solution adherence to the film. 

This defect can be minimized or eliminated by the 2000 rpm spin after growth. 

The films grown In the PbO-BgOj solvent exhibited a variety of 

defects. The pyramidal and flat bottomed pits prevalent In films grown 

In the BaO-based solvent were observed very Infrequently. The most common 

defect morphology was the multlfaceted pit, bounded by {211} and {110} planes, 

examples of which are shown In Figure 7. In addition, there were very small 

(< lym) defects barely visible as black specks In the optical microscope 

which however, impeded domain wall motion. All of the pits observed in 

these films had surrounding mesas, or circular raised portions of the garnet 

film as shown in Figure 7, which were caused by continuing growth from small 
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Figure7a.  P1ts surrounded by mesas In epitaxial 
layer of (Gd.Y.Yb^ (6a,Fe)5 O12 

grown In PbO-BpOa solvent. (Bright 
field Illumination, 500X). 

Figure 7b. SEM photograph of a pit In the epitaxial 
layer shown In Figure 6a. (4500X) 
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droplets which remained at the pit after withdrawal from the solution. 

This continuing growth process may have resulted In growth at the bottom 

of the pit also, producing the characteristic flat bottom. The best 

films were slmlar In quality to the best films grown In the BaO-based 

solvent, with defect free areas >20 tm2. 

3. 2.    Film Composition 

Selected films were analyzed by emission spectrographlc and 

electron microprobe analysis. These data together with measurement of 

Neel temperature and lattice parameter are useful In specifying not only 

the film composition, but also the distribution coefficients of cations 

between solid and liquid. 

The films selected for emission spectrographlc analysis were 

12-15ym thick, and were prepared by lapping off the substrate to 

eliminate dilution effects before crushing the film. Films grown In the 

PbO-B^ solvent at 900oC at a growth rate of 0.95Pm/m1n contained 

0.18-0.20 wt. % Pb and 0.02 wt. % Pt. Films grown In the BaO-B^-BaFg 

solvent at 990oC at a growth rate of 0.75 wm/mln contained 0.009-0.0095 wt. % 

Ba and <10 ppm Pt. which represents an order of magnitude reduction for both 
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impurities. These values of Pb and Ba incorporation are in agreement with 
12,13 

those reported in the literature.   The smaller amount of solvent impurity 

in the films grown in the BaO-based solvent may be a result of the higher 

growth temperature, since the solubility decreases with increasing temperature, 

but the difference in platinum content of the films is a consequence of the 

more corrosive nature of the Pb0-B203 solvent. It is not clear whether the 

platinum is incorporated interstitially or substitutionally, nor what effect 

it has on lattice parameter, defect density and magnetic properties. The 

Pb markedly increases the lattice parameters and alters the optical properties 

of the garnet films as will be shown in later sections. It Is believed that 
2+ 

the Pb enters as Pb  on the rare earth sites, causing an Fe valence change 
2* 4+ 

from Fe  to Fe  to maintain charge neutrality, although definitive experiments 

have not yet been performed. Other possibilities are Pb4+-Pb2+, Pb4+-Fe2+ 

or Pb4+-Yb2+ combinations. 

The technique used for the microprobe analysis of these films has 

been described in Reference 14,and the results are shown in Table VI. In he 
6 

films grown in the BaO-based solution, ou. Is constant and close to unity 

over a large range of garnet compositions and growth temperatures. The 

distribution coefficients of the rare earths are also constant and increase 

with increasing ionic radius, which is consistent with the observations of 
1 6 

Van Uitert   and Giess.     For the films grown in the PbO-BgOj solvent, 

aGa ■ 2.03, twice the value in the BaO-based solvent, but the distribution 

■ oefficients of the rare earth ions are very similar to those In the BaO-based 

solvent.    No Ba was detected in the analysis but 0.18 wt. % Pb was found. In 

agreement with the emission spectrographic analysis. 

27 



Table VI.  Garnet Film Compositions 

Solvent 

(mole X) 
Solution Composition/ 

Solid Coitipositlon 

Growth     ThlclsLattlce 
Temperature/ ness ßaraeieter 
Growth Tin*    ^m) '    (fl) 

a 
Ga 

56d 

18X BaF, 

94X PbO, 

6t i203 

Gd1.47Y.94Yb.59Ga.80Fe4.2012 30 mln. 

