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~separated by an epitaxial nonmagnetic layer. More-detailed analysis of the may-
netostatic modes in such multiple layer materialsihas beem.carried out under
P the present contract .using ferromagnetic resonance (FMR) spectroscopy. This

: work is aimed at understanding cetails such as the occurrence of notches in the
‘ passband of multiple layer MSW delay lines. A significant problemdhich is com-
mon to all MSW delay lines;-single leyer as well as multiple layer, is the pre-
sence of fluctuations in the delay vs. frequency characteristics. Tnese fluc-
tuations, usually called ripple, are attributed to reflections of the propagat-
ing magnetostatic waves. A new methed for suppressing ripple has been devised
and demonstrated. _In additicn to the work on magnetic garnets, research on :
epitaxial growth of other ferrites has been continued. -In the course of study- |
ing epitaxial growth of strontium hexaferrites, a new ferrite matarial was )
developed. Some research on the conditions for preparing this new material was
carried out. Crystal growth of gallate spinels for use as substrztes for epi-
taxial growth of lithium ferrite and hexagonal ferrite was continued with fur-
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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:

-

3 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
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(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 capab111t1es beyond those of the garnet-structure ferrites.
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IT. 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 macnetic bubble memories. For this
application the films had to be about 3um thick with Tow 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
Tiquid 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.

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 1imit the attain-
able Tinewidth. The difficulties with thick films were not merely that
misfit stresses would cause fracture but that the LPE process entailed
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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 30um 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 io0ss 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 100um 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 Tow
loss, 50um 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 1
CHz, megnctostatic wave devices are useiul 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 1linearly 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
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theoretical model of magnetostatic wave propagation in multiple Tlayer
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 -
characteristics. 7y

AT P TS




| s Ty —— PO dame aan Saw Skt St gt Jhai ot Nt he/t s Ak Jhah et diadh Shash Jadh et Yo U SV A T Fhdh S TS T A

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 lum to
about 100um.

Although the LPE process is highly reproducible and the effects of lanthanum
and gallium substitution are fairly well understood, the gquantitative

relaticnship between LPE growth conditicns and the magnetic properties of .
the layers must be determined empirically. This 1is best done by ferro-
magnetic resonance (FMR). The FMR spectra of multiple layer materials are }

quite ccmplicated. Therefore, part of the research effort has been directed 1
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 1linearly dispersive delay 1lines having
lirearity at Tleast as good as any previously reported. Moreover, our
multiple layer Tlinearly dispersive delay 1lines 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, i
is attributable to reflections of the propagating magnetostatic waves. X
Various methods have been tried by different investigators to prevent or _
attenuate reflections. Methods include beveling the YIG layers, damaging ']

o

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. ’
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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,
Tithium 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 1ike a built-in magnetic field to bias resonance to high
freguercics. Thus, nexagonal ferrites can be used in cevices vhich operate
at millimeter-wave frequencies using magnets which would provide only
microwave fregquency 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 T1ithium
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
sequently, we grew crystals of zinc gallate spinel and magnesium indium-
gallate spinel and, using these, were the first to report LPL growth of

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

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

;
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were among the first to report LPE growth of lithium ferrite and we have
reported the lowest Tinewidth, less than 8 Oe at 9 GHz.

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

..

tinued throughout the series of contracts, although at a Tlower 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. '
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Various LPE melt compositions were studied to try to improve the quality
(espically the uniformity) of 1ithium 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 Qrowth of YIG on GGG
waz 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 ohtain 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 F
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 1in advanced LPE YIG,
especially multiple layer materials for dispersion control in magnetostatic
wave devices. LPE of Tithium ferrite and of several hexagonal ferrites was
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.

ITI ACCOMPLISHMENTS

hs 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
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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 RACC 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 YIG layers have sub-
stantially equel magnetic properties, they will berave like a single com-

i
|
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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 magretic moment and crbital
angular momentumn. 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 1large orbital angular momentum
provides, through spin-orbit coupling, a rather efficient mechanism for

transfering energy from the spin system into lattice vibrations. In the i
attenuation layer, the presence of a few percent holmium substituting for b
yttrium increases the microwave losses tremendously. The FMR linewidth is
100 Oe or more ccmpared with values much less than 1 Oe for the 3
unsubstituted YIG in the propagation Tlayer. Yet, because the holmium
contents is very small, the magnetic properties cther 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 G3G. In this case the
magnetic bias field is perpendicular to the plane of the film and the

