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SUMMARY 

This is the Final Report on the project "Magnetic Bubble Materials 

Phase I", Contract No. DAAH01-72-C-0490. It covers the period January 

11,   1972 through July 11,   1972. 

The object of this project was to establish a reliable supply of high 

quality magnetic bubble materials to suppprt the device work of various 

Department of Defense Agencies.    Thii5 work included bulk,  non-magnet:c 

garnet crystal growth (for use as substrates),  substrate polishing and 

preparation, and liquid phase epitaxial growth of a number of high perfor- 

mance,  magnetic garnet compositions. 

Bulk,  single crystals of Gd3 Ga5 012 were grown by the Czochralski 

method.    Crystals containing low dislocation densities were routinely grown 

and some progress was made toward eliminating the strain "core" of such 

crystals by employing high crystal rotation rates. 

Procedures were established for polishing (ill) wafers sliced from 

the Gd3 Cas O^ crystals.    Work damage-free surfaces, which proved 

excellent for epitaxial film growth, were produced by a process involving a 

final polish on a Syton-flooded,  Corfam lap. 

Epitaxial films of six different compositions were deposited on (ill) 

Gd3 Ga5 O^ substrates from solution in PbO-B203 solvent by the simple 

"dipping" method.    Solution recipes and growth conditions for each composi- 

tion are discussed in detail in this report.    Some general characteristics of 

the PbO-B203 solvent are described and the PbO-B203 and BaO-F2-B203 

solvent systexns are compared. 
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1. INTRODUCTION 

The primary objective of the first phase of ARPA contract No. 

DAAH01-72-C-0490 was to fulfill a need for a supply of reproducible,  low 

defect, high quality magnetic bubble materials to support the device work 

of various DOD agencies who are investigating the application of these 

materials for end uses of importance to the national security.    This primary 

objective centered not only on satisfying the need for materials having the 

necessary quality and reproducibility,  but included establishing a reliable 

supply and dependable delivery of such materials of various compositions, 

as dictated by investigations carried out concurrently at Monsanto and 

within certain DOD agencies.    The material specifications,  established at 

the beginning of the programs, which served as guidelines and goals 

during the course of the work are given in Table I.    These properties are 

considered desirable in materials which are to be used in magnetic bubble 

devices.    As the following technical discussion will indicate,  Monsanto, 

in the films shipped to ARPA,  has largely met or exceeded these specifica- 

tions, where the intrinsic characteristics of the materials permitted. 

The following sections of this report are intended to discuss the procedures 

used by Monsanto to grow the high quality material delivered during 

this program.    The key areas of bulk crystal growth,  substrate polishing 

and preparation    and LPE growth will be discussed first,  followed by 

individual discussions of the different rare earth magnetic garnet "composi- 

tional families" investigated under this contract.    Particular attention will 



be given to several interes ting facets of the bulk crystal and LPE film 

growth procedures observed in our laboratories but not yet reported in 

the literature. 

Quite apart from the crystal growth expertise demonstrated during 

the program,  the already robust Monsanto materials characterization 

facility was improved and expanded during the contract period.    Presently, 

some sixteen different parameters are measured in every sample delivered 

to ARPA.    These data are supplied in the form of a characterization sheet 

along with a thickness contour map and a defect map for every sample.    Two 

characterization reports were prepared during this contract,  the first of 

which covered the methods used to characterize substrates and magnetic 

(Ref.   1) 
films at Monsanto Co.  at the beginning of the contract period , while 

the second was a study of the state of the art in the characterization of bubble 

materials^   e '     '.    This latter report included establishment of all the 

parameters required to be characterized,  presentation of the known techniques 

for each of the methods of characterization,  and identification of the recommended 

recommended characterization method for each item.    In light of the 

existence of these two previous exhaustive reports,  little discussion will 

be devoted to material characterization in .his report.    The primary 

emphasis here will be on crystal growth processes,  and phenomenological 

results obtained in various garnet compositional families. 



TABLE I 

Desired Magnetic Bubble Material Specifications 

Property Desired Value 

Bubble Diameter (d) 5 jam 

Magnetization (4 TT MS) 150 - 200 gauss 

Thickness (h) Sum 

Mobility (ü) 200 cm/sec/Oe 

Coercivity (He) 0. 1 Oe 

Anisotropy Field (Ha) 2(4 TTM8) - 10(4 TT M8) 

Defect Density < 20 cm2 



2« 1 Introduction 

An ideal single crystal non-magnetic garnet substrate for a 

magnetic-bubble epitaxial film must satisfy several stringent criteria. 

It must have both an excellent room-temperature lattice match and an 

excellent thermal expansion match to the film.    Tolerances depend some- 

what upon the type of anisotropy (growth- or strain-induced) desired. 

Although these tolerances have not been determined precisely,  in general 

they appear to be more stringent in the case of garnets than for most 

epitaxial work.    If there is a significant lattice or thermal expansion 

mismatch,  the epitaxial film tends to crack or to contain so many defects 

at the film-substrate interface that domain propagation is hendered. 

However, for bubble films to exhibit stress-induced anisotropy,  there 

must be a certain minimum mismatch between film and substrate.    In 

addition,  the substrate must be nearly free of strain,  dislocations,  stria- 

tions,  inclusions,  and similar structural defects that can affect the structure 

of the epitaxial layer and subsequently impede domain motion.    It must be 

of a useful cross sectional area,  preferably ^ 1 cm2,  so that a practical 

information storage capacity can be achieved in the epitaxial film.    If the 

substrate is a mixed garnet it should be, of course,  of a uniform composition 

and lattice parameter.    Finally the substrate must be of an appropriate 

crystalline orientation to allow the growth of thin films that support magnetic 

bubbles. 



The garnets which best satisfy the above criteria for today's 

magnetic-bubble films are the family of rare-earth gallium garnets,  the 

one most used to date being gadolinium gallium garnet.    The rare-earth 

and yttrium aluminum garnets have lattice constants and thermal expansü a 

coefficients too small to match well to today's useful magnetic-bubble films. 

Both the gallium and aluminum garnets melt congruently and can be grown 

from the melt but the high melting points of the garnets and the reactivity 

of their melts require the use of iridium as a crucible.    Since the melts 

(and the solids) "wet" iridium it is practically impossible to remove the 

solid from the crucible intact.    Therefore,  the Czochralski method in which 

the crystal is "pulled" from the melt,  is the preferred crystal growth 

technique. 

One aim of this program was to develop a source of defect-free, 

non-magnetic garnets to be used as substrates.    Since Gdj Ga5 012 had 

proven to be the most useful substrate at the inception of this work, 

attention was directed toward this material.    The details of this phase of 

the program are discussed in this section. 

Z. 2        Experimental 

2.2. 1    Crystal Growth Furnace 

Figure 1 is a sketch of a typical crystal growth furnace used in this 

work.    The furnace consists of an inner stabilized Zr02 tube and an outer 

wall of fused silica.    The inner tube is both lined and wrapped with Zircar* 

*   Zircar is a trade-name of the Union Carbide Corporation. 
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*Tradename of Union Carbide Corp. 

Figure   1.     Cross Section of Crystal Growth Furnace 



^t.     .ne neat source is tne iriaium crucible which acts as a susceptor 

of the RF power coupled inductively from the water cooled coils wound 

around the outside furnace liner.    The iridium crucible is supported upon 

a ZrO, pedistal.    If growth in gases other than air is desired,  these gases 

can be introduced through a port in the steel base plate and can flow out 

around the steel pull rod at the top of the furance.    The seed is tied to the 

Al203 seed holder with Pt + 13% Rh wire. 

The power source in use at the beginning of this project was a 10 kw 

Westinghouse RF generator which necessitated the use of a rather small 

furnace.    The output of a Brown Radiamatic sensing head located on the base 

plate and focused on the bottom of the crucible was fed to a Leeds and North- 

rup proportional control system to control the generator.    Later, a second 

furnace was constructed which used a 25 kw Westinghouse RF generator.    The 

output of a pick-up coil fed to a Leeds and Northrup controller was used to 

control this generator.    The two pulling chambers differed only in size and 

the amount of insulation which was packed between the inner and outer walls. 

The I.D.  of the 10 kw furnace was 63mm and that of the 25 kw furnace was 75mm. 

Iridium crucibles of two sizes were used in the 10 kw furnace: 

1-1/4 inch I.D.  x 1-1/4 inch high and 1-1/2 inch I.D.  x 1-1/2 inch high. 

Only the larger crucible was used in the 25 kw furnace.    Crucibles with 

and without reinforced lips were used in both furnaces.    In general,  better 

results were obtained in crucibles without the reinforced lip. 

6. 2. 2    Starting Materials 

Starting charges were prepared by mixing Gdz 03 and Ga2 O3 powders 

in stoichiometric proportion.    Gallium sesquioxide was obtained from 

Alusuisse Metals and from United Mineral and Chemical Corporation. 

7 



Gadolinium sesquioxide was obtained from United Mineral and Chemical 

Corporation and from Lindsay Rare Earths.    The oxides were obtained in 

99.99% purity. 

After mixing,  the powders were either pressed into cylindrical 

pellets (using a briqueting press) or poured directly into the crucible. 

In either case,  several melt-downs were required to charge the crucible. 

In most cases the crucible was charged to about 3/4 of capacity. 

