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I. OBJECTIVES

The overall objective of this research is to develop epitaxial single

crystal ferrite films suitable for microwave and millimeter-wave signal
processing at frequencies above 1 GHz. The specific tasks are:

1. Analyze and develop special layered garnet structures for

propagating-magnetic-wave devices operating at frequencies between

1 GHz and 25 GHz.

2. Investigate LPE growth of lithium ferrite with the objective of

preparing low-loss, large area films suitable for delay lines.

3. Investigate epitaxial hexagonal ferrites for use in devices

operating at frequencies above 70 GHz, including investigation of

substitutions such as Ga or Al as a method for raising anisotropy

fields to produce materials useful for devices operating at

frequencies above 100 GHz.

These tasks represent a continuation of the work done under previous con-

tracts F44620-75-C-0045, F49620-79-C-0048, and F49620-80-C-0045. Task 1

relates to magnetostatic wave (MSW) devices similar to surface accustic wave A

(SAW) devices, but operating at higher frequencies. This task makes use of

the fairly well established epitaxial carnet technology. Tasks 2 and 3

represent an exploration of the epitaxial growth of other classes of fer-
rites which have capabilities beyond those of the garnet-structure ferrites.
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II. BACKGROUND

In order to appreciate the accomplishments under this contract, it is

(perhaps worthwhile to consider the status of epitaxial garnets and hexagonal

ferrites when the series of contracts began in 1975. At that time the

liquid phase epitaxy method for growth of magnetic garnet films was quite

new. It appeared to be capable of producing films which were as crystal-

lographically perfect as the substrates. The substrates, rare earth gallium

garnets, especially gadolinium gallium garnet (GGG), were becoming com-

mercially available and had extremely low defect densities. The principal

interest in epitaxial garnets was for magnetic bubble memories. For this

Uapplication the films had to be about 3pm thick with low defect density and
excellent thickness and compositional uniformity. Low microwave losses were

not a requirement. In fact, rather substantial magnetic damping was desir-

able as a means of maintaining stable domain wall structures.

The major initial thrust of this series of contracts was to optimize the

liquid phase epitaxy (LPE) method for growth of microwave garnets, speci-

fically yttrium iron garnet (YIG). The major attraction of YIG was its low

microwave losses, corresponding to narrow ferromagnetic resonance peaks.

The theoretical value for the intrinsic linewidth was 0.2 Oe at X-band (10
GHz). Values close to this had been reported for spheres fabricated from

flux-grown bulk crystals. Single crystal films of YIG were potentially
attractive for applications where spheres or bulk crystals were unsuitable

(such as magnetostatic wave devices); for device designs compatible with
planar waveguide and microwave integrated circuits; or perhaps as a lower

cost alternative to spheres. However, previous attempts to prepare single

crystal films of YIG had not been successTul in attaining low losses. Also,

previous attempts had failed to yield good quality films of the thickness

needed for microwave devices.

0
During the early years of this research, articles published by other workers

indicated that the LPE process had inherent characteristics which would

prevent successful growth of thick films and which would limit the attain-

able linewidth. The difficulties with thick films were not merely that

misfit stresses would cause fracture but that the LPE process entailed

* 2



an instability at the crystal growth interface which would cause progressive

development of hillocks and ridges. Thus, there appeared to be a limit of

about 30pm beyond which crystal quality deteriorated. The difficulty in

attaining low linewidths was the substrate, which contained magnetic rare

earth impurities that would create direct relaxation loss processes and

gallium that would produce gradients in the magnetization. Even if these

could be controlled, incorporation of Pb, an essential component in the LPE

solvent, would create valence exchange loss mechanisms.