el dttiiste

applied nicrowave erergy has a frequency of 9.5 GHEz. HNote that the main
resonance line is very narrow (<l Oe) and this resonence occurs at 4879 Oe. F
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Initial sputter deposition experiments employed an aluminum substituted
hexagonal ferrite target. The aluminum substitution increases the aniso-
trcpy field and, thus, increases the resonance frequency. As the contract
yezr drew to a close, we had succeeded in depositing ferrite. However, the
de;0osit was not epitaxial and the ferrite type could not be identified
unembiguously. The work is continuing under new contracts.

IV~ PERSOLLEL

The Principal Investigators were H. L. Giass, who was responsible for
cr_stelicirzphic characterization, and L. R. Adkins, who was responsible for
FI'Z and microwave analyses. F. S. Stearns carried out much of the crystal
grcwth and crystal processing. C. B. Weible 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 FFR analysis of the ferrite materials. D. Medellin developed the pro-
cesses for substrate polishing.

v LIST OF PUBLICATIONS AND CONFERENCE PRESENTATIONS RESULTING FROM AFOSR
SUPPORT

[

. H. L. Glass and M. T. Elliott, "The Effects of Pb Incorporation on the
Ferrimagnetic Resonance Properties c¢f Yttrium Iron Garnet Films Grown
by Liquid Phase Epitaxy," Third American Conference on Crystal Growth,
Stanford Uniersity, July 1975.

2. H. L. Glass and M. T. Elliott and D. M. Heinz, "Site Preference in
Magnetic Garnet Films Grown by Liquid Phase Epitaxy", Tenth
International Congress of Crystallography, Amsterdam, August 1975.

3. F. S. Stearns and H. L. Glass, "Liquid Phase Epitaxy of Hexagonal
Ferrites", Mat. Res. Bull. 10 (1975) 1255-1258.

4. M. T. Elliott, "Effects of Lead Incorporation of the Ferromagnetic
Resonance Linewidths of Liquid Phase Epitaxial Grown Yttrium Iron
Garnet", AIP Conf. Proc. 29 (1976) 676-677.

21

. . Loee Lo - LeT e Nt .
& . 3 . S dheas B o B & A Sustndh Py I A L -y L M

O W AL nd

3y ST

P ¥ S

eatala R S, L

.

LA_A_.J__‘J' PRDSUSONINCAN | JNPOCNa ). | SRS



A
......

at Fort Monmouth showed that the ceramic meterial was ferromagnetic (or
ferriragnetic) at low tcmperature. The combination of spontaneous magneti-
zation and +transparency to visible 1light 1is rather rare. This strentium
ferritz borate material may prove to t: useful in macreto-optical devices.

A “ew evperiments were performed to determine whether a corresponding
corcound existed with Ea0 in place of Sr0. No eviderce for such a phase was
found,

Seturring to the subject of hexagonal ferrite, the LFE strontium hexaferrite

v

roon ourIsr the Army centract representeZ a substantial improvement over the

prizr materials. However, the layers were not smocth. They exhibited the
hexzconal scale-like morphology just like the Ba0- and PbO-based LPE
herzgenal ferrites. On the other hand, work done much earlier 1in 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

thcugh there is a good physical (structural) match.

Recently, two research groups in Japan reported success in sputter deposi-
ticn of tarium hexaferrite in amorphous and polycrystalline forms. With an
aprropriate substrate, perhaps the (111) gallate spirels, 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.

Kith 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 ctandard large targets. This saves time and money while we
determine the proper target composition.

1
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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 F19628-82-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 (00el) basal planes of
the hexagonal ferrites. The most common hexagonal ferrite, barium hexa-
ferrite (Ba0 6F2203), has an a lattice parameter of 5.892% which will
give a good lattice match if the spinel lattice parameter is 8.33k. The
lattice matching requirements for lead hexaferrite and strontium hexaferrite
are nearly the same. |

In prior years, we had investigated LPE growth of the Ba0- 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
(DAAG29-80-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 1inewidths 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 3SrQ e Fe203- 8203. Low temperature magnetometer meas-
urements performed at the Electronics Technology and Devices Laboratory

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

substrates were covered uniformly and the Tayer surfaces were smooth.
Ecwever, growth terraces were present. Using the best growth conditions, a
Tzver was grown on one of the larger substrates, about 1.5 cm in diameter.
ke tried to measure magnetostatic wave propagation in this sample. However,
nc output sigrnal was detected. Probably the propagation losses were too
hich.