2. 2. 3    Crystal Growth and Evaluation 

All the Gd3 Gag Oi2 crystals prepared on this program were grown 

on seeds oriented along the <111> direction.    Pull rates of 4-8 mm/hr 

were used.    The rotation rate was varied irom 5 rpm to 50 rpm with most 

of the crystals being pulled at 10 or 20 rpm.    The crystals were grown in 

an 02 - N2 atmosphere with the 02 concentration varied from about 1 to 5 

percent by volume.    Total gas flow rates of 1200 - 1300 ml/min were used. 

The diameter of the crystal was usually kept to about one half the diameter 

of the crucible used in an effort to reduce thermal strains. 

After growth,  the ends of the crystals were cut off perpendicular to 

the growth axis.    The ends were than polished flat and parallel so that the 

interior of the crystal could be examined.    The crystals were examined 

visually for cracks,  inclusions and voids,  the extent and distribution of 

elastic strain was determined by examining the crystal between crossed 

polarizers. 



If the boule appeared to be sound and free of inclusions,  then the 

orientation of the crystal was determined by back-reflection X-ray 

procedures and  (ill) wafers were sliced from the front,  middle and rear 

of the crystal.    Certain of the wafers were used for precise lattice constant 

measurements.    Others were etched for 5 minutes in ortho-phosphoric acid 

at 160 - 170°C.    These wafers were then examined microscopically for 

dislocations,  inclusions and growth striations.    The wafers were then 

examined microscopically for dislocations,  inclusions and growth striations. 

The wafers were examined in both transmitted and reflected light.    The 

phase contrast microscope was particularly valuable in studying the -core" 

and growth striations in the etched wafers. 

2. 3        Results and Discussions 

2. 3. 1    General 

Figure Z is a photograph of a group of typical Gd3 Ga5 0I2 crystals 

which were grown during this program.    The ends of the crystals have 

been cropped in preparation for initial evaluation.    The smaller crystals 

were grown in the 10 kw furnace using the smaller crucible and the two 

larger crystals were grown in the 25 kw furnace using the larger crucible. 

The details concerning the crystals grown in the 10 kw furnace are 

summarized in Table II.    All of these crystals were grown in an 02 - N2 

atmosphere containing about Z percent by volume O, and at a growth rate 

of about 7 mm/hr.    In general,  the defect density in these crystals was 

greater the faster the rotation rate used.    However,  none of thes. crystals 



Figure 2.     Gadolinium Gallium Garnet Crystals 
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produced wafers with defect densities low enough to be used as substrates 

for device quality films.    (On the other hand,  the crystals did provide 

valuable substrates for exploratory work in adjusting solution/film compo- 

sitions and determining film growth rates. )   The defect densities found in 

these crystals coulo not be related unambigously to the growth conditious 

used.    Therefore,  it is believed that most of the defects were due to 

inadequate insulation in the relatively small 10 kw furnace.    The growing 

crystal was exposed to large thermal gradients in the poorly insulated 

system and thermal stresses caused the high dislocation densities. 

This conjecture is borne out by the results obtained in the 25 kw 

furnace.    The details of these crystal growth runs are summarized in 

Table III.    The 2? kw furnace accommodated about 1/4 inch more of the 

zirconia felt and,  thus, was better insulated than the 10 kw furnace.    The 

crystals grown in this system yielded,   under certain growth conditions, 

wafers with essentially zero dislocation and inclusion densities.    Such 

wafers were used as substrates for device quality films. 

2. 3. 2    Strains 

The relatively high thermal expansion coefficients of the rare 

earth garnets and the extreme temperature gradients in which the 

crystals are usually grown combine to produce highly strained crystals 

unless very special precautions are taken during the growth.    One of the 

most characteristic and common defects found in Czochralski grown 

garnet crystals is a severely strained central "core".    This central core 

11 



TABLE II 

Summary of Crystal Growth Rune 

10 kw Furnace 

Crystal 
Number 

Growth 
Rate 

4405 

4406 

4407 

4412 

4414 
4417 

4425 

4431 
4438 
4441 
4442 
4445 
4449 
4452 
4455 
4463 

4488 

(mm/hr) 

7 

7 

7 
7 

7 
7 
7 
7 
5 
5 
5 
5 
5 

Rotation Lattice 
Rate Constant 
(rpm) ^JT^— 

Remarks 

40 

15 

30 

20 
20 

20 

20 
20 
20 
20 
20 
20 
10 
10 
10 

50    (F) 12. 3818 

(R) 12.3806 
12.3833 

(F) 12.3827 

(R) 12.3829 

(F) 12.3832 
(R) 12.3837 

12.3871 

12.3840 
12.3822 
12.3816 
12.3830 
12.3839 

12.3838 

12.3837 

Many dislocations 
scattered in groups 

Inclusions - bad 
striations 
Center relatively 
defect free-many 
inclusions near 
outer edge 
Ir inclusions near 
front 
Used for seeds 
Contaminated with 
Fe 
Contaminated with 
Fe 
Tr inclusions 
Dislocations - Corr. 
Dislocations - Core 
Used for seeds 
Many dislocations 
Used for seeds 
Core and striations 
Used for seeds 
Low dislocation 
density-many Ir 
inclusions 
Bad core 

(F) = front of crystal 

(R) = rear of crystal 

12 



TABLE III 

Summary of Crystal Growth Runs 

25 kw Furnace 

Crystal 
Number 

Growth 
Rate 

4477 

4489 

4490 

4491 

4492 

4493 

4494 

4500 

(mm/hrj 

5 

5 

5 

5 

5 

5 

5 

Rotation 
Rate 
(rpm) 

Lattice 
Constant w 

10 (F) 12. 3341 
(M) 12.3861 
(R) 12.3865 

10 (F) 12. 3836 
(R) 12.3858 

10 (F) 12.3815 
(R) 12.3842 

10 (F) 12. 3817 
(R) 12. 3832 

30 12.3830 

50 (F) 12.3829 
(R) 12.3831 

50 12.3809 

10   

Remarks 

Defect density 
< 10cm"2 

strong core 
Defect density 
< 10cm"2 strong core 
Defect density 
< 10cm"2 strong core 
Defect density 
< 10cm"2 strong core 
Defect density 
> 103 cm"2 weakcore 
Defect density 
> 104 cm'2 weakcore 
Defect density 
> 104 cm"2 weakcore 
Used for seeds 

(F) = front of crystal 

(M)= middle of crystal 

(R) = rear of crystal 

13 



is associated with the formation of (211) facets at the growth interface.    In 

general, the interface between the growing crystal and the melt will not be 

planar,  but either convex or concave to the melt.    (For garnets the natural 

interface is concave to the melt.) Also,  in general there is a steep 

longitudinal thermal gradient at the growth interface.    This condition pro- 

duces the strains in the crystal which result in the central core. 

The non-planar interface results in another defect which is common 

in Czochralski grown garnet crystals.    The defect is manifested as growth 

striations which can be observed by x-ray topography or by phase inter- 

ference microscopy of etched surfaces.    It is believed the striations 

correspond to periodic deviations in stoichiometry.    In the central core 

region of garnets grown along the <111> direction the striations frequently 

assume a threefold symmetry.    In the outer region of the crystal the stria- 

tions more often appear as concentric circles centered about the growth 

axis.    Strains and the central core can be observed by viewing the crystal 

between crossed polarizers.    The striations can be observed by x-ray 

topography or by phase-interference microscopic examination of an etched 

surface. 

Striations corresponding to those in the substrate will also be found 

in an epitaxially-grown magnetic film,  especially one grown by liquid phase 

epitaxy (LPE).    It is believed that the strained regions in the substrate are 

preferentially attacked and etched by the molten salt solvent used in LPE 

before film growth can occur.    Under certain growth conditions (high 

temperatures,  low supersaturation) the striations in the epitaxial film are 

14 



so pronounced that they impede .he melon of magnetic domains.   However, 

growth conditions can be adjusted so that öle s.riations in the film are 

minimised and appear to have no pronounced effect on domain motion. 

Nevertheless, a strain-free. core-free wafer wou.d he preferab.e and efforts 

were made to grow such material on this program. 

Since the strains in the substrate are caused by a combination of 

a curved liquid/solid Interface and steep thermal gradients, e.imination of 

elfter should materially reduce or eliminate the slriations.    Thermal 

gradients at the interface can be reduced by use of after heaters and/or 

heat reflectors.   However, if the thermal gradient is too low. constitutional 

supercooling can become a problem.   On the other hand, the curved interface 

can be made planar by adjusting the rotation rate of the growing crystal. 

The core in y3 Al, 012 was eliminated by Cockayne, et a.*««-  *) by tocrea.Ing 

the normal rotation rate, about ,0 rpm, to about 150 rpm.   Simüar resu.ts 

«ere recently obtained for Gd3 Ga5 012 by Brandle and Valentino*1*- *> and 

by O'Kane and Sadagopan(Re£- 5'. 

The rotation rate which will result in planar liquid/solid interface 

will depend upon relative diameters of the growing crystal and the crucible 

diameter, the growth rate, and the thermal gradients at the interface.   In 

this work, rotation rates were varied from about 5 to 50 rpm (Tables 11 and 

in).    The effect of rotation rate on the core and strain distribution in the 

crystals is illustrated in Figure 3 in which representative crystals are 

Photographed between crossed polarizers.   Crystal «89 was grown at 10 rpm - 

the highly strained central core is obvious in Figure 3a.    The core region is 

15 
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expanded and is more diffuse in crystal 4492 which was grown a« 30 rpm 

(Figure 3b).   At 50 rpm the strain distribution becomes even more 

diffuse (Figure 3c).    Phosphoric acid etching of wafers from crystals 

4492 and 4494 did not reveal growth striations; however, the striations 

were apparent in etched wafers from crystal 4489. 