Gd.98Y1.27Yb.75Ga.90Fe4.1012 104O*990cC 4.0  12.390  0.95  1.22  0.84 

Gd1.20Y1.17Yb.62Ga.85Fe4.1S012 29 'n1n-  

Gd.85Y1.40Yb.75Ga.90Fe4.1012 990OC    4-1  12«374  0'97  1-20  0.80 

^.01^.38^.60^.87^^2 15 l!l1n-  
6d.70Y1.55Yb.75Ga.90Fe4.1012 10^990oC   3.6       12.370      0.99     1.21       0.83 

Gd.86Y1.52Yb.62Ga.89Fe4.n012 20 m1n-  

1.0S 

BYb 

41X BaO, 41S B203     GdU28Y>98Yb>73Ga>90Fe4 .,0^       1030oC 9.0       12.393      0.88      1.15      0.96 0.81 

Gd.70Y1.55Yb.75Ga.46Fe4.54012     900OC 

Gd.82Y1.63Yb.55Ga.93Fe4.070lZ     " m,n 

4.6       12.380      2.03    1.17 

0.83 

0.80 

0.83 

0.73 
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3.3.    Lattice Parameter 

The lattice parameters of the aarnet films were 

determined by a method similar to that developed by Plerron and McNeely 
15 o 

for semiconductor single crystals.  Mo» radiation (A ■ 0.709261A) was 

used to generate the (8,8,8), (12,12,12) and (16,16,16) reflections. 

The accuracy of the technique depends upon the separation of the 
o 

film and substrate peaks. For a lattice mismatch |Aa | >0.006A, the peaks 
o o 

can be resolved and the uncertainty in a and Aa is ±0.001A. For |Aa | <0.006A, 

the peaks merge into one broad peak, and only a qualitative estimaw of a and 
o 

Aa0 can be made. The uncertainty in this case can be as much as ±0,005A. For 

very small mismatch, however, the peaks superimpose into one narrow peak, 
o 

whose position can once again be determined to ±0.001A. 

The lattice parameter was calculated for each of the peaks and 

treated analytically to derive a linear expression based on the function 
2 .i*» 

cot e. This allowed extrapolation to 2e ■ 180° where the systematic errors 

such as absorption, use of a flat specimen, and vertical divergence become 

negligible. The data were fitted to the expression by a least squares 

treatment to minimize the effect of random errors. The internal accuracy of 

the technique, which is dependent on the alignment of both the diffractometer 

and the crystal in the X-ray beam, was checked by measuring the lattice parameter 

of a wafer of high quality silicon. 

Table VI indicates that garnets of similar composition grown 

in the PbO-based and BaO-based solvent have quite different measured lattice 

parameters even though the calculated lattice parameter based on linear 
o 

interpolation between selected values for the end members was -12.370A for 
o 

both. The uncertainty in the lattice parameter of the 12.380A film grown in 
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o 
the PbO-based film 1s fairly large (±0.005A) because the peaks could not be 

resolved, but the difference is still significant and is attributed to the 

0.2 wt. % Pb in this film. The increase in lattice parameter with Pb 
12 

incorporation is in agreement with literature data. 

The lattice parameter should change with growth rate and growth 

temperature if the distribution coefficients of the cations vary with these 

growth parameters. It has been reported that the distribution coefficient 

of gallium in particular is very sensitive to both growth rate and temperature 
6 

in the PbO-BgOj solvent.     We have found a reproducible reduction in lattice 
o 

parameter of 0.003A for films grown from the same solution of PbO-BgOg at 

the same temperature (90üoC) when the growth rate decreased from 0.95 ym/min 

to 0.83 jrtn/min (a decrease of 13%).   This corresponds to an Increase in Ga 

content of 0.2 atoms per formula unit and is consistent with an attendant 

decrease in 4irM   and Neel temperature in these films as will be discussed 

in Section 3.5. 

In the BaO-based solvent, the growth rate was varied from 

0.2 ym/min to 1.12 ym/min at a growth temperature of 1020oC with no 
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change in lattice parameter and only a slight change in magnetic properties 

with growth rate, which indicates that the distribution coefficients are in- 

sensitive to growth rate in this solvent. Another set of experimsnts in which 

the growth temperature was varied from 990oC to 1050oC (for the same saturation 

temperature of ^1060oC) did reveal a change in lattice parameter with an atten- 

dent systematic variation in magnetic properties, as will be discussed in Section 3.5. 