Probably the most significant accomplishments during the early years of the

contracts were the attainment of intrinsic-losses (0.15 Oe linewidth at 9.5

GHz) and the demonstration of high quality films 1O0km thick. The key to

attaining low losses was to avoid contamination by magnetic impurities and

to deliberately incorporate Pb to charge compensate other impurities and

point defects. The ability to grow high quality thick films was based in

part on using the incorporated Pb to reduce misfit stress but, more impor-

tantly, using well polished substrates and clean deposition conditions to

prevent nucleation of ridges and hillocks. At the present time we grow low

loss, 50m thick films routinely for use in magnetostatic wave devices for

two current Air Force contracts. In addition, over the years of this series

of contracts, we have supplied films to several universities and a number of

government laboratories.

Once the techniques for growing low linewidth YIG films of suitable thick-

ness were established, attention was focused on two problems which were

important to the successful application of epitaxial YIG in microwave

devices. One problem was the variation of magnetic and microwave properties

with temperature. Of course in practice this problem could be solved by

external methods such as temperature control or electronic compensation.

However, we devoted some effort to understanding the nature of magnetic

anisotropy in epitaxial garnets. This led to the demonstration of modified

YIG compositions in which the various anisotropy contributions could be

counterbalanced to adjust the temperature variation and even to achieve a

ferromagnetic resonance condition which was constant over a significant

range of temperatures.
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Temperature stability was achieved by using gallium as a substitute for part

of the iron and lanthanum as a substitute for part of the yttrium in the YIG

films. This experience was of great use in solving the second problem.

This problem was to prepare a material which was optimized for use in

magnetostatic wave devices. Such devices are in many ways analogous to

surface acoustic wave devices. Typically they take the form of a delay

line. An input transducer launches a wave (a magnetic spin wave in the

magnetostatic wave device, an acoustic wave in the surface acoustic wave

device) which propagates along the crystal and is picked up by an output

transducer. While surface acoustic wave devices are useful up to about I

Cz, Fma:;:tostatic wave devices are useful- from about 1 GHz up through the

microwave frequency range. Also, magnetostatic wave devices are tunable;

that is, the center frequency can be adjusted by choosing the strength of an

externally applied magnetic field.

Low linewidth is important for magnetostatic wave devices where it cor-

responds to low propagation loss. Just as important, however, is control of

dispersion, the variation of delay time with frequency. For most applica-

tions, nondispersive (delay time is constant for all frequencies in the

operating bandwidth) or linearly dispersive (delay time is proportional to

frequency) behavior is required. In general, magnetostatic wave delay lines

exhibit complicated nonlinear dispersion.

A very promising method for dispersion control is to use multiple layer YIG

instead of a uniform single layer. The dispersion can be adjusted by choice

of the number of layers and the thickness, saturation magnetization and

magnetic anisotropy of each. To accomplish this in practice requires a good

theoretical model of magnetostatic wave propagation in multiple layer

structures and the ability to prepare these structures while retaining high

crystal quality and low losses. A major area of activity during the past

few years of the research contracts has been to develop models for the three

principal modes of magnetostatic wave propagation: magnetostatic surface

waves (MSSW), magnetostatic forward volume waves (MSFVW), magnetostatic

backward volume waves (MSBVW). The models are used to determine the optimum

multiple layer structures for nondispersive or linearly dispersive delay q

characteristics.

4



Multiple layer structures are grown by successive liquid phase epitaxy.

Lanthanum and gallium (or aluminum) substitutions are used to alter the

magnetic properties of the layers. The level of substitution can be suf-

ficient to reduce the saturation magnetization to such an extent that the

layer behaves as though it were a nonmagnetic dielectic. Thus magnetic and

monmagnetic layers can be grown having thicknesses ranging from about lpm to

about 1OOm.

Although the LPE process is highly reproducible and the effects of lanthanum

and gallium substitution are fairly well understood, the quantitative

relat,*cship between LPE growth conditions and the maCretic properties of

the layers must be determined empirically. This is best done by ferro-

magnetic resonance (FMR). The FtFR spectra of multiple layer materials are

quite ccmplicated. Therefore, part of the research effort has been directed

toward a theoretical analysis of FMR in multiple layer materials.

