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This invention relates to ultrasonic delay line devices 
and more particularly to the construction of efficient mag 
netic transducers for these delay lines. 

Recently it has been recognized that small elements of 
certain magnetically polarized materials of the types 
which exhibit gyromagnetic effects may be employed as 
generators for ultrasonic vibrations at microwave fre 
quencies. The element is biased by a direct-current mag 
netic field and the microwave frequency magnetic field is 
introduced perpendicular to the biasing field. By what 
presently appears to be a complicated mixture of gyro 
magnetic precession and magnetostriction, an ultrasonic 
wave will be produced in the material which will be trans 
ferred into a connected delay medium. Analysis of cer 
tain aspects of the involved phenomenon may be found 
in articles by C. Kittel in 110 Physical Review 836, May 
15, 1958; Brommel and Dransfeld in 3 Physical Review 
Letters 83, July 15, 1959; Schlomann in 31 Journal of 
Applied Physics 1647, September 1960; and Spencer, Den 
ton and Chambers in 125 Physical Review 1950, March 
15, 1962. 

It has been proposed that the gyromagnetic element, 
which preferably takes the form of a thin disc, be bonded 
to a delay medium constructed by conventional delay line 
material. These bonds can be made to transmit ultrasonic 
energy efficiently at low frequencies but at frequencies 
roughly above 100 megacycles per second these bonds 
introduce large insertion losses between the transducers 
and the delay medium with a consequent inefficiency. 
Alternatively, it has been proposed to form the delay 
line itself as well as the transducer from the same men 
ber of gyromagnetic material. A biasing field and a radio 
frequency field are applied so that an end surface or end 
film of the member constitutes the transducer. While 
such a homogeneous construction eliminates the bond, it 
has been found that the biasing field incidently magnetizes 
the entire member of magnetic material and becomes a 
relatively inefficient propagation medium for the ultra 
sonic waves due to its gyromagnetic losses. It has been 
further recognized that the polarized nature of the mag 
netized propagation medium has undesirable effects upon 
propagation through it in any direction other than one 
parallel to the applied field direction. 

It is therefore an object of the present invention to in 
crease the efficiency and flexibility of ultrasonic delay line 
devices employing magnetic transducers. 

In accordance with the present invention, the delay 
line is composed of a nonmagnetic material having a 
crystal structure and unit cell size similar to that of the 
magnetic transducer material, with the transducer mate 
rial grown epitaxially upon the delay line material. Thus, 
the delay line together with its transducer constitutes a 
single extended crystalline lattice, a portion of which is 
magnetic and the remainder of which is nonmagnetic. 
Specific examples to be described include magnetic yttrium 
iron garnet grown upon a delay line of nonmagnetic 
yttrium aluminum garnet or yttrium of gallium garnet, or 
magnetic magnesium iron oxide grown upon magnesium 
aluminate. 
A feature of the invention resides in the particular 

coupling circuit employed to support and apply the radio 
frequency magnetic field to the magnetic transducer por 
tion. 
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These and other objects, the nature of the present in 

vention, its various features and advantages will appear 
more fully upon consideration of the various illustrative 
embodiments now to be described in detail in connection 
With the accompanying drawings, in which: 

FIG. 1 is a perspective view, partly in cross-section 
of a delay line interconnected between a pair of trans 
ducers in accordance with the invention; and 

FIG. 2 illustrates the application of the invention to a 
multiple reflection form of relay device. 