3.4    Optical Measurements 

A double beam spectrophotometer was used to measure the transmittance 

of garnet epitaxial films of similar composition grown from the BaO-based and PbO- 

based solvents. For these measurements the absorption coefficient a was calculated 

from the formula 

O-R)2 e-" ,3, 

'■o  I-RV2
»* 

where t was taken to be the sum of the film thickness on both sides of the 

substrate    (7-9ym) and R is the reflectance.    R was measured to be 0.136 in the 

wavelength region 2.0-2.5 ym where a for the garnets is negligible, and this value 

was used in subsequent calculations over the whole spectrum.    Since R is a function 

of wavelength and Equation 3 is strictly valid only for single layer films,this 

procedure introduces small errors   over     most of the spectrum with larger error 

at the absorption edge.    The curves for the epitaxial films grown in the different 

solvents shown in Figure 8 are qualitatively similar. The peaks at O.Sym and 0.6ym 
3+ are caused by transitions in the crystal field levels of Fe     in octahedral and 

tetrahedral sites, and the shape of the curves is similar to that reported for YgFegO-.« 

The epitaxiä. film grown in the PbO-based solvent has an absorption coefficient up 

to an order of magnitude larger in the visible-near IR region of the spectrum than 

31 
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the film grown "rom the BaO-based solution.   This is attributed to Pb incor- 

poration which probably changes   the valence state of Fe,leading to increased 
18 absorption.       There was no significant change in absorption for films grown in 

in BaO-based solution at 990oC and 1020oC.    The films grown in the Pb0-B203 

solution were reddish in color as they were withdrawn from the furnace, changing 

to the characteristic olive green as they cooled to room temperature, corres- 

ponding to a shift in the position of the absorption peaks from higher to lower 

wavelength as the temperature decreased.    A similar change in coloration «is 

detected in the films grown in the BaO-based solution, whose color was a much 

lighter shade of green (for the same film thickness) than those grown from the 

PbO-based solution.    The optical properties of the magnetic films are not critical 

for magnetic bubble devices, but may be of importance in magneto-opMc appli- 

cations. 

3.5 Film Thickness and Magnetic Characterization 

The techniques used for the measurement of film thickness as well as 

the magnetic measurements are listed in Table VII.   The details of these tech- 

niques, except for the bubble translation technique, have been described in 

Reference 4. 

A variety of properties of representative films grown from BaO-based 

and PbO-based solvents are shown in Table VIII.    The r'-'t four runs, Bl, B2, B3 

and B4 show the effect of varying growth rate in the BaO-based solvent at a 

1020oC growth temperature.    The growth rate was varied by adjusting the rotation 

rate of the horizontally held substrates from 0-200 rpm.    Although the growth 

rate varies by a factor of 4, the variation of magnetic properties shows only a 

slight trend.    The Neel     temperature and lattice parametet  are constant within 

the accuracy of the measurement indicating that the total gallium distribution 
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Table VII. 

ChiractcrlMtlon Technique» for Magnetic Rare Earth Iron Garnets 

Parameter 

1. Substrate and film 
surface perfection 

2. Impurity analysis 

3. Him composition and 
compositional 
homogeneity 

4. Film-subs träte lattice 
parameter difference 
and film lattice 
parameter 

5. Film thickness and 
thickness uniformity 

6. Magnetization 

Current HPL Method 

Etch pit studies, Berg-Barrett 
and Lang topography, optical 
microscopic mapping, scanning 
electron mlcroscoDV 

Emission spectroscopy, 
mlcroprose analysis 

Microprobe, lattice parameter 
measurement, calculate from 
tnaonetlzatlon and Neel temperature 