Multiple layer structures may seem complicated. The fact is, however, that

once the required structure has been defined it is fairly easy to obtain by

LPE. In the course of this research we have demonstrated nondispersive

delay lines with flatter characteristics than any previously reported. In

addition we have demonstrated linearly dispersive delay lines having

linearity at least as good as any previously reported. Moreover, our

multiple layer linearly dispersive delay lines have the potential for

significantly lower propagation loss than alternative designs.

A continuing problem with magnetostatic wave delay lines is ripple. Ripple,

observed as fluctuations in the delay time versus frequency characteristics,

is attributable to reflections of the propagating magnetostatic waves.

Various methods have been tried by different investigators to prevent or

attenuate reflections. Methods include beveling the YIG layers, damaging

the end regions of the delay lines, distorting the applied magnetic bias

field near the ends of the delay lines. In recent work on this contract we

have demonstrated a new method of ripple suppresion which employs an

epitaxial attenuation layer. Thus, the new method is an extension of our

work on multiple layer YIG.

5
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At the present time, YIG is the only ferrite which can be grown in the form

of large-area layers having low linewidth. Other potentially low linewidth

ferrites are also of interest; especially lithium ferrite and hexagonal

ferrites. Lithium ferrite is of interest mainly because it has a higher

saturation magnetization than YIG. This property can result in larger

bandwidths and higher operating frequencies in devices.. In addition,

lithium ferrite has a higher Curie temperature which may make it easier to

obtain temperature stable device performance. Hexagonal ferrites are of

interest mainly because of their high magnetocrystalline anisotropy. This

can function like a built-in magnetic field to bias resonance to high
free c s. T -- s, hexagonal ferrites can_ be used in devices ihich operate

at millimeter-wave frequencies using magnets which would provide only

microwave frequency operation for other ferrities.

LPE growth of YIG was facilitated by the existence of a suitable substrate,

GGG, which was commercially available. For epitaxial growth of lithium

ferrite and hexagonal ferrites, suitable substrates have had to be identi-

fied, grown, and evaluated. During the earliest period of the series of

contracts we used bulk crystals of hexagonal ferrites as substrates and were

able to demonstrate the first LPE growth of hexagonal ferrite. Sub-

sequently, we grew crystals of zinc gallate spinel and magnesium indium-

gallate spinel and, using these, were the first to report LPE growth of

hexagonal ferrites (several different compositions and types) on non-

magnetic substrates. In these cases, (111) surfaces of the spinel crystals

were used because of the structural similarity to the basal planes of

hexagonal ferrite. We also used these substrates for LPE growth of lithium

ferrite which, like the substrates, has the spinel crystal structure. We

were among the first to report LPE growth of lithium ferrite and we have

reported the lowest linewidth, less than 8 0e at 9 GHz.

Investigations of LPE growth of lithium and hexagonal ferrites have con-

tinued throughout the series of contracts, although at a lower level of

effort than the YIG work. Improvements have been made in the techniques for

growing the gallate spinel substrate crystals so that substrates 1 or 2 cm

in diameter are obtained fairly reproducibly. Some work has been done on

preparing non-(111)-oriented substrates for use in LPE of lithium ferrite.

6



Various LPE melt compositions were studied to try to improve the quality

(espically the uniformity) of lithium ferrite and hexagonal ferrite layers.

Also, modifications to the chemical composition of the hexagonal ferrites

were investigated to demonstrate the ability to increase the anisotropy

fields and, thus, increase the frequency useful for device operation.

Eventually, 94 GHz center frequencies should be attained easily.