It is evident from these results that the core region and growth 

striations can be eliminated by high rotation rates.    However, the crystals 

grown at these rates contain high dislocation densities (Table III).    The 

crystals grown at TO rpm in the 25 kw furnace had dislocation densities of 

less than 10 cm"2 while the dislocation density of crystals grown at 30 or 

50 rpm were 103 cm"2 or higher.    This result was unexpected.    It is now 

believed that slower growth rates must be used with the high rotation rate 

both to eliminate the core and to maintain a low dislocation density. 

2. 3. 3    Inclusions 

Gadolimium gallium garnet is not stable at its melting point (about 

1700oC} in an inert atmosphere.    The melts tend to loose gallium via a 

volatile suboxide(Ref- 6).    The decomposition of Ga2 03 can be suppressed 

by maintaining a partial pressure of oxygen above the melt.    However,  the 

melt is contained in an iridium crucible which is readily oxidized when in 

an oxygen atmosphere at elevated temperatures.    It is difficult both to 

maintain melt stoichiometry and to minimize crucible oxidation simultaneously. 

During the long periods of time required to grow the crystals,  the melt tends 

to become non-stoichiometric and saturated with Ir02.    It is not surprising. 



therefore,  that inclusions of one or more foreign phases are a common 

defect in garnet crystals. 

(Ref    7) 
Brandle,  et al *     ' have discussed the origin and appearance 

of the most common inclusions found in Gd3 Ga5 012 crystals.    Three types 

of inclusions were identified: 

(1) triangular or hexagonal platelets of metallic iridium 

(2) dark square or cubic crystals which are believed to be 

particles of gadolinium gallium suboxide,  probably 

gadolinium orthogalliate (GdGaOa). 

(3) transparent acicular crystals,  tentatively identified as 

Gd203. 

The first two types are by far the most predominant, with the third found 

only occasionally. Examples of the two most common defects are shown 

in the photomicrographs of Figure 4. 

The occurrence of inclusions can be minimized by adjusting the 

composition of the ambient gas.    The oxygen partial pressure should be 

high enough to suppress the decomposition of Ga203 but low enough to 

minimize oxidation of the crucible.    In this work,  satisfactory results 

were obtained with oxygen concentrations ranging from about 1. 5 to 5. 0 

percent by volume.    However, even with strict atmosphere control the 

melts tend to become non-stiochiometric during the long times which are 

required to grow a crystal.    That portion of the melt next to the wall of 

the crucible is much hotter than the melt at the solid/liquid interface and 

Ga2 O3 can be decomposed on the hot walls.    It is not uncommon for the 
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a)   Iridium Inclusions (200X) 

b)   Gadolinium Gallium Suboxide Particle (1000X) 

Figure 4,     Common Inclusions in Gdj Gaj 0,2 

19 



melts to become non-stoichiometric with time and for the last part of the 

crystal to contain a very high density of inckdions.    That portion of the 

crystal is removed before the crystal is evaluated. 

2.3.4    Dislocations 

Dislocations have not been a serious problem for crystals grown 

in the better insulated furnace (except for those grown at high rotation 

rates).    Experience indicates that dislocations can be introduced by sudden, 

large changes in temperature during growth which cause rapid changes in 

the crystal diameter.    Therefore,  efforts are made to minimize tempera- 

ture changes and to grow crystals with uniform diameter. 

2. 3. 5    Lattice Constant 

The lattice constants of the crystals are listed in Tables 11 and III. 

For some crystals the lattice constant was determined from near the 

front and also from near the rear of the crystal.    In most cases,  these data 

indicate a slightly larger lattice constant near the rear of the crystal. 

This is consistent with the melts changing stoichiometry as the crystal 

growth run proceeds.    Brandle, et ar11"'  7' have related the lattice 

constants of Gd3 Ga.5 Oi2 crystals to the stoichiometry of the melts from 

which they were grown.    The lattice constant of the crystals was found to 

decrease with increasing excess Ga203 in the melt and to increase with 

increasing excess Gd203.    Thus,  the lattice constant data in Tables II and 

III suggest that Ga203 is lost from the melt as the run progresses. 
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The average lattice conatan. of the pure Gd, Gas 012 cry8te,8 grown 

is 12. 3832 1.   This value i. i„ excellent agreement with ether recently 

reported data (see for examp.e Ref.  7 and Ref.  8).    ,t „m be noted that 

crystal 4417 had a lattice constant of 12. 3871«.    This crystal, and 4425. 

were grown from a crucible which had been contaminated with iron and 

iron was found in both of these crystals by „ea.itative emission spectroscopy. 

2. 3.6   Evaluation of Crystals from Outside Sources 

During the course of this program, a limited number of Gd30a5012 

crystals were obtained from outside sources for use and evaluation.    The 

properties of these crystals are listed in Table IV.   It win be noted that 

the crystal from Union Carbide was core free but had a higb defect density. 

This is in agreement with the results reported here.    However, both 

Union Carbide and Airtron recently have announced core-free GdsGa50,2 

with defect densities of less than 20 cm-.    This deve.opmen. should have 

a significant impact on the perfection of epitaxial films grown on such 

substrates. 

2.4 Conclusi ons 

Crystals of Gd3 Ga, 012 can now be grown essentially free of all 

defects which might introduce pinning sites in epitaxia! films of the 

magnetic garnets.    Although the ..best" crystals often exhibit a core and 

growth striations,  recent advances in the technology offer promise of 

core-free, dislocation-free crystals in the near future.    Indeed, such 

crystals are already available in diameters up to about 3/4 inch.    High 
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quality crystals and substrates are now available from at least two 

commercial sources:   Airtron and Union Carbide.    It is expected that 

additional commercial sources will be announced as interest in 

magnetic bubble technology grows. 
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TABLE IV 

Crystals From Outside Sources 

Crystal 

Crystal Technology - 1 

Union Carbide - Z 

Airtron - 2 

Airtron - 3 

Lattice 
Constant 

a 

A Remarks 

12. 3826 Defect Density < 102cm"2 

core and striations 

12. 3838 Defect Density > 104cm"2 

core free 

12. 3780 Defect Density < I02cm"2 

core and striations 

12. 3834 Defect Density < 10 cm"2 

core and striations 
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3. SUBSTRATE PREPARATION 

A uniform,  low coercivity epitaxial magnetic film requires a 

nearly perfect, exceptionally clean substrate surface.    Many of the defects 

found in present day epitaxial garnet films can be traced directly to 

remnant work damage from inadequate lapping and polishing of the substrate. 

The importance of proper substrate preparation cannot be emphasized too 

strongly. 

Monsanto has maintained a continued interest in the surface 

preparation if garnet substrates since the inception of its magnetic oxide 

program.    It has drawn upon its extensive experience in the preparation 

of silicon and III-V semiconductor surfaces to develop methods of preparing 

garnet surfaces.    As a result it has developed a combined mechanical/ 

chemical process using Syton as a final polishing step which produces a 

high quality surface suitable for epitaxial growth for both LPE and CVD 

methods.    It is not clear how Syton polishes garnet but it is believed that 

both a chemical and mechanical action is involved.    Since substrate pre- 

paration is so important,  this process is described here in detail. 

Wafers of nominal 20 mil thickness art; sliced from an oriented 

Gd3 Gaj 012 crystal with a diamond impregnated OD saw.    The wafers are 

cleaned and cemented onto a stainless steel lapping block using a minimum 

of Carnauba wax.    The wafers are then lapped to the same thickness on a 

Lapmaster* machine equipped with a cast iron lapping plate;   3|aAl203 

*   Lapmaster is a trade name of the Crane Packing Co. 
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suspended in a mixture of deionized water and glycercine is used as the 

abrasive. 

The wafers are then demounted and turned over on the lapping 

block.    Again a minimum of Carnaaba wax is used to cement the wafers 

and all excess wax is carefully removed from the wafers and lapping 

block.    The wafers are again lapped on the Lapmaster.  using 3 u A^Oj 

until at least two mils of material are removed.    The wafers and block are 

then scrubbed with warm soapy water and a nylon brush,  soaked in warm 

soapy water in an ultrasonic cleaner and finally rinsed in deionized water. 

Another two mils are then removed from the surface on a 

Robinson-Houchin polisher using 0. 3 u Al^ and a AB Texmet* polishing 

lap.    The wafers and block are again thoroughly cleaned in warm soapy 

water. 

Finally an additional mil of surface is removed on a Syton** flooded 

Corfam*** lap.    The Syton is diluted with deionized water - 20 parts 

Syton.   15 parts water.    The final thickness of the wafers is about 13-15 

mils. 

After demounting,  the wafers are rinsed three times in boiling 

trichloroethylene,  then once in boiling isopropyl alcohol and dried in a 

stream of filtered nitrogen.    To ensure that all traces of Syton have been 

removed,  the wafers are then soaked for 10 seconds in concentrated HF. 

Texmet is a crade name of Buehler Ltd. 
**     Syton is a trade name of Monsanto Co. 
***   Corfam is a trade name of Dupont 
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After rinsing in deionized water and drying in hot isopropyl alcohol the 

wafers are mounted in a Teflon rack and given a final cleaning: 

1. 5 minute soak in each of two beakers of warm (50oC) H2SO4 

2. 3 rinses in deionized H20 

3. 1 rinse in hot isopropyl alcohol in an ultrasonic cleaner 

4. 1 rinse in hot isopropyl alcohol 

5. Dried in a stream of filtered N2. 

(The sulfuric acid and solvents used in the cleaning procedure are Transitar 

grade obtained from Mallinckrodt Chemical Works).    Good housekeeping 

habits and cleanliness cannot be over-stressed in the polishing and cleaning 

procedures. 