Tre growth terraces observed in these layers are characteristic of growth on
fecet surfaces. These are the densely packed crystal planes and correspond

[

T2 T 2 3ic-2st crowth directions., For spinel-structured crystals such as

—

‘thium ferrite, (111) planes are facet orientations. HNot only do the
terraces represent physical discontinuities, but they also indicate inhomo-
genesus 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
crvstals it is desirable for the crystals to be as large as possible.
Du-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-
ceztions incluced various types of seeding as an alternative to spontaneous
nucleation. In all cases, the flux was Pb0 - 8203 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
lerge 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 FMR spectrometers operate with a fixed frequency and adjustable
magnetic field, equation (1) is usually solved with u 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 higher 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
two layers of substitued YIG (41rM1 £ 4rM2) 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 1ine
work. At this state of the investigaticn, it is possible to interpret the
discrepancy between theory and experiment as arising from either an inade-
auate 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 (111)-oriented
epitaxial Tlayers 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 +
Li2C03) in a lead oxide-boron oxide solvent. The Pb0:8203 mole
ratio was 28.6:1.0 and the Fe203:L1'2C03 mole ratio was 10.0:1.0.
(At the temperature used, 871°C to 884°C, the lithium carbonate decomposes
by evolution of COZ' However, since molar units are used, it does not

matter whether we refer to L1'2C03 or LiZO.) 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:

M, M o
(B (Ep R 4 Coth (Nig) [LE - {Fp) -1 =0 (1)
N2
where
- - N/M
u e2Ma da _ g - Xo Sg N/Mg)
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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
leyers. It is hoped that this study will lead to a more accurate descrip-
tion of the real structure of multiple leyer LPE carnets. In particular, it
should show whether the assumption of sharp interfaces between layers is
valid. Also, the FMR analysis should serve as a cross-check on the MSW
rodel since the essential differehce 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
leyers. This work was extended by one of our co-workers to include FMR
aralysis 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 1ine 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 & 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 Tlayer, broad line width and similar
magnetic properties, are fulfilled by holmium substituted LPE YIG.

[§%)

we demenstrated this method of ripple surpression 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 1ine characteristics. Then the two
ends of the bar were dipped, successively, into the holmium-substituted LPE
YIG melt to grow layers a few um thick. Delay line measurements showed

about an order of magnitude reduction in ripple.

The second configuration involved growing a uniform tlayer of holmium-

substituted LPE YIG directly on a GGG substrate. By a simple masking and
etching step, this attenuation layer was renoved 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-
0132), serve as a basis for a paper being submitted to the 1984 INTERMAG
Conference.
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H. L. Glass and F. S. Stearns, Liquid Phase Epitaxy of Hexagonal
Ferrites from Melts Containing Zn0", Fifth International Conference on
Crystal Growth, Boston, July 1977.

H. L. Glass and J. H. W. Liaw, "Growth and Characterization of LPE
Hexagonal Ferrites", Invited lecture 1977 Conference on Magnetism and
Magnetic Materials. J. Appl. Phys. 49 (1978) 1578-1581.

H. L. Glass and J. H. W. Liaw, "LPE Growth of Lithium Ferrite on Spinel
Substrate Crystals", Mat. Res. Bul 13 (1978) 353-359.

H. L. Glass and J. H. W. Liaw and F. S. Stearns, "Liquid Phase Epitaxy
of Ferrites on Spinel-Structure Substrate Crystals", 4th International
Conference on Vapor Growth and Epitaxy Nacoya, July 1978.

V. S. Speriosu, H. L. Glass and T. Kobayashi, "Strain and Damage
Distributions in Ion-Implantation Layers as Determined by X-Ray Dif-
fraction", Third International Conference on Magnetic Bubbles, Indian
Wells, March 1979.

H. L. Glass and V. S. Speriosu, "Double-Crystal Diffraction Profiles
from Heteroepitaxial Thin Films: Are the Oscillations Pendellosung?"
American Crystallographic Association Winter Meeting, Honolulu, March
1979.