In summary, when this series of contracts began, LPE growth of YIG on GGG

wa: known; however, there were serious doubts about the ability to prepare

YIG layers suitable for microwave devices. Specifically, there were doubts

about the ability to obtain very low linewidths and to obtain good quality

layers of sufficient thickness. LPE growth of lithium ferrite and hexagonal

ferrites had not been reported and suitable substrates had not been identi-

fied. The research performed under this series of contracts has 1

significant in solving the basic problems with LPE YIG so that high quai y,

low linewidth layers of thickness suitable for microwave devices are avai'

able. In addition, considerable progress was made in advanced LPE YIG,

especially multiple layer materials for dispersion control in magnetostatic

wave devices. LPE of lithium ferrite and of several hexagonal ferrites was

0 developed using gallate spinel crystals as substrate. Large area layers of

very low linewidth have not yet been demonstrated for these ferrites.

Further research is required to improve these materials. The research

probably should include evaluation of other substrate materials as well as

study of ferrite growth processes.

III ACCOMPLISHMENTS

As described in the previous section, a major problem with existing magneto-

static wave (MSW) delay lines is ripple. This is observed in the form of

fluctuations in the delay-time versus frequency dispersion curves. It also

shows up as fluctuations in attenuation versus frequency across the pass-

band. Ripple is attributable to reflections of the magnetostatic waves,

especially reflections from the ends of the delay lines. A new method of

ripple suppression was conceived in the course of work we were performing on

another Air Force contract (F19628-82-C-0098 with the Electronic Systems

7



Division of RADC). This contract calls for advanced research on variable

nondispersive MSW delay lines. Ripple is a serious problem for the envis-

ioned applicaticn. Although conceived on the RACD contract, the method was

reduced to practice under this AFOSR contract.

Our method for ripple suppression is a variation of our multiple layer

approach to dispersion control. If two adjacent Y G layers have sub-

stantially equal magnetic properties, they will behave like a single com-

bined layer as far as magnetostatic wave propagation is concerned; that is,

the waves will propagate within both layers. If one of the layers has high

propagation losses, then the wave will be attenuated. The basic idea of the

method is to provide such as attenuation layer only in regions where high
propagation losses are desired; for example, near the ends of the delay line.

To demonstrate this method, we used an ordinary LPE YIG film for one layer

(the propagaticn layer) and an LPE YIG film with a slight holmium sub-

stitution for the other layer (the attenuation layer). Holmium is a

magnetic rare-earth which has relatively large magnetic moment and orbital

angular momentum. Holmium replaces yttrium in the YIG crystal structure.

The large magnetic moment provides coupling to the iron spins and, there-

fore, to the magnetostatic waves. The large orbital angular momentum

provides, through spin-orbit coupling, a rather efficient mechanism for

transfering energy from the spin system into lattice vibrations. In the

attenuation layer, the presence of a few percent holmium substituting for

yttrium increases the microwave losses tremendously. The FMR linewidth is

100 Oe or more compared with values much less than I Oe for the

unsubstituted YIG in the propagation layer. Yet, because the holmium

contents is very small, the magnetic properties other than linewidth are

substantially unaffected.

Figures (1) and (2) illustrate this. Figure (1) is the FMR spectrum of a

non-holmium substituted LPE grown YIG film on GSG. Ir, this case the

magnetic bias field is perpendicular to the plane of the film and the

applied microwave energy has a frequency of 9.5 Gz. Note that the main

resonance line is very narrow (<I Oe) and this resonance occurs at 4879 Oe.

8
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Initial sputter deposition experiments employed an aluminum substituted

hexagonal ferrite target. The aluminum substitution increases the aniso-.3

trcpy field and, thus, increases the resonance frequency. As the contract

year drew to a close, we had succeeded in depositing ferrite. However, the

deposit was not epitaxial and the ferrite type could not be identified

unaibiguously. The work is continuing under new contracts.