Referring more particularly to FIG. 1, an illustrative 
embodiment of the invention is shown comprising a delay 
line in the form of a cylindrical rod 12 formed from a 
Single crystal of nonmagnetic material and transducer 
layers 13 and 14 formed upon each of its ends as a con 
tinuation of the same crystal lattice from a nonconduc 
tive, magnetic material of the type having substantial 
gyromagnetic properties. The nature of both the mag 
netic and nonmagnetic materials will be described in more 
detail hereinafter. The dimensions and crystalline orienta 
tion of rod 2 are selected to produce the desired ultra 
Sonic delay and mode of propagation at the frequency of 
interest. Radio frequency energy at microwave fre 
quencies is coupled into and out of layers 13 and 4 by 
a novel coaxial coupling. Thus, an input coaxial line 15 
located adjacent to layer 3 with the outer conductor elec 
trically and mechanically connected to conductive ring 6 
which surrounds the end of rod 12 and layer 13. The 
center conductor 17 of coax 15 passes across the face of 
layer 13 and electrically terminates on the opposite side 
of ring 56. Ring 16 serves the dual function of pro 
viding a rigid support for coaX 1š and rod 12 and also 
serves as the ground plane for the radio frequency fields 
Supported between conductor 17 and ring ió by means 
of which a circularly polarized component of radio fre 
quency magnetic field is excited in the plane of layer 13. 
A direct-current biasing field is applied by means not illus 
trated in detail in a direction normal to the plane of layers 
13 and 14. This field is represented schematically by the 
vector H and has a strength that biases the gyromag 
netic material of layers 3 and 14 into the neighborhood 
of ferromagnetic resonance. As a result of a mixture of 
the gyromagnetic precession about the biasing field and 
magnetostriction as described in the abovementioned pub 
lications, circularly polarized acoustical waves are ex 
cited in layer 13 and are transferred to rod 12 through 
which they travel to the output transducer comprising 
layer 14, conductor 18 and ring 19 by which the energy 
is reconverted into a microwave signal upon coax 20. 
A principal feature of the present invention resides in 

the nature of the material comprising the transducer lay 
ers 13 and 14, the material of rod 12 and the juncture 
therebetween. The material of each layer is preferably 
one of the known nonconducting magnetic materials which 
exhibits gyromagnetic properties at microwave frequencies 
and which, in addition, has reasonably low magnetic 
losses, large magnetoelastic coupling constant, high acous 
tical Q and may be grown in single crystal form. One 
of the most suitable materials for this purpose is yttrium 
iron garnet. Having thus selected the gyromagnetic ma 
terial which is to constitute the transducer, the material 
to form rod 12 is then particularly chosen in accordance 
with the principles of the present invention. Thus, the 
material for rod 12 is one that has a similarity in both 
crystalline structure and unit cell size to that of the gyro 
magnetic material so that the gyromagnetic material may 
be epitaxially grown upon the cylindrical end of the rod 
as a continuation of the crystal lattice thereof. In par 
ticular, when yttrium iron garnet is employed as the gyro 
magnetic material, a single crystal of nonmagnetic yttrium 
aluminum garnet is preferred for rod 12. Other combin 
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ations of magnetic and non magnetic materials will be set 
forth hereinafter. 

Several methods for epitaxially depositing materials 
of the types here considered are familiar to the art and it 
appears necessary only to summarize one particularly Suit 
able method for the purpose of the present disclosure. 
In general, the process is similar to the seeded flux growths 
heretofore employed to grow single crystal magnetic na 
terials. The primary difference resides in the fact that 
for the present process the “seed' comprises the sub 
strate member of nonmagnetic material constituting the 
delay media. Typically, the process includes the steps 
of combining the reactants of the magnetic material to 
be grown in the proper proportions with a flux compris 
ing lead oxide, lead borate, lead fluoride, boron oxide or 
combinations thereof, heating the mixture to form a 
homogeneous solution of the reactants, inserting the seed 
crystal, and cooling the mixture very slowly to room ten 
perature. Further details of these processes may be found 
in Patents 2,957,827 and 3,050,407 granted to J. W. Niel 
sen, October 25, 1960, and August 21, 1962; or in the 
copending application of J. P. Remeika, Serial No. 28,- 
862, filed May 13, 1960. 

In particular, to grow layer 13 of yttrium iron garnet 
epitaxially upon rod 12 of yttrium aluminum garnet, the 
reactants yttrium oxide and iron oxide are weighed, mixed 
together and placed in a suitable crucible along with a 
fiux such as lead oxide. The crucible is heated to fuse 
the flux and reactants and to form a homogeneous melt. 
A temperature of approximately 1200° F. appears satis 
factory. The end of rod 2, which has been squared and 
polished, is lowered into the melt and the temperature is 
reduced. Thereupon yttrium iron garnet will begin to 
form upon the yttrium aluminum garnet rod as a contin 
uation of the crystal lattice of the substrate. Cooling is 
continued until the growth is sufficient to produce a layer 
thickness that is on the order of at least one-half a wave 
length of the intended ultrasonic frequency. Typically, 
this occurs after a temperature reduction of several hun 
dred degrees. The rod 2 is then removed, cooled to 
room temperature whereupon the layer is shaped and pol 
ished to the precise thickness desired. 
The preceding discussion has been directed specifically 

to the combination of yttrium iron garnet and yttrium 
aluminum garnet as the transducer and delay line ma 
terials, respectively. These materials are: among the fa 
miliar and useful magnetic and nonmagnetic compounds 
having the garnet structure. Like aluminum, however, 
gallium and other Group II elements may be substituted 
for the iron in the basic - garnet structure to produce a 
nonmagnetic material. Note, however, that aluminum 
and gallium produce crystals of unit cell size most similar 
to iron and are, therefore, most readily epitaxially grown 
upon each other by present techniques. 