H. L. Glass and V. S. Speriosu, "X-ray Double-Crystal Diffraction of
Non-Uniform Epitaxial Layers", Fourth Conference on Crystal Growth,
American Association for Crystal Growth Western Section, Fallen Leaf
Lake, May 1979.

H. L. Glass and V. S. Speriosu, "Tailoring Magnetic Properties in
Expitaxial Ferrites", U. S. -France Seminar on Applications of X-ray
Topography to Materials Science, University of Paris, March 1980.
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H. L. Glass and F. S. Stearns, "LPE Growth of Ferrites from
Pb0-8203 Flux", Fifth Conference on Crystal Growth, American
Association for Crystal Growth Western Section, Fallen Leaf Lake, May
1980.

H. L. Glass and L. R. Adkins, "Epitaxial Single Crystal Thin Film
Ferrites", Workshop on Millimeter Wave Devices Using Gyrotropic lMedia,
IEEE/MTT-S International Microwave Symposium, Washington, D. C., May
1980.

. L. R. Ac.ins &nd H. L. Glass, "Propagation of lMagnetostatic Surface in

\aves in “ultiple Magnetic Layer Structures", Electron. Lett. 16 (1980)
590-592.

L. R. Adkins and H. L. Glass, "Dispersion Control in Magnetostatic
Delay Lines by Means of Multiple Magnetic Layer Structures", Proc. IEEE
1980 Ultrasonics Symposium, 80CH1602, 526-531.

H. L. Glass, F. S. Stearns and L. R. Adkins, "LPE Growth of Magneto-
plurmbite and Lithium Ferrite from PbO-Bzo3 Flux", 1in FERRITES:
Proc. 3rd. Int. Conf. on Ferrites, Japan (1980) 39-42.

L. R. Adkins and H. L. Glass, "Nondispersive and Linearly Dispersive
MSW Propagation on Multilayer Films", Proceedings of the 1981 RADC
Microwave Magnetics Technology Workshop, Hanscom AFB (1981), RADC-TR-
83-15, pp. 169-177.

H. L. Glass, "“Epitaxial Ferrites for Magnetostatic Wave Devices",
Proceedings of the 1981 RADC Microwave Magnetics Technology Workshop,

Hanscom AFB (1981), RADC-TR-83-15, pp. 98-105.

H. L. Gless, "Liquid Phase Epitaxy of Hexagonal and Spinel Ferrites",
INTERMAG Conference, Grenoble, May 1981.
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H. L. Glass, ARO HWorkshop on Short Millireter HWave Nonreciprocal
Materials and Devices, Army Research Office, Research Triangle Park,
Nov. 1681.

F. S. Stearns and H. L. Glass, "Growth of Large Gallate Spinel Crystals
from Lead Oxide - Boron Oxide Flux", 6th Conf. on Crystal Growth
American Association for Crystal Growth kestern Section, Fallen Leaf
Lake, June 1982.

L. R. Adkins and H. L. Glass, "Magnetostatic Volume Wave Propagation in
'ultiple Ferrite Leyers", J. Appl. Fhys. 53 (1£32) 8928-8933.

L. R. Adkins and H. L. Glass, "Forward and Backward Magnetostatic
Volume Modes in Multiple Layer Ferrite Films", 3rd Joint INTERMAG

Magnetism and Magnetic Materials Conf., Montreal, July 1982.

H. L. Glass, Magnetostatic Wave Device Technology Workshop, 3rd Joint
INTERMAG Magnetism and Magnetic Materials Conf., Montreal, July 1982.

L. R. Adkins, "Dispersion Control in Magnetostatic Wave Delay Lines",
Circuits, Systems and Signal Processing, to be published.

H. L. Glass, L. R. Adkins and F. S. Stearns, "Attenuation Layer for
Magnetostatic Wave (MSW) Absorbers”, 1984 INTERMAG Conference.

Invited papers
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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 raterials in their dcocterel 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

et e S

Ferrite Films." They also participated in the Magnetostatic Wave Device
Technology Workshop at the conference. 1

Close contacts 1including Tlaboratory 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 MSK, and

s

University of California at Irvine for research on optical interactions with
magnetostatic waves. L. R. Adkins presented a seminar on MSW devices at

PR T W e

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

anbectcntendeadecd M Lo

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." 4

N |
7. 4,292,119 "Growth of Single-Crystal 2Pb0-Fe203." ]

1

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

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."
10. "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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