I
IV PERSOttNEL S

The Principal Investigators were H. L. Glass, who was responsible for

cr st ] cra hic characterization, and L. R. Adkins, who was responsible for

Ft:'. and icrowave analyses. F. S. Stearns carried out much of the crystal

grcwth and crystal processing. C. B. eible assisted with ceramic sample

preparation and X-ray analysis. During prior years of the series of con-

tracts, M. T. Elliot and J. H. W. Liaw were major contributors in the area ]
of FNR analysis of the ferrite materials. D. Medellin developed the pro-

cesses for substrate polishing.
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at Fort Monmouth showed that the ceramic meterial was ferromagnetic (or

ferrinagnetic) at low temperature. The combination of spontaneous magneti-

zation and transparency to visible light is rather rare. This strontium

fe-ite borate material may prove to useful in macneto-optical devices.

A -e experiments were performed to determine W'hether a corresponding

co--ouid existed with EaO in place of SrO. No evidence for such a phase was

fe L-d.

7P>. -ring to the subject of hexagonal ferrite, the L-E strontium hexaferrite

n "e r tihe Army ccntract represe.te a substantial improvement over the

pri:r miaterials. However, the layers were not smooth. They exhibited the

he>:xgonal scale-like morphology just like the BaO- and PbO-based LPE

he-_gcnal ferrites. On the other hand, work done much earlier in this

series of contracts showed that smooth layers could be obtained when the

substrates were themselves hexagonal ferrite. Thus, the problem may be

ascribed to a chemical mismatch between epitaxial layer and substrate even

though there is a good physical (structural) match.

Recently, two research groups in Japan reported success in sputter deposi-

ticn of barium hexaferrite in amorphous and polycrystalline forms. With an

ap-ropriate substrate, perhaps the (111) gallate spiels, it may be possible

to obtain a single crystal layer of hexagonal ferrite. This may be an

alternative to LPE; or, LPE may be carried out to deposit a hexagonal

ferrite layer on top of the sputter deposited layer.

With these possibilities in mind, we began experiments on sputter deposition

of hexagonal ferrite. The first step was to modify a sputtering system to

accept small targets. This enabled us to make targets ourselves instead of

purchasing the standard large targets. This saves time and money while we

determine the proper target composition.

20
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year came to a close, there were substrate crystals in various stages of

processing as well as a sufficient number of completed substrates to resume

the LPE growth experiments. These experiments will be performed as part of

the new contract F19628-83-C-0132.

As previously mentioned, the gallate spinel crystals are also used as

substrates for epitaxial growth of hexagonal ferrites. In this case, it is

the (111) orientation which is of interest because of the structural

similarity between the spinel (111) planes and the (00.1) basal planes of

the hexagonal ferrites. The most ccmon hexagonal ferrite, barium hexa-

ferrite (EaO 6F2 203 ), has an a lattice parameter of 5.892A which will

give a good lattice match if the spinel lattice parameter is 8.33A. The

lattice matching requirements for lead hexaferrite and strontium hexaferrite

are nearly the same.

In prior years, we had investigated LPE growth of the BaO- and PbO-based

hexagonal ferrites. When the most recent contract year began, we were in

the final months of a two year contract with the Army Research Office

(DMG29-80-C-0150) on which we were studying LPE growth of SrO-based

hexagonal ferrites. That work, which drew heavily on prior accomplishments

under AFOSR support, resulted in epitaxial layers that provided good cover-

age of the spinel substrates and linewidths as low as 60 Oe at 60 GHz. This

represented a substantial improvement over previous LPE hexagonal ferrites

which, typically, exhibited linewidths of several hundred Oe at this

frequency.

The work on the Army contract also led to the discovery of a new ferrite

material which was prepared in single crystal form. The crystals were

green, transparent to visible light and exhibited ferromagnetic resonance at

temperatures somewhat below room temperature. Chemical analysis showed that

these crystals contained boron, as well as strontium and iron, as the major

metallic constituents. After conclusion of the Army contract, some experi-

ments were performed on the AFOSR contract to define the composition of this

material and to prepare it in ceramic form. The results showed that the

composition is 3SrO * Fe203 , B203. Low temperature magnetometer meas-

urements performed at the Electronics Technology and Devices Laboratory

19
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The layer quality was fairly good. Optical microscopy showed that the

substrates were covered uniformly and the layer surfaces were smooth.