Another structural class of magnetic and nonmagnetic 
materials that may be used to practice the present in 
vention comprise those of spinel crystalline structure. 
Of this class, magnesium iron oxide has pronounced gy 
romagnetic properties and has been successfully grown 
upon a substrate of magnesium aluminate. This class 
appears to be particularly attractive from an economical 
standpoint because of the well known lower cost of the 
material and processing for the spinels as compared to 
the garnets. It is also possible by processes well known 
for the spinels to produce a gradual single crystal transi 
tion from nonmagnetic to magnetic composition. 

Other magnetic and nonmagnetic constituemts may, of 
course, be added as is the practice in the art to improve 
the properties ofeither the magnetic or nonmagnetic por 
tions. In the case of the garnet class this includes ma 
terials formed from rare earth elements other than 
yytrium. Therefore, the present invention contemplates 
a member having a single crystalline lattice structure, a 
portion of which is magnetic and includes a magnetic 
constituent such as iron and the remainder of which is 
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4 
nonmagnetic and includes instead nonmagnetic constitu 
ents such as aluminum. 
The term “epitaxial as used herein should be under 

stood in its broadest sense as designating a process by 
which one materiai is grown or deposited upon a base 
material that is somewhat different, either in terms of 
composition, impurity content, or other property, and in 
which the grown material is deposited in a crystal struc 
tire, the orientation of which is determined by the crystal 
orientation of the base material to form with a base a 
continuous crystal lattice. It includes, in addition to the 
flux growth process described above, those processes re 
ferred to in the art as hydrothermal Synthesis, flame fus 
ion and equivalent processes. In addition, a diffusion 
process may be employed by which sufficient quantities of 
magnetic material are added into the crystal structure 
of the non magnetic base to produee a magnetic layet 
therein. 
The present invention represents an improvement over 

either a magnetic transdueer bonded to conventional non 
magnetic delay line or a homogeneous magnetic structure 
in which both transducer and delay line are formed from 
the same magnetic crystal. As to the first, the epitaxially 
formed junction according to the present invention pro 
vides a rigid, unitary connection without the mechanical 
problems of the bond. Further, since the interface be 
tween the transducer material and the delay line material 
is a continuation of the same crystal lattice, ultrasonic 
energy can be efficiently transferred across it even at 
microwave frequencies. As to the second prior art formi, 
the difficulty and expense of growing single crystals of 
magnetic material are reduced by the use of more easily 
grown nonmagnetic materials as the delay line. Moré 
over, a magnetic delay medium, particularly in the pres 
ence of the residual biasing field which extends into it 
from the transducer and may bias it in the vicinity of 
gyromagnetic resonance, has substantially greater acous 
tical propagation losses than nonmagnetic materials. 
The principles of the present invention are particularly 

advantageous when applied to any of the variotis forms of 
polygonal or multifacet delay lines in which the ultrasoid 
wave is multiply reflected from a plurality of faces. The 
reason for this advantage will be apparent from FIG. 2 
which shows a polygonal body 36 in one of the preferred 
forms as described in Patent 2,839,731 granted June 17, 
1958, to H. J. McSkimin. Ultrasonic wave energy 
launched within body 30 is multiply reflected as repre 
sented by path 39 until it returns to the output transducer. 

in accordance with the present invention, body 30 is 
formed from a crystal of nonmagnetic material of the 
type described above and is shaped according to the 
teachings of the above-mentioned McSkimin patent. Aja 
ternative shapes may be found in the teachings of D. L. 
Arenberg, 20 Journal of Acoustical Society 1, 1948. The 
input and output transducers comprise layers 31 and 32 
of gyromagnetic material which are epitaxially formed 
upon the selected faces of body 30. The radio frequency 
input and output are illustrated schematically by coaxial 
conductors 35 and 36 ending in loops 37 and 38, respec 
tively, with the plane of the loops oriented normal to the 
faces of the respective layers 31 and 32. Steady biasing 
fields represented by vectors 33 and 34 are applied re 
spectively to layers 3 and 32 in a direction normal to the 
plane of each layer. 