Recently it was determined that the intermediate lapping with 0. 3 IJ 

Al203 could be eliminated if an extra 1/2 to 1 mil of material were removed 

on the Syton lap. 

These procedures have been found to produce excellent surfaces 

for the growth of epitaxial garnet fJJms by either LPE or CVD.    Etching in 

hot orthophosphoric acid at 160 - 170oC reveals no scratches or residua! 

work damage.    However, the Syton polishing does result in considerable 

rounding of the edges of the wafers.    Other polishing methods have been 

investigated in an effort to preserve the flatness of the wafers.    These 

have included polishing with diamond on a tin lap, and with Syton on both a 

Teflon and polyurethane lap.   Although flatness was preserved by these 

methods, the resulting surfaces were not free of work damage.   Experience 

indicates that residual work damage on the surface of wafers to be used for 
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epitaxial deposition cannot be tolerated. 

Satisfactory surfaces have also been obtained by chemically 

polishing the wafers in orthophosphoric acid at about SOO'C.    However, 

it is difficult to obtain reproducible results with this polish and it appears 

to offer no real advantage over the chemical/mechanical method described 

above. 
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4. LIQUID    HASE EPITAXY 

4. 1        Introduction 

Liquid phase epitaxy (LPE) of garnets involves the growth of 

magnetic layers on non-magnetic garnet substrates from a molten oxide 

solution in which an appropriate amount of magnetic garnet of the desired 

composition has been dissolved.   Solvent systems from which garnet 

films have been grown include PbO-BzO,^^'  9\  BaO-B O ^Ref*   10^   a d 

Bi O    VO ^Ref*   11^ 2   3   v2^5 .    The best results rep0rted todate have been obtained 

with the PbO-B203 solvent, and this is the one primarily used in this work. 

However, the use of the BaO-based solvent was investigated also. 

There are two basically similar LPE techniques by which garnet 

films are commonly grown.    One.  known as the "tipping" technique,  involves 

pouring the garnet solution over the substrate and cooling for a prescribed 

length of time, and the other,  known as the "dipping" technique, involves 

dipping the substrate into the garnet solution for a prescribed length of 

time.    The second technique,  because of its relative speed,  convenience 

and capability for achieving reproducibility is the one being used at Monsanto. 

Several magnetic garnet film compositions possessing   desirable 

properties for magnetic bubble devices had been grown at Monsanto by the 

dipping process before this program was initiated, and most of the experi- 

mental details and procedures were well established.    This familarity 

with the processes involved enabled Monsanto to prepare and deliver five 

completely characterized and nearly identical films of each of six different 

high performance magnetic garnet compositions in a relatively short period 
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ion of time.   Essentially, this work involved the adjustment of solutic 

composition to yield epitaxial films possessing the desired magnetic pro- 

perties.    This task was not a trivial one and required the closest coopera- 

tion and liason between the analytical and characterization groups and the 

crystal growers.    The rapid feed-back of information on the properties of 

exploratory compositions was essential to the success of this program. 

4.2        Experimental 

4. 2. 1    LPE Dipping Station 

Figure 5 is a schematic drawing of an LPE dipping station.    The 

relatively simple apparatus consists of a Kanthal wound,  resistance tube 

furnace mounted vertically.   A close-fitting, heavy wall (1/4 inch) alumina 

tube is used to line the bore of the furnace.    The liner serves primarily 

to protect the furnace windings from corrosive fumes.    In the past, the 

furnace bore Las been lined with platinum and various platinum baffles 

were used to distribute the heat uniformly in the hot zone.    However, 

equally satisfactory results were obtained with the arrangement illustrated 

here.   A 30ml platinum crucible is supported on a firebrick pedestal 

slightly below the hottest zone of the furnace.    The temperature is controlled 

witha Pt vs Pt - 13% Rh thermocouple placed against the alumina liner. 

A second Pt vs.  Pt - 13% Rh thermocouple is used to monitor the solution 

temperature.    This thermocouple abuts the Pt crucible. 

The substrate is mounted in a Pt wire holder which is attached to 

an alumina rod.    The rod and substrate are moved in and out of the furnace 

by means of a lab jack.    Before the substrate is immersed in the solution 
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Figure 5.     Schematic of LPE Dipping Station 
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it is held just above the melt surface for about 10 minutes to allow the 

substrate temperature to reach the solution temperature.    The substrate 

is then dipped into the solution for a prescribed length of time during 

which film growth occurs.    To ensure film thickness uniformity,  the sub- 

strate is tilted  in its holder to conform approximately with an isotherm 

in the solution.   After the prescribed growth time, the substrate is raised 

from the melt whereupon the flux drains off and the substrate plus epitaxial 

layer can be removed from the furnace. 

4.2.2    Materials 

The rare earth oxides used in this work were obtained from 

Lindsay Rare Earths and were of 99.99 percent puritv; Fez03 of 99.9 

percent purity was obtained fron* Ventron-Alfa Inorganic and Ga203 of 

99.99 percent purity was obtained from Alussise.    Both Grade 1 and 

Grade II PbO, obtained from United Mineral and Chemical Corp. were 

used.    No significant difference in results were noted between these grades 

of PbO.    B203 of 99. 99 percent purity was obtained from British tDrug 

Houses,  Ltd. 

The oxides are weighed to four significant places and melted to- 

gether in the 30 ml Ft crucible.    The solution is homogenized at about 

1050oC, well above the liquidus temperature of the compositions used, 

for 2 to 4 hours before being cooled to growth temperatures. 

31 



4.3        Results and Discussion 

4. 3.1    The PbO-B203 Solvent System 

Lead oxide based fluxes have been used extensively as solven. i 

from which to grow rare earth magnetic garnet crystals.   (See.for exanple, 

Ref.   12 and Ref.   13).    The PbO-B203 system,  composed of 50 parts PbO 

to 1 part B203 (by weight), was chosen as the primary solvent to be used in 

(Ref    9) this work.    This is the solvent system used by Schick,  et al     ' '     ' and 

Levinstein et ar       * *       ' for the epitaxial growth of garnet 

films.    It has been used extensively at Monsanto and elsewhere with con- 

sistently good results for a wide variety of complex magnetic garnet 

compositions. 

The rare-earth magnetic garnets are incongruently saturating in 

the chosen solvent as they a      in all PbO-based solvents.    The phase 

relationships in these systems require that the solution contain an excess 

of F^jOj (over that required by the garnet formula) in order to maintain 

the system in the garnet stability region.    Too little Fe203 places the 

system in the orthoferrite stability region where, at growth temperatures 

in the range 800oC to 1000oC, an orthoferrite phase can precipitate on the 

surface of the melt.    Garnet films grown from a solution which is tco near 

the orthoferrite phase invariably display well developed etch pits.    Too 

much FeiPs places the system in the magnetoplumbite stability range. 

Solutions containing from 10 to 14 times as much FejOs as rare-earth oxide 

(by mole percent) have been found to be satisfactory for the deposition of 

high quality magnetic garnet films having smooth,  uniform surfaces and 
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substrate-film interfaces free from excessive attack and interdiffusion. 

The solubility of garnet in the PbO-B^ solvent is not well known. 

Accurate measurements are difficult to make in any such multicomponent 

systems, and.  in this case,  are complicated by loss of PbO by evaporation.' 

However, some practical solubility data have been accumulated at Monsanto 

for a number of solution systems of interest.  The liquidus temperatures 

were established by observing,  repeatedly,  the temperature at which the 

last solids dissolved as a well-stirred, two phase mixture was slowly 

heated.    The liquidus temperatures thus found depend upon total solute 

concentration and are given for specific solution systems 1« Appendix B. 

It was found that the rare-earth oxides are only sparingly soluble 

in the PbO-B203 solvent.    In all cases studied,  the solubility of the rare- 

earth oxides was less than one mole percent over the temperature range 

investigated (about 850 to lOOO'C).    For this temperature range,  the 

garnet stability range is indicated on the ternary phase diagram shown in 

Figure 6. 

It has proven possible to super-cool the melt by over i00»C for 

solutions sufficiently dilute in garnet,  and to maintain the solution in the 

supersaturated state for several days.    Under these conditions garnet 

films can be grown at constant temperature,  the film thickness being 

determined only by the degree of supersaturation and the time the substrate 

remain« in the melt.    This is a very desirable situation and quite signifi- 

cant from the standpoint of reproducibility. 
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The best,  most consistent results have been oh*. •     . 
x     e Deen obtained with super- 

«oH„g * about 30 t0 40.c.    Al larger ^^ ^ ^^^ ^ 

«.». .„ U8Uany „„. obtaiMd.  In additioni 8purious ^^^ ^ ^ 

di.turbed .1 higher degree» of »upercocltag. 

Within .he preferred range of (eupercooling (30- . 40-c)) .he fi.m 

«.me gro„n during «... program.    „^^ ., ^ ^^ ^ ^ 

Uro** re.e8 decrease Wi.h .ime a. .he eopercoo.ed .cioHon is ,.« ondie- 

turbed at growth temperature      Thi« h-t,,   • ., 
P       ture.    This behavior is illustrated by the data of 

Tahie V.    These da. „ere co.ieo.ed by growing epi.a.a, ■a.ers a,, .arioo. 