Hcwever, growth terraces were present. Using the best growth conditions, a

li;er was gro,.n on one of the larger substrates, about 1.5 cm in diameter.

Ve tried to measure magnetostatic wave propagation in this sample. However,

no output signal was detected. Probably the propagation losses were too

high.

T're growth terraces observed in these layers are characteristic of growth on

fa:et surfaces. These are the densely packed crystal planes and correspond

c s- cro,,'th directions. For spinel-str :t'red crystals such as

lIthiun ferrite, (111) planes are facet orientations. Not only do the

terraces represent physical discontinuities, but they also indicate inhomo-

geneous growth conditions. To try to circumvent this problem, we decided to

prepare substrates of (100) and (110) orientation. These are not facet

orientations and may give more uniform growth.

Since the (111) planes are the facet surfaces in spinel, the crystals grow

with an octahedral morphology, the octahedral surfaces being the various

(111) planes. In order to prepare (100) and (110) substrates from such

crystals it is desirable for the crystals to be as large as possible.
D;-ing the previous contract periods we had investigated methods for obtain-

ing large crystals by modifications to the flux method. One modification

was localized cooling of the crucible bottom to restrict nucleation. This

tends to give one large crystal rather than many small ones. Other modifi-

cations included various types of seeding as an alternative to spontaneous

nuleation. In all cases, the flux was PbO - B203 which, if very high

te-peratures are avoided, it not excessively volatile. Thus, top-seeding

with an open crucible is possible. (Some of our techniques for growing

large crystals were described in a presentation to the 6th Conference on

Crystal Growth in June, 1982).

Several flux-growth runs of gallate spinels were carried out. Not every run

was successful, but quite a few crystals of useful size (1 to 2 cm diameter)

were obtained. From these, slices of the desired orientations were cut

using a wire saw. The slices were lapped and polished. As the contract

18
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Since most FM.R spectrometers operate with a fixed frequency and adjustable

magnetic field, equation (1) is usually solved with w given. Then the value

of H, which satisfies the equation for any desired combination of m and n,

can be calculated. From equation (1), it will be seen that a solution

exists corresponding to two isolated single layer films and a solution

corresponding to a coupled mode case. Thus, one would expect the spectrum

of a sample with this geometry to exhibit a complicated superimposed struc-

ture. Further, from energy considerations, it can be expected the m = 0, n

= 0 mode will have the largest amplitude and that the amplitude will

decrease for the hicher order modes (i.e., for larger values of m and n).

A theoretically predicted spectrum and an experimental one are shown in

Figures (4) and (5) respectively. Experimentally, the sample consisted of

tw.'o layers of substitued YIG (4TM1  4412 ) separated by a non-magnetic

layer. A similarity between the predicted and experimental spectra is

evident, although the two differ considerably in detail. In particular, the

coupled mode spectrum is not clear experimentally. This mode is especially

important, since it provides the dispersion control required for delay line

work. At this state of the investigation, it is possible to interpret the

discrepancy between theory and experiment as arising from either an inade-

quate model or from a less than ideal film.

At the start of the most recent contract year, the main activity on the

lithium ferrite task was to continue evaluation of the (ll)-oriented

epitaxial layers that had been grown during the previous contract year.

Those layers had been grown on magnesium indium-gallate spinel substrates

from an LPE melt which contained 15.2 mole percent solute (Fe203  +

Li2 CO3 ) in a lead oxide-boron oxide solvent. The PbO:B 203  mole

ratio was 28.6:1.0 and the Fe203 :Li 2CO3  mole ratio was 10.0:1.0.