X-ray alffrsctometry 

Estimated Error In Analysis 

±10t 

tlOS 

Metallograpllc cross 
section, Interferometry 

Static collapse of bubbles. 
Stripe Jomaln width 

Varies from t .001A to ± 
depending on mismatch 

tlOX 

±15X 

.oosl 

7. Characteristic length     Stripe domain width 

8. Wall energy 

9. Anlsotropy constants       Torque magnetometer 

Calculate from o   ■ 4iiM2t 

10. Mobility 

11. Coercive force 

Bubble translation 

AC optical modulation, 
bubble translation 

±5t 

ilSX 

±20X 

iZOf 

±15X 

12. Neel Temperature 

13. Stripe width 
temperature 
coefficient 

Faraday effect domain 
observation In hot stage 
microscope 

Faraday effect domain 
observation in hot stage 
microscope 

14.  Index of refraction       Brcwster angle 

tTC 

tlOX 

iSX 
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coefficient aG      as   well    as the rare earth distribution coefficients are 

not sensitive to growth rate.    However, the magnetization does increase slightly 

with increasing growth rate, which results in a decrease in the characteristic 

length.    These results are also evident in Table V and Figure 6,and can be ex- 

plained as follows.    The magnetization is lowered    in the material by gallium 

substitution in tetrahedral sites, and the percentage of gallium in tetrahedral 
12 sites is normally ^91%.       This distribution can be considered an ordering 

phenomenon analogous to the growth induced ordering of rare earth ions which causes 

growth induced anisotropy.    At faster growth rates, there is less ordering be- 

cause there is less time available for atomic arrangement.   As a result, the 

distribution of gallium in octahedral and tetrahedral sites becomes more random, 

the percentage of gallium in octahedral sites goes up,and as a result   the magneti- 

zation increases.    This effect   may   occur   In   the     PbO-based solvent as well, 

but is obscured there by a gross change in the total gallium distribution 

coefficient. 

Runs B2, B5, B6 and 87 show the effect of changing growth temperature 

(hence supersaturation) on the magnetic properties (at constant rotation rate). 

Although the growth rate also varied in these experiments,as Just shown    it 

has a minor effect on magnetic properties.    The variation seen in lattice para- 

meter and magnetic properties, particularly in Neel temperature.where TN varies 

from 170oC to   1590C for a change in   growth temperature Tg = 990oC to 

T- = 1050oC, is attributed to an increase in aG     with increasing growth temperature. 

The insensitivity of otg   to growth rate allows the magnetic properties to be tailored 

in the BaO-based solution merely by adjusting the growth temperature. 

35 



Tablt VIM. Proptrtlti of Epitaxial Laytri ßrown 'B BaO-B.O.-BaF- 
and PbO-B^O. Solvents 

Run 

Nurtwr 

1 
i 

Solvent 

Solut« 
Cowpoiltlon 

Growth 
Te«p. 

CO 

1      Growth 
Rat« 

(mnAMn) 

i 
;   Th1ekn«ji 

(um) 

Lattlc« 
Parameter 

(X) 
1. 

(Gauss 

"w 
(«r«/ 
cm') 

] 

TN 
CO 

n 
iaO-B25^ 

Bar, 
10M*C .76 5.B 12.370 .44 187 .12 

1 
164 

B2 ■ ■ 0.70 3.S 12.171 .47 166 .11 163 

•3 ■ ■ 
0.43 3.3 12.370 .54 147 .093 162 

■4 • ■ 
0.14 i.a 12.370 .67 1S9 .11 

1 
163     . 

BS ■ 
990 1.02 S.I 12.373 .30 ffn .12 1   170     j 

M ■ 
1040 0.» 2.9 12.372 .69 139 .11 

1 

IM 

n ' 10SO 0.13 3.0 12.171 .90 109 .08S 169 : 

M ■ 
1040490 0.10 3.6 ■ .80 124 .098 163 

»i ***** 
■ 

(8,.««r,4.S«'012 

900 .M S.7 12.361 .23 260 .116 157     , 

n • 
(8,.48e,«.52'01l " ■ 3.« 12.382 .42 175 .102 152 

n ■ ■ 
,8,.50r«4.S0'012 

■ ■ 3.7 11.360 .66 
 1 

162 .101 

 1 
1 

148 

H ■ • 
(6,.82r,4.4«'012 

■ • 3.7 12.376 .80 116 .08« 146 

n ■ ■ ■ .13 3.3 12.373 1.10 103   j .093 

-—> 

144      i 
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Runs PI, P2, P3 and 04 were grown in the PbO-B^O- solvent and illustrate 

the effect of increasing solution gallium content at a 900oC growth temperature 

without changing any other growth parameters.    The lattice parameter decreases 

(although the superposition of peaks in runs PI, P2, and P3 makes quantitative 

determination difficult) and the f/eel temperature drops with an attendent decrease 

in ATTM and an increase in characteristic length.   The growth rate of run P5 decreased 

slightly because of spontaneous nucleation elsewhere in the solution, resulting 

in a sharp decrease in gallium content in the film as evidenced by the lower 

Neel temperature.    The data shown for runs P4 and P5 indicate that the character- 

istic length in the PbO-based solvent decreases by ^.S pm for an increase in 

growth rate of O.lym/min.    In Section 2.2.2 it was shown that the characteristic 

length decreased by ^0.025 pm for a similar increase in growth rate in the BaO-based 

solvent, which represents more than an order of magnitude greater insensitivity in 

the BaO-B203-BaF2 solvent. 