«-s after .he solu.ions had heen homoge„ieed a. aho. Wc (w.i, aho.e 

*e libidos .,mpera.ure in each case), s.irred. and coo.ed .o grow.h 

temperature.    The soiu.ion. were ,ef. undi..urhed e.cep. for immersing 

end ^drawing .he suhs.ra.e.   Each soiuUnn „as supercoo.ed ahou. 30 .o 

40-C and in no cas. did precipi.a.ion occur during «.. course of .he 

experiments.    Tn everv cas*.    fh« «i 
ery case, .he f.lm gro„.h ra.e decreased „i.h .ime as 

«■e mei. „as .... undis.urhed. The grea.es. decrease occurred in .he firs. 

fe„ hour. af.er .he so.u.ion had heen cooied from homogeni.a.ion .empera- 

ture to growth temperature. 

After Sample No. 4485C (Tab.e In) „as gro„n. .he solution „as 

stirred vigorous., a. gr„ ,.h .empera.ure and ano«,er fi.m (4485D, „as 

gro^.    The gro„.h ra.e „as .o„.    The so.o.ion „as .hen rehea.ed to .OSO'C 
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TABLE V 

Decrease of Film Growth Rate With time In Undisturbed Solutions 

Nominal Composition Sample 
Number 

Growth 
Temp. 

(°C) 

Time at 
Temp. 
(hrs) 

Growth 
Rate 

(^m/min) 

Euo.7oEvi2.3Fe4.3Ga0#70,2 
ii 

ii 

II 

4421 A 
4421 B 
4421 C 
4421 D 

885 
885 
885 
885 

1.25 
2.50 

22.0 
25.0 

0. 167 
0. 119 
0.077 
0.064 

Gd0.8Er2.2Fe4.5Ga0.5O|2 
II 

n 

H 

4446 G 
4446 H 
4446 I 
4446 J 

904 
904 
904 
904 

2.0 
3.0 
5.0 

24.0 

0.213 
0. 130 
0. 126 
0. 110 

Gdo^sYz.ssF^.oGax.oO^ 
II 

II 

it 

II 

4485 A 
4485 B 
4485 C 
4485 D* 
4485 E* 

968 
968 
968 
968 
968 

0.5 
24.0 
48.0 

0.535 
0. 109 
0.087 
0.007 
0.60 

*   See Text 
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and maintained at that temperature for one hour without stirring or being 

disturbed.    The solution was then cooled to growth temperature (968«C) and 

another film (4485E) was grown - the original growth rate was recovered! 

These results were unexpected and are not understood.    One 

explanation might be that an association of solution components occurs in 

the supercooled solutions.    The decrease of growth rate with time indicates 

that the degree of supersaturation is becoming less with time.    Since 

precipitation does not occur,  this suggests that some sort of ionic or 

molecular ordering or association might be taking place so that garnet is 

not readily available for precipitation.    Stirring the melt at growth tempera- 

tures is not sufficient to break up these complexes and restore the growth 

rate;  however, when the solution is reheated above the liquidus,  the 

association is destroyed and the solution can again be supercooled and 

growth rates restored.    A slow association of solution components with 

time could also account tor the remarkable stability of these supercooled 

solutions.    However,  it must be emphasized that,  as yet,  there is no 

direct evidence of any sort of association taking place in the solutions. 

Indeed,  there is no clear idea of what type of association might be likely 

to take place. 

The decrease of growth rate with time must be taken into account 

when it is desired to grow a series of films of the same thickness.    To 

ensure reproducibility the films must be grown at approximately the same 

length of time after the solution has been cooled to growth temperature. 
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In this work,  in order to reproduce growth rates,  solutions were homo- 

genized by maintaining the melts at about 1050oC for füM to two hours. 

The solutions were stirred occasionally while at this temperature.    The 

solutions were then quickly cooled to the predetermined growth tempera- 

ture and the substrates were immersed 60-70 minutes after the melts 

reached growth temperature. 

L.PE mixed garnet films do not contain the rare earth ions in the 

same proportion as they are present in the solution.    The segregation 

coefficients of the ions have been found to depend upon the relative size 

of the ions present in solution.    In addition,  although the iron-gallium 

concentrations are determined primarily by the Fe203/Ga203 mole ratio 

in solution,  there is also a dependence on growth temperature.    Less 

gallium substitutes for iron in the growing layer at low growth temperatures 

than at high temperatures.    Since the composition of the film affects the 

magnetic properties as well as physical properties (such as the film lattice 

constant) an empirical iteration between the composition of the melt and 

the growth temperature is necessary in order to produce a magnetic garnet 

film having the desired composition,  magnetic properties,  and structural 

quality.    The segregation coefficients of the solutes are discussed in more 

detail later in this report in relation to specific solution systems. 

There is generally some incorporation of the solvent constituents 

into the growing layer;  not as inclusions,  but substitutionally.    Particularly 

at low growth temperatures, enough Pb2+ substitutes into rare-earth sites 
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and induces Fe^ that the layers take on a decidely reddish cast.    The 

incorporation of Pb is strongly temperature dependent.    For example. 

A Eu, Er2 Ga0.6 Fe4.4 0,2 film grown from a solution at 850oC had a Pb 

concentration of 2. 5 weight percent (by electron microprobe analysis). 

Another film,  grown from the same solution at 900°C.  contained less 

than 0. 5 weight percent lead.    The approximate dependence of Pb incor- 

poration on temperature is shown in Fig.  7 which also includes some data 

from IBM <***•   ^ and Hewlett-Packard^'   "I    The scatter in the data 

probably results from Pb incorporation having a dependence on growth 

rate,  as well as on temperature. 

The saturation magnetization and Neel temperature of Pb-containing 

layers is generally less than that of Pb-free layers of the same composition. 

As yet.  it is not clear if Pb affects the dynamic properties of the film.    In 

any case,  as the data of Fig.  7 suggests.   Pb contamination can be 

minimized by epitaxial growth above 900»C.    Most of the films grown on 

this program were grown at temperatures above 900°C and are essentially 

Pb free as determined by electron probe microanalysis. 

4. 3. 2    The Eu-Er Magnetic Garnets 

The Eu-Er magnetic garnets were among the first of the mixed 

and substituted garnets which were discovered to exhibit uniaxial magnetic 

anisotropy^-   ").    These garnets exhibit "growth-induced" anisotropy 

which is believed to arise from a preferential occupation of the dodecahedral 
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Sites by the two rare-earth ions.    Following the nomenclature of the workers 

at Bell Telephone Lab. the Eu2 Er, Fe5.x Gax 012 compositions are desig- 

nated as Super IV and the Eu, Er2 Fe5.x Gax 012 compositions are designated 

as Super IV».    The term "Super" as used here refers to the non-cubic 

magnetic superstructure associated with the usual cubic anisotropy of the 

garnets. 

The lattice constants of the Super IV"1 compositions containing an 

appropriately adjusted Eu/Er ratio and Fe/Ga ratio have a good match to 

Gda Gaj O^ — the most readily available of the non-magnetic candidate 

substrate materials.    In addition Super IV and Super IV-1 were the first 

magnetic garnets which exhibited growth-induced anisotropy to be grown 

as epitaxial films by LPE(Ref-  9^    Consequently,  these compositions 

received the principal interest in the early LPE work,  both at Monsanto 

and in the industry in general.    Super IV"1,  deposited on Gd3 Ga5 012 sub- 

strates, was chosen to be the first material to be supplied to ARPA on this 

program. 

Because of the early wo  k,  both at Monsanto and elsewhere,  con- 

siderable information concerning the LPE growth of Super IV"1 of prede- 

termined magnetic properties had been accumulated before work on this 

program began.    Solution compositions,  growth temperatures, etc., were 

generally well known. 

In order to prepare a solution to yield a film of predetermined 

composition   ,  it is necessary to know the segregation coefficients of the 
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film components, the rare earths, iron and gallium.    For this, it is con- 

venient to define segregation coefficients in the following terms: 

ORE 

["    CRE ["      CGa 

-    L   ^CRE  J   film      _, n       ^    LCGa + ^Fe and aGa = 
film 

j     £CRE        solution |J 

'Ga 
'Ga + CFe solution 

where cfcE is the segregation coefficient of a particular rare earth,  CRE 

is the mole fraction of the rare earth and   ^CRE is the sum of the mole 

fractions of all rare earths involved.   Analogous definitions apply to the 

segregation coefficient of gallium, aQa, and of iron ape* 

For the Super IV1 composition, the segregation coefficients of Eu 

and Er were found to be 1. 04 and 0.98, respectively. (Film compositions 

were determined by electron probe microanalysis). These coefficients did 

not appear to depend upon growth temperature. This is not the case for 

gallium, however. The segregation coefficient of gallium increased from 

about 1.68 at a growth temperature of 8780C to 2. 17 at a growth tempera- 

ture of 9520C as shown in Fig. 8. 

The principal problem associated with the preparation of Super IV"1 

is to obtain films of low coercivity.    The anisotropy field of Super IV"1 is 

about 5000 Oe.    Such a high anisotropy leads to very narrow domain walls. 

Narrow walls interact strongly with even small defects in the film or at 

the film/subs träte interface to result in high coercivity.    For high aniso- 

tropy materials, films must be of high perfection to achieve low coercivities. 