(At the temperature used, 871°C to 884°C, the lithium carbonate decomposes

by evolution of CO2 . However, since molar units are used, it does not

matter whether we refer to Li2CO3 or Li20.) Using this melt composi-

tion, there were no difficulties with spontaneous nucleation.
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sharp interfaces. These points can be illustrated by a brief consideration

of the model and its predictions. The current model is a generalization of

" our multiple layer dispersion relation developed under previous contracts to

include the case of finite dimensions (as opposed to semi-infinite). For

the case of magnetostatic surface waves (MSSWs) confined to geometry con-

sisting of two magnetic layers separated by a non-magnetic layer, the

complete dispersion relation is:

MI M2  +,Coth-(-N 2) 1 -20 (1)

9' -2 + -1]h(-Nt) o[(1)1

where

Ie2Ma da _ (( - X0, Sa - N/Ma)1

(juI +  X Sa + N /M a)

{2M} + (ua -X, Sa - N/Ma)-

e2Ma da + (Ija + Xox Sa + N/Ma)

a= 1,2

a 2 2/Jo - 1 - -Q (aX)H/( 2 (a:) - Q2 (a)lH)

Xo = ,. (a)/I Q.2 (a,) _ 922 (a )H)

(U)H = Ho/4lTMa(a) = ./7 477Ma
( _.)2+ (niT.. 2 ( 1/2

M a = +p_. /P

N 2 ( 2]1/2

m, n 1,2, 3,4 ........

4,1

I..I
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When ripple suppression techniques were applied to multiple layer LPE YIG

delay lines, anomalous characteristics were observed. The passband, instead

of exhibiting a smooth variation of loss with frequency, contained several

notches. Previously, these had been lost in the ripple. Our theoretical

model of magnetostatic wave propagation in multiple layer media does a good

job of describing the general characteristics of the passband and delay

curves, but does not explain the notches. In order to gain a better under-

standing of these detailed features, we have been conducting theoretical and

experimental studies of ferromagnetic resonance (FMR) in multiple garnet

Slax'ers. It is hoped that this study will lead to a more accurate descrip-

tion of the real structure of multiple layer LPE garnets. In particular, it

should show vhether the assumption of sharp interfaces between layers is

valid. Also, the FMR analysis should serve as a cross-check on the MSW

r.odel since the essential difference between the two cases is that MSW

samples are semi-infinite while FMR samples are finite in all dimensions.

If it should be found that the assumption of sharp interfaces is suspect,

then several methods of attacking this difficult are available. Earlier in

this series of contracts we developed an X-ray diffraction technique for

determining the strain and disorder distributions in nonuniform thin

layers. This work was extended by one of our co-workers to include FMR

analysis of such layers and to obtain distributions of the magnetic para-

meters as a function of depth in the layer. These techniques can be used to

characterize the transition regions between layers in multiple layer garnet

materials. In addition, we have some control over the structure of transi-

tion regions by means of the LPE growth parameters.

At the present time, a model which assumes sharp interfaces gives very good

agreement with experiment for the location of those FMR modes which can be

attributed to individual layers within multiple layer samples. However,

there is not good agreement with experiment for those FMR modes which,

according to the model, are composite modes resulting from coupled reson-

ances between layers. Further studies will be performed as part of a new

contract (F19628-83-C-0132) to determine whether the discrepancies arise

from inadequacy of the model or of the assumptions of uniforms layers with
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Figure (2) shows the main resonance line of a holmium substituted YIG film.

Although the experimental conditions for this measurement were identical to

those used to obtain the data in Figure (1), the linewidth is now approxi-

mately 140 Oe. The resonance occurs over a field range near that of the

original narrow line width material (i.e., the resonance linewidth of the

substituted material occurs over a range from 4,948 Oe to 5093 Oe while the

unsubstituted YIG has its main resonance at 4879 Oe). Thus, the two major

requirements for the attenuation layer, broad line width and similar

magnetic properties, are fulfilled by holmium substituted LPE YIG.

,:n demcnstrated this method of ripple suppression using two different

configurations. In the first, an ordinary LPE YIG delay line was prepared.