The bubble translation technique was used for the measurement of bubble 
19 mobility and coercivity because it simulates conditions in an actual device. 

In this technique a bubble is moved at constant diameter by applying a pulsed 

magnetic gradient of known magnitude and duration.    The velocity and mobility 

of the bubble and the coercive force in the film can be calculated from the 

bubble diameter and the distance that it moves.    Films grown in either solvent 

exhibited a limiting velocity of 20-30 m/sec as shown in Figure 9.    The film 

shown has an initial mobility of 1740 cm/Oe-se and its coercive force is 0.03 Oe. 
20 The coercive force is consistently lower in the Bao-based solvent. The 

reasons for this are not clear but the higher coercive force in films grown in 

Pb0-B203   may be a consequence of the higher impurity content in these films. 
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AH(Oe) 

Figure  9.   Magnetic Bubble Velocity In (Gd.Y.Yb^ (Ga.Fe)^ Grown In 

BaO-B2o3-BaF2 Solvent as a Function of Drive Field Determined 
by the Bubble Translation Technique. 
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Other magnetic properties of films of similar composition grown In the BaO-based 

and PbO-based solvents are similar even though the growth temperature, solvent 

Impurity content and the resultant lattice parameters and optical properties are 

quite different as shown In Table IX. 
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Table IX.    Comparison of Properties of Bubble Garnets Grown 

in BaO-based and PbO-based Solvents 

PROPERTY BaO-B203-BaF2 SOLVENT Pb0-B203 SOLVENT 

Solid Composition Gd.86Y1.52Yb.62Ga.89Fe<ufl2 Gd.82Y1.63Yb.55Ga.93Fe4.07012 

Lattice Parameter 12.370A 12.380 A 

Thickness ± Variation 
Over Central cm2 

3.6 ±0.15 m 4.6 +0.15vm 

Growth Temperature 

Growth Rate 

1040 * 990oC 9ö0oC 

0.31 ym/min. 

0.73 pm 

0.16 pm/min. 

0.80 um Characteristic Length 

Magnetization 150 Gauss 127 Gauss 

Anisotropy Field 695 Oe 640 Oe 

Mobility (Initial) 1500 cm/Oe-sec 1500 cm/Oe-sec 

Coercive Force 0.04 Oe 0.11 Oe 

Ne'el Temperature 1640C 1540C 

< 20/cm2 
Defect Density < 20/cm2 

i 
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SECTION   IV 

4.0. CONCLUSIONS 

Reproducible growth of the rare earth Iron garnet (Gd.Y.Yb), 

(Ga,Fe)50,2 has been demonstrated In both BaO-B203-BaF2 and PbO-BgOg 

solvents.   The BaO-based solvent has been characterized, suitable garnet 

growth parameters have been developed, and the effect of varying these 

growth parameters upon the garnet composition and magnetic properties has 

been investigated.   One of the most significant factors to emerge is the 

relative insensitivity of the magnetic properties of garnet films grown 

in the BaO-based solvent to changes in growth rate.   One of the contri'buting 

factors is the higher viscosity of this solvent compared to the PbO-based solution, 

although a completely satisfactory explanation has not yet been found. 

The defect densities are comparable in films grown in the two solvents, 

but the defect morphology is considerably different.   Although all of the defects 

are pits, these can be caused either by substrate defects or by tiny crystallites 

of garnet or orthoferrite embedded in the film, and further work is necessary to 

quantitatively describe these defects. 

Lattice parameter ?nd optical measurements indicate a higher lattice 

parameter and higher optical absorption coefficient for garnet films  of similar 

composition grown in the PbO-based solvent.   These results are consistent with 

the higher solvent impurity content of the films grown in the PbO-based solvent, 

and may have implications for magneto-optic applications.    Even though these 

properties are different, the magnetic properties of the films an» comparable. 
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