4M 



0) 
ü 

nl 
U 
<o 

s 
H 

o 
Ü 

vi 
o 
ß 
o 

■u 
u 
ö 

^ nj 

to 

Ü „ 
0 S 

.2 Ü 
u 

VI ' 
93  > 
O W 

U    U 

.2 ^ 
•a to ™ 
(30   1) 

u ** 
(30    L, 
<u  o 

00 

0) 

3 
ÖO 

iU8!D!«903 UO!lBß9j69S 

43 



In the case of Super IV"1,  it was found that a very close match 

between film and substrate lattice constant was necessary to achieve low 

coercivity.    It is possible to calculate a reasonably accurate lattice con- 

stant for a film composition by using published values of lattice constants 

of the end members (iron and gallium garnets)and assuming Vegard's law. 

In addition. Giess et al(Ref*   15) have shown that Pb ion incorporation 

increases the lattice constant of the film composition by 0. 013Ä per 

weight percent Pb present.    Therefore, the lattice constants, a0,  of the 

Euy Erj.y Fe3.x Gax 012 garnets can be estimated from the expression: 

a0 = 12. 349 + 0. 0497y - 0. 015 x + 0. 013Pb 

where Pb is the weight percent Pb present in the layer. 

The importance of matching film lattice constant to that of the sub- 

strate to achieve low coercivity in the Super IV"1 compositions is illustrated 

by the data in Table VI.    Here are tabulated the range of coercivities 

measured on a number of films of the indicated compositions.    These films 

were grown on Gda Ga5 012 substrates with a lattice constant of 12. 378Ä. 

The films contained about 0. 5 weight percent Pb.    The lattice mismatch 

is the difference: 

a0 (substrate) - a0 (film). 

The coercivities.  0. 1 to 0. 5 Oe, found for the Eu0.63 Er2.37 Fe4.3 Ga0.7 012 

composition.compare   favorably with the lowest reported for Super IV"1 

films on Cd3 Ga5 012 and, evidently,  represent the practical lower limit of 

coercivity which can be obtained for this garnet system.    This is the 



TABLE VI 

Lattice Constant and Coercivities for Some Super IV^ Compositiona 

Nominal Composition 
Pb Cone. 

(w/o) 

Estimated 
Lattice 

Lattice 
Constant 

Constant*     Mismatch    Coercivity 
(A) (A) (Qe) 

Eu1Er2#()Fe4-3Ga0#7O12 0.5 12.395 -0.018 1 - 5 

Euo.84Er2#l6Fe4.3Ga0.7 O^ 0.5 12.387 -0.009 1 - 2 

Euo.62Er2.38Fe4#3Ga0#7012 0.5 12.376 +0. 002 0. 1 - 0.5 

Euo.55Er2#45Ga4#30o.7012 0.5 12.370 +0. 008 > 1 

(Gd3 Ga5 012   12.378 Substrate  ) 

*   Estimated using Vegard's law. 



nominal composition grown for ARPA.    The solution composition and growth 

conditions for these films are summarized in Appendix A-l. 

The Neel temperature of a number of Super IV"1 samples were 

measured during the course of this work.    The Neel temperature for some 

Pb-free samples is plotted as a function of gallium content for a limited 

range of gallium concentrations in Fig.  9.    The curve has been extrapolated 

to values obtained by averaging the Neel temperature of the pure iron garnets 

(see Appendix A).    These data can prove valuable in estimating the gallium 

content of samples whose exact composition is unknown.    For Pb-free 

samples, the gallium contents determined from Fig.  9 were in excellent 

agreement with that obtained by electron probe microanalysis.    However, 

the curve could not be used for samples which contained Pb.    It was found 

that the Neel temperature decreased with increasing Pb contamination. 

4. 3. 3    The Gd-Er Magnetic Garnets 

The Gd-Er magnetic garnets comprise another system which 

exhibits growth induced anisotropy.    These garnets are sometimes 

referred to as the Super VIII garnets, the term "Super" again relating to 

the magnetic superstructure which results in the uniaxiality of the garnets. 

As in. the case of the Super IV"» family, the unique axis in this system is 

perpendicular to the (ill) plane with certain Gd/Er and Ga/Fe ratios. 

Certain of the compositions (approximately Gd! Er2 Fe4.5 Ga0.5 Oi2) have 

lattice constants which are compatible with Gd3 Ga5 012 and these garnets 

can be deposited epitaxially on (ill) Gd3 Ga5 Oi2 substrates. 
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The anisotropy of the Super VIII garnets (about 1400 Oe) is con- 

siderably less than that of the Super IV» family.    Consequently,  preparing 

films of low coercivity is not a serious problem for these garnets and 

coercivities less than 0. 1 Oe are readily achieved.    The prime problem in 

the growth of Super VIII .vas to establish the proper solution composition 

and growth temperature that would yield films having the desired magnetic 

properties (saturation magnetization,   bubble size,  etc. ) 

A number of films were grown at gOO'C from PbO-B203 solutions 

containing a Gd/Er mole ratio of 1/2 and various Ga/Fe mole ratios. 

Substrates were wafers of (ill) Gd3 Ga5 012 with a lattice constant of 12. 383. 

The compositions of certain of the films were determined by electron probe 

microanalysis.    Using these data and the known solution compositions the 

following segregation coefficients were calculated: 

aGd       1.10 

aEr      0.96 

aGa      1.74 

It should be emphasized that these data refer to epitaxial growth at 900oC. 

It has already been pointed out that the segregation coefficient of gallium 

increases with temperature.    These segregation coefficients were used to 

calculate the compositions of all the Gd-Er films grown at 900oC.    Since 

the segregation coefficients of Gd and Er were not exactly unity,  the epi- 

taxial films contained slightly more Gd and slightly less Er than the 

solutions. 
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The Neel temperatures of the magnetic films were measured.    In 

some cases,  it was possible to detect a compensation temperature in 

addition to the Neel temperature.    These data are plotted in Fig.   10 as a 

function of gallium content.    It will be noted that the compensation temper- 

ature is above room temperature for films with gallium content, x.   of 

about 0. 57 or 0. 6.    The Neel temperature is extrapolated to the value of 

the gallium-free garnet obtained by taking a weighted average of the pure 

iron garnets (Appendix A). 

The room temperature saturation magnetization is plotted as a 

function of gallium content in Fig.   11.    The saturation magnetization has 

been found to depend on film thickness^-   18) as well ag composition> 

Since these films were of different thicknesses the points in Fig.   11 are 

somewhat scattered.    The saturation magnetization value for the gallium- 

free garnets was taken as the weighted average of the pure iron garnets 

(Appendix A).    The gallium content.   0. 57.  at which the compensation 

temperature is at 300oK was taken from Fig.   10.    These two points were 

used to establish the saturation magnetization of the garnets with compen- 

sation temperatures below room temperature and must be regarded as 

approximate. 

Some other pertinent properties of the Gdy Er3.y Fe5.x Gax 012 

garnets are summarized in Table VII.    A number of films of each series 

were prepared and the property values in the table represent an average 

of the values measured.    The lattice constants of these films were estimated 

from an expression analogous to that used for the Eu-Er garnets: 
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a0 
0  12. 349  + 0. 0433y - 0. 015 x + 0. 013Pb 

Again,  the correspondence between lattice mismatch and coercivity will 

be noted.    The lowest coercivities were achieved with a close match 

between the lattice constants of film and substrate. 

For temperature - insensitive magnetic properties,  it is desired 

to have a bubble film with a compensation temperature below room tempera- 

ture.    In addition,  bubble diameters of 5 to 6 (jm are desired.    These two 

criteria were used to select the Super VIII composition to be delivered to 

ARPA.    The data of Figs.   10 and 11, and Table VII indicate that the nominal 

composition 

Gdi Er2 Fe4.55 Ga0#45 Oi2 

would satisfy these requirements.    1 o ensure a close lattice match if some 

Pb were incorporated in the film, the Er content was increased slightly 

for the films grown for ARPA.    The solution compositions and growth 

conditions for these films are given in Appendix B-2. 

4,, 3.4    The Super V Garnets 

The Super V garnets are a family of magnetic garnets based on the 

Gd-Y system.    In this case, however,  the term "Super" is somewhat 

misused since the anisotropy in these garnets is primarily stress-induced. 

Actually,  the Super V garnets can be considered as derivatives of the 

Gd-Y garnets in which additional rare-earth ions ha.s been substituted 

to enhance certain properties -- the anisotropy and temperature stability, 

in particular.    In order to maintain the high mobility of the Gd-Y system. 
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rare-earth ions which exhibit little or no angular momentum are preferred 

for substitution.    Thus,  the ions Yb,  Tm,   Lu,   La,  and Eu are preferred 

substitutes and three of these garnets systems were prepared for ARPA. 

Since the anisotropy in the Super V family is primarily stress- 

induced,  the mismatch of substrate and film lattice constant is critical. 

These systems have negative magnetostriction coefficients so the films 

must be in tension to exhibit anisotropy perpendicular to the (ill) plane. 

In general, it is desired to grow the film in as much tension as possible to 

achieve high anisotropy.    However,  care must be exercised to ensure ;   at 

the lattice mismatch is not enough to cause the film to crack. 

The lattice mismatch was found to be especially critical in the c-ise 

of the Gd-Y system.    Observations of magnetization and anisotropy versus 

Gd ion concentration of LPE films grown at 950-1000<,C led to the conclusion 

that there was a growth-induced,  in-plane anisotropy which, for films 

containing enough Gd, was sufficient to overcome the stress-induced 

anisotropy normal to the film.    For as-grown films,  a tolerance of only 

0. 003« was found between that lattice mismatch necessary to yield bubble 

domains and that which caused film cracking.    It was necessary to mix and 

equilibrate 15 different JjPE garnet solutions and grow over 30 layers to 

solve the problem sufficiently to obtain good,  device-quality films.    It 

should be pointed out that the growth-induced in-plane anisotropy could 

probably be eliminated by high temperature annealing.    However,  it was 

felt that such post-growth treatment was ouf-ide the scope of this phase of 
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*. Pro,...    la addition.  it „a8 de8ired ^ ^^^ ^ ^^ ^ 

ä£^i2J£ films belonging to the Super V family. 