This had the form of a rectangular bar comprising a single LPE YIG layer on

a GGG substrate. The bar was a few mm wide and about 2 cm long. A network

analyzer was used to measure the delay line characteristics. Then the two

ends of the bar were dipped, successively, into the holmium-substituted LPE

YIG melt to grow layers a few pm thick. Delay line measurements showed

about an order of magnitude reduction in ripple.

The second configuration involved growing a uniform layer of holmium- 1.0 1
-I

substituted LPE YIG directly on a GGG substrate. By a simple masking and

etching step, this attenuation layer was removed from the central area of

the wafer. Then an LPE YIG propagation layer was grown on the wafer. The

resulting configuration had YIG directly on GGG over the central area and

YIG on the attenuation layer near the edge of the wafer. Again, delay line

measurements showed substantial suppression of ripple. This is illustrated

by the delay vs. frequency curves for magnetostatic delay lines with and

without the ripple attenuation layer shown in Figure (3).

These results on ripple suppression, along with further work being pursued

under a new contract with RADC Electronic Systems Division (F19628-83-C- 2
Iq

* 0132), serve as a basis for a paper being submitted to the 1984 INTERM4AG

* Conference.

* "
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VI SCIENTIFIC INTERACTIONS

-- Throughout the series of contracts, we have been active participants within

the relevent scientific communities: those concerned with magnetism and

magnetic materials; crystal growth and characterization; microwave and

millimeter-wave ferrite materials and devices. Participation has included

conferences and workshops; visits to government, university and industrial

laboratories as well as welcoming visitors to our laboratory; supplying

samples of our ferrites materials and substrates to researchers at universi-

ties and government laboratories. It is gratifying to know that several

graduate students have used our materials in their d::toral research. The

following paragraphs summarize the scientific interactions during the most

recent year of the contract.

The Principal Investigators attended the 3rd Joint INTERMAG-Magnetism and

Magnetic Materials Conference in Montreal in July, 1982 where they presented

a paper "Forward and Backward Magnetostatic Volume Modes in Multiple Layer
Ferrite Films." They also participated in the Magnetostatic Wave Device

Technology Workshop at the conference.

Close contacts including laboratory visits were maintained with RADC

Electromagnetic Sciences Division at Hanscom AFB and the Army Electronic

Devices and Technology Laboratory at Fort Monmouth. Samples of ferrite

materials prepared under this contract were supplied to the University of

Texas and North Carolina State University, for their research on MSW, and

University of California at Irvine for research on optical interactions with

magnetostatic waves. L. R. Adkins presented a seminar on MSW devices at
Irvine. Samples of the new strontium ferrite material were supplied to Fort

Monmouth for evaluation.

H. L. Glass attended the International Conference on Magnetism in Kyoto,

partly under contract support, and visited several Japanese industrial and

university laboratories engaged in research on epitaxial ferrite materials

and MSW devices.
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VII INVENTIONS

The following United States Pattents have been issued as a result of inven-

tions made in the course of research on this series of contracts:

1. 4,189,521 "Epitaxial Growth of M-Type Hexagonal Ferrite Films on

Spinel Substrates and Composite."

2. 4,200,484 "Method of Fabricating Multiple Layer Composite."

3. 4,243,697 "Self Biased Ferrite Resonators."

4. 4,263,374 "Temperature-Stabilized Low-Loss Ferrite Films."

5. 4,269,651 "Process for Preparing Temperature-Stabilized Low-Loss

Ferrite Films."

6. 4,273,610 "Method for Controlling the Resonance Frequency of

Yttrium Iron Garnet Films."

7. 4,292,119 "Growth of Single-Crystal 2PbO°Fe203."

8. 4,293,372 "Growth of Single-Crystal Magnetoplumbite."

In addition, two applications for United States Patents have been filed as a

resuit of work performed during the past year. The titles are:

9. "Ceramic Strontium Ferrite Borate."

I0. "Reduction of Ripple in Magnetostatic Wave Devices."

The last mentioned was reduced to practice under this contract but was

conceived under Contract F19628-82-C-0098.
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