The high magnetostriction coemcients of Vh and Tm (-4. 5 and 

-3- Z x iO-'.  respective.,, heip a.ieviate the proh.em of s„hstrate/f„m 

-ice mismatch.    The addition of either of these ion, to Od-V raises the 

magnetostriction coefficient of the whoie system so that an .quiv.U.. 

anisotropy can he obtained ».„ a sma.ier .attice mismatch.   ta add.«« 

««.. ions may .ntrodnce a component of gro^-.ndnced anisotropy norma. 

to the film piane or.  at least,   reduce the in n1a 
the in-plane anisotropy which is 

natural to the Gd-Y systems. 

- latter effect is the prime reason for introducing small amounts 

o* - o the Gd-Y lattice. RePlacement of part of the Gd ions with the large 

La iot kes it possible to formulate a Super V comnos>•        . . 
"per v composition of desirable 

P^opert. nch matches the lattice constant of-6   r     r. 
constant of od3 Ga5 012 without using 

undue amounts of Gd     Thus    «•»,» • 
Gd.    Thus,  the in-plane growth induced anisotropy can 

be minimized. 

Super V garnets 

Although the lattice mismatch tolerant i 
tolerance is not as limited for the substituted 

is in the case of the Gd-Y svat^r«    tn 
Y system, film compositions 

.«U have to be precise,, adjusted to yie.d the desired reUtionship between 

.aturat.on magnetiaation and anisotropy.   Since these compositions invo.ve 

one more ions than Super IV or <!,.„.■ «„. « 
P     IV       Super VUI the adjustaent is somewhat n,ore 

compacted,   .n add.t.on. rare-earth .on segregat.on coeff.c.ents s.gn.«. 

cant.y afferent from unity were found for these compoa.t.ons.    Thus, 
the 
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film composition differs appreciably from the solution composition in most 

cases.   Segregation coefficients for these systems at a specified growth 

temperature are listed in Table VIII.    In all cases, Gd enters the lattice 

preferentially.    This is not surprising when it is realized that the compo- 

sitions are being tailored to fit the Gd3 Gag 012 lattice.    However, it should 

be emphasized that some dissolution of the substrate takes place before 

epitaxial growth occurs.    Thus,  the apparent high segregation coefficient 

Of Gd may be due to the reincorporation of Gd dissolved from the substrate 

before film growth was initiated.    The segregation coefficients of the other 

rare earths decrease approximately in proportion to the amount by which 

they differ in size from the Gd ion. 

The solution compositions and growth conditions for the Super V 

films supplied to ARPA are summarized in appendices A-3 through A-6. 

Some properties of these compositions (representing an average of the films 

supplied to ARPA) are listed in Table IX. 

In Table IX,  the characteristic length of the Gd-Y composition is 

seen to be quite small.    This is a consequence of the low anisotropy achieved 

in this system.    It is possible that some increase in characteristic length 

and anisotropy could be achieved by optimizing the composition;   however, 

it is doubtful that these parameters could be increased significantly in as- 

grown LPL films.    The sizeable component of in-plane growth-induced 

anisotropy netds to be destroyed by heat-treatment at elevated temperatures. 
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TABUE VIII 

Growth 
System Temperature Segregation Coeffic ient 

(.0c) Gd Y Yb            Tm I.a Ga 

Gd-Y 970 1.02 0.99 -- -- 1.89 

Gd-Y-fb 950 1.21 0.90 0.96 -- 1.98 

Gd-Y-Trn 950 1.28 1.15 0.71 -- 1.97 

Gd-Y-La 944 1.47 1.10 - —             . _ 0.24 1.80 
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Composition 

TABLE IX 

Properties of Some LPE Super V Garnets 

Wall 
Saturation         Characteristic                              Mobility 

Magnetization            Length             Anisotropy  (cm/sec- 
 (gauss) (l^m) (Oe) Qe) 

G^o.46Y2.54Fe3#95Ga1#05012 140 

Gd.99Yb0#86Y,<15Fe4#i6Ga0#84O12 160 

Gdj .09 Tm0#98 Y0<98Fe4#32Ga 0.68O12 16 0 

Gd0#44La0>04Y2#52Fe4#01Ga0#99O12 115 

0.47 

0.53 

0.72 

0.70 

350 

610 

1160 

580 

460 

520 

300 

400 
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The characteristic length of the Gd-Yb-Y films is somewhat low 

also.    In this case, it is felt that additional Ga could be introduced into 

these films.    This would have the effect of both reducing the saturation 

magnetization and increasing the anisotropy (by decreasing the lattice 

constant of the film and thereby increasing the lattice mismatch and strain), 

and, thus,  increasing the characteristic length. 

Both the Gd-Tm-Y and Gd-La-Y compositions have characteristic 

lengths in a desirable range.    These films will support stable bubbles 

with diameters of 5 to 6 microns. 

Because of the dependence of mobility values upon pulsed field 

amplitude as well as their inherent uncertainty (Ref.  2). it is not entirely 

clear that the differences in this property listed in Table IX are significant. 

However, all the Super V compositions have wall mobilities exceeding 

200 cm/sec Oe. a desiratum cpecified in the Introduction of this report. 

4. 3. 5    The BaO-Based Solvent System 

A second solvent system from which magnetic garnets have been 

grown is based on BaO.    Linares (Ref.   18) first described the use of the 

BaO-B203 system in the preparation of Y3 Fe5 012.    Laudise,  et al^***   19) 

also used this solvent for the growth of Y3 Fe5 012 on a seed.    Recently. 

Burmeiater    ^f al^Refs*   16 and 10) . ,   . eurmeister,  et al have improVed this solvent system by 

additions of PbF2 and have used the improved solvent for the epitaxial film 

growth of several compositions of magnetic garnets on Gds Ga5 012 substrates. 

It was an objective of this work to investigate the BaO-based solvents and to 

compare these solvents with PbO-based systems. 
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Although the BaO-based .olvent system ha8 not been U8ed a8 _ 

tensively as the PbO-hase. 8olventf  it p088e88e8 ^^ ^^ ^ 

pertxes. which have been discussed by Burmeister. et al^«-   "> and 10) 

Briefly, these properties include the following: 

(1) ^ VaPOr Pre88Ure is ^ *' ^ growth temperatures 

(2) The solvent does not react with platinum 

(3) The solvent is relatively non-toxic 

(4) Garnet is congruently saturating in the solvent 

(5) Solvent constituents are not readilv i« 
readily incorporated in the fi!m. 

In addition,  the rare a- „«, 
rare earth magnet garnets are. in genera., more 80lubIe 

in the Bao-base. so.vent, than in the Pho-hased s„lve„.s. 

- spite „( these significant ad.anUges. however, the high Wsccsity 

o. the seven, at temperatures heiow MOO-C ha. proven to he a serioas 

ohstacie to it. „ore WidesPread ase.    Becau.e of ... hlgh ^^   ^ 

soiution does no. flow freeIy from the epitaxia, fllm and the 8ubBtrate 

Haider as the, are withdrawn fr„m the .e...   A fl,m „, .OIutioii nearly 

«-h i. can caose the epita.iai fllm and even the sahs.ra.e to crach as it 

cools to room temperature. 

-«Hough garnet is congruent,, saturating in the BaO soivent sys.e„. 

the Hewlett-Packard workers(Ref-   ^ „Uf  •      .   . 
obtained their best results using 

solutions slightly rich in rare-earth oxide«-  «..♦ , 
earth oxides;  that is.  toward the orthoferrite 

side of the stoichiometrir aar«^ metr.c garnet composition. (,. wlll be recalIed ^ ^ 
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Pha« r.tat..MWp. in „.. pbo ...,_. pequire ^ ^ ^^^^ ^^^ M 

exca,8 of Fe2os). A soItttion comp08Won 8imilar to that ^^ ^ ^^^ 

PaC,. „as U8ed here to deposit ^ nominai ^^^^^ ^^^^ ^^^^ 

on (HI) Gd3Ga501? substrates      Th« 0^1  *• 
,1    ubstrates.    The solu^on composition is given in Table X. 

Note that BaO was weighed as Ram       TU 
gned as BaCCV    The solvent components alone were 

first slowly heated to about 1Z00 = C to allow the BaCC^ to decompose.    The 

solution was then cooled and the solute components were added.    The solution 

was maintained at about 1175°C overnieht     Th* ««i  « uveri"gnt.    The solution was stirred 

vigorously a„d then cooled to growth temperature. 

The coudmons and the reeulte of the epitaxial fi.m gr<wth run8 are 

auramarized in Table XZ.   After each run the eo.ution „ae heated to ahou. 

i075-C and stirred in preparation for the next run.    The fluidity of the of 

solution increased with growth temoeratM^ K * • 
8  owtn temperature but in no case did the solvent 

drain completely fron, the wafer.    The filn. of solvent caused each of the 

wafers to crack as the wafers coded fron, growth temperature to room 

temperature.   When the solvent was removed by dissolving in „arm. 

dilute HNO3. the wafers usually crumbled into small pieces. 

In light of these experiments and results it appeared that a ccn- 

siderabie effort would be retired .0 deve.op the .echniques necessary 

.0 grow device quali.y fiIm8 from thc Ba0.based ^     ^.„^^ 

device q„a.ity films were a.ready being grown from the PbO-B^ solvent 

Therefore, it was decided that a continued effort with the BaO solvent would 

not meet the intent of the contract and work was discontinued with this 

solvent system. 
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TABLE X 

Solution Composition for Growth of 

Eu! Er2 Fe4 , Ga0 7 012 From BaO - BZO, - Ba Fp, 

Weight 
Compound (gm) Moles Mole Percent 

BaCOj 24.5 0.12 32.4 

B203 8.6 0. 12 32.4 

BaF2 9.5 0.054 14.9 

Er203 7.9 0.021 5.7 

Eu203 3.9 0.011 3.0 

Fe203 5.6 0.035 9.5 

Ga203 i.l 0.0059 1.6 
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4435 A 

4435 B 

TABLE XI 

Summary of Runs in Ba0 _ B 

1000 

4435 C 1026 

4435 D 1054 

4435 E 1054 

2O3 ' BaF?. Solvent 

N^b« T":Zl* GJOWth 

7^ Remarks - Rg^uitg (mm) ■————______ 

30 

30 

30 

10 

Solution precipitated before 
run was over - solvent did 
not drain - wafer badly cracked 

Solvent did not drain - wafer 
badly cracked - thick faceted 
layer 

Solvent did not drain completely 
wafer badly cracked - thick 
laceted layer 

Thin film of solvent on layer 
wafer cracked - thick faceted 
layer 

Thin film of solvent on layer 
wafer cracked - thin layer 

63 



5. CONCLUSIONS AND RECOMMENDA TIONS 

Crystals of Gc^ Ga5 012 of high structural quality have been grown 

by the Czochralski method.    Polished wafers sliced from these crystals 

exhibit less than 10 dislorations/cm^.    The low dislocation crystals grown 

to date at Monsanto have exhibited coring and growth striations.    Epitaxial 

films grown on these substrates also exhibit striations corresponding to 

those in the substrate.    Liquid phase epitaxial growth conditions can be 

adjusted to minimize the replication of the substrate striations to the 

extent that they have little or no effect on the propagation of magnetic 

domains.    Nevertheless,  core-free,  striation-free wafers are preferred 

substrates.    Recently, at least two commercial suppliers of Gd3 Ga5 012 

(Union Carbide and Airtron) have begun to market core-free.  low disloca- 

tion Gd3 Ga5 012 and it is expected that this material will soon be available 

generally. 

A polishing procedure which produces work damage-free surfaces 

has been developed for (ill) Gd3 Ga5 012 substrates.    The final step in- 

volves removing x to 2 mils of the substrate on a Syton-flooded.  Corfam 

lap.    The procedure produces an excellent surface for epitaxial growth. 

However,  the final polishing results in considerable rounding of the sub- 

strate edges.    It is recommended tha polishing procedures be reevaluated 

frequently to insure that surface preparation contributes to and is kept 

abreast of advances in film growth technology.    Of specific current impor- 

tance is a polishing procedure which will produce a flat and damage-free 

surface. 
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Device quality,  magnetic bubble films of a number of compositions 

have been deposited on Gd3 Ga5 012 substrates by the dipping method from 

a supercooled PbO-B^ solution.    The relatively low viscosity of the 

PbO-B203 solvent compared to BaO oxide solvents at epitaxial growth 

temperatures below 1000oC has proven to be a telling advantage for the 

use of this solvent system. 

Epitaxial films of six different compositions were delivered to ARPA. 

These include films of Super IV, Super VIII and four different compositions 

of the Super V family.    Super IV and Super VIII garnets exhibit growth 

induced anisotropy while the anisotropy of the Super IV garnets is primarily 

stress induced.    Domain wall mobility in all the Super V garnets exceeded 

200 cm/Oe-sec.    No clear-cut relations between film composition and 

mobility were found.    However, mobility did tend to decrease from composi- 

tion to composition with increasing anisotropy as is expected. 

The investigation of the preparation of magnetic bubble films by ARC- 

plasma spraying and by chemical vapor deposition will be included in the 

next phase of this program.    The preparation of films by LPE will be 

continued also.    It is recommended that the LPE effort be devoted to 

studies of additional compositions of the Super V family.    The Eu-Y system 

is of particular interest because of its reported temperature stability(Ref-   15). 
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APPENDIX A 

Some Properties of Rare Earth Iron and Gallium Garnets 
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APPENDIX A-2 

Garnet 

Lattice Constants of the Rare Earth Gallium Garnets 

Lattice Constant A 

PrjGajO^ 

Nd3Ga5Ol2 

Sn^GagO^ 

Eu3Ga5012 

Gd3Ga50I2 

TbaGasO^ 

DysGagOxz 

Ho3Ga5012 

Er3Ga5012 

Tm3Ga5Oi2 

Yb3Ga5012 

Lu3Ga5012 

Y3Ga5012 

12.570 

12.506 

12.432 

12.401 

12.383 

12.348 

12.307 

12.293 

12.255 

12.225 

12.204 

12.188 

12.280 



APPENDIX B 

LPE Growth Parameters for Rare E 
arth Magnetic Garnets 



APPENDTX B-l 

Growth Parameters for Eu-Er Garnets 

Solution Composition: 

Compound Weight Mole Mole 
(ßm) Percent 

EU2O3 0.20 0.00057 0.12 

Er203 0.83 0.0022 0.48 

Fe203 5.00 0.031 6.7 

Ga203 0.45 0.0024 0.52 

PbO 90.0 0.40 86. 5 

B20, 1.8 0.026 ■   5.7 

Saturation Temperature 

Growth Temperature 

Growth Rate 

Film Composition 

w930oC 

890oC* 

«0. 38 (J-m/min 

Euo.63 Er2-27 Fe4.36 Ga0>64 012 

*   Note:   Films may contain some Pb when grown at this temperature. 



APPENDIX B-2 

Growth Parameters for Gd-Er Garnets 

Solution Composition: 

Compound Weight 
(ßm) 

Mole Mole 
Percent 

Gd203 0.4519 0.001249 0. 18 

Er203 1.3135 0.003435 0.49 

Fe203 7.6755 0, 04807 6.88 

Ga203 0. 4744 0.002531 0.36 

PbO 135.0 0.6048 86.54 

B203 Z.700 0.03877 5.55 

on Tempera ture    :           » 940' 'C 

Growth Temperature 

Growth Rate 

Film Composition 

900oC 

» 0. 22 M-m/min 

Gd0#9 Er2il Fe4#55 Ga0#45 012 



APPENDIX B-3 

Growth Parameters for G-Y Garnets 

Solution Composition: 

Compound                Weight Mole Mole 
(gm) Percent 

Gd203                   0.3119 0.0008621 0.13 

Y203                      1.1035 0.004886 0.70 

Fe203                  8.2666 0.05177 7.47 

Ga203                    1.2092 0.006451 0.93 

PbO                  132.0 0.5919 85.39 

B203                      2.600 0.03733 5.38 

Saturation Temperature    :           »110° C 

Growth Temperature          :           976 DC 

Growth Rate                           :           » 0. 36 ^m/min 

Film Composition Gd0#46 Y2#54 Fej,; Galt05 0x2 
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APPENDIX B-4 

Solution Composition: 

      ««       AM       i yjai lie IS 

Compound Weight Mole Mole 

0.3839 

Percei 

Gd203 0.001061 0.22 

Yb203 0.4575 0.001160 0.25 

Y203 0.3726 0.001650 0.35 

FejOs 5.6527 0. 03540 7.51 

Ga203 0.6164 0.003289 0.70 

PbO 90.00 0.4032 85.50 

B203 1.800 0.02585 5.48 

Saturation Temperature wlOOO 3C 

Growth Temperature :          946 "C 

Growth Rate :          *0. 47 Mrn/min 

Film Composition Gdn nn ''.    ..    Vh TTi /-•_ 
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APPENDIX B-5 

Growth Parameters for Gd-Tm-Y Garnets 

Solution Composition: 

Compound Weight Mole Mole 
(gm) Percent 

Gd203 0. 3622 0.001001 0.21 

Trr^Oj 0.5926 0.001532 0.32 

YzOj 0.2261 0.001001 0.21 

Fe203 5.7740 0.03616 7.64 

Ga203 0.5102 0.002722 .94 

PbO 90.00 0.4032 85.21 

B203 1.800 0.02585 5.46 

Saturation Temperature :          «980' C 

Growth Temperature 

Growth Rate 

Film Composition 

950oC 

» 0. 24 pm/min 

Gdi.w  Tm0>93  Yo#98 Fe4,32 Ga0,68 012 
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APPENDIX B-6 

Solution Composition: 

vaarnecs 

Compound Weight 
(fim) 

0.1279 

Mole Mole 
Percent 

Gd203 0.0003535 .068 

La203 0.0653 0.0002004 .039 

YzOa 0.6732 0.002901 0.57 

Fe203 5.5249 0. 03460 6.67 

Ga^a 0.8017 0. 004277 0.82 

PbO 100.0 0.4480 86.30 

B2O3 2.000 0.02872 5.53 

Saturation Temperature «985° C 

Growth Temperature :          944 0C 

Growth Rate :          «0. 26 ^m/min 

Film Composition Gdn A A r.a v.         IT- /"• _ 
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APPENDIX C 

Characterization Data of Bubble Films 
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