It will be readily apparent that if body 30 were forme 
of magnetic materials, as in the case of the homogeneous 
magnetic construction of the prior art, the presence of 
steady biasing fields 33 and 34 of the transducers would 
extend also into body 30, magnetically polarizing body 30 
along the axes of the fields and thereby destroying its 
cubic symmetry. The multiply reflected ultrasonic waves 
which necessarily cross these polarized axes at randon 
angles will be greatly distorted and dispersed due to the 
preference of the ultrasonic wave to propagate parallel 
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to the polarized axes. However, since body 30 is non 
magnetic when constructed according to the invention, its 
symmetrical nature is unaffected by magnetic fields. 

In all cases it is to be understood that the above 
described arrangements are merely illustrative of a small 
number of the many possible applications of the prin 
ciples of the invention. Numerous and varied other ar 
rangements in accordance with these principles may 
readily be devised by those skilled in the art without 
departing from the spirit and scope of the invention. 
What is claimed is: 
1. An ultrasonic delay device comprising a member 

having a transducer portion formed of magnetic material 
and a delay line portion formed of nonmagnetic material, 
means including means for applying a radio frequency 
magnetic field to said magnetic portion for generating 
ultrasonic wave energy and means for utilizing ultra 
sonic wave energy connected to said nonmagnetic portion, 
said magnetic and nonmagnetic materials both being 
single crystal materials of given crystal lattice structure, 
the junction between said portions being formed as a con 
tinuous crystal lattice structure extending from and in 
cluding the crystal lattice of said magnetic portion to and 
including the crystal lattice structure of said nonmagnetic 
portion so that no acoustical discontinuity is presented to 
said wave energy traversing said junction. 

2. An ultrasonic device according to claim wherein 
said magnetic material is yttrium iron garnet and wherein 
said nonmagnetic material is yttrium aluminum garnet. 

3. An ultrasonic device according to claim 1 wherein 
said magnetic material is magnesium iron oxide and 
wherein said nonmagnetic material is magnesium alu 
minate. 

4. An ultrasonic device of the type in which a trans 
ducer including an element of magnetic materials suit 
ably excited to generate ultrasonic wave energy is me 
chanically coupled to a delay line for conveying said gen 
erated elastic wave energy away from said transducer 
characterized in that the material of said delay line is non 
mangetic and has a crystal shape that is the same as the 
crystal shape of said magnetic material and a crystal lat 
tice structure and unit cell size that are similar to the 
crystal lattice structure and unit cell size of said mag 
netic material. 

5. An ultrasonic device according to claim 4 wherein 
said magnetic material and said nonmagnetic material 
both form a single continuous crystal lattice. 

6. An ultrasonic device according to claim 4 wherein 
said magnetic material is a compound including iron in a 
given crystalline structure and wherein said nonmag 
netic material is a compound including an element from 
Group III in said given crystalline structure. 

7. An ultrasonic device comprising a member of non 
magnetic material having a crystal structure and unit cell 
size for receiving and transmitting ultrasonic wave energy, 
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a layer of magnetic material having a crystal structure 
and unit cell size similar to that of said member formed 
epitaxially upon a surface of said member, means for 
applying a steady magnetic field to said layer and means 
for applying a high frequency radio magnetic field to said 
layer in a direction normal to said steady field for con 
verting Said high frequency field into an ultarsonic wave 
for transmission into said nonmagnetic member. 

8. An ultrasonic device according to claim 7 wherein 
Said means for applying said high frequency field com 
prises a ring of conductive material surrounding said 
layer and a two-conductor transmission line for said 
energy having one conductor thereof connected to said 
ring on one side of said layer, the other conductor thereof 
extending across said layer and being connected to said 
ring on the other side of said layer. 

9. An ultrasonic device according to claim 7 wherein 
Said nonmagnetic member comprses yttrium aluminum 
garnet and wherein said magnetic layer comprises yttrium 
iron garnet formed as a continuation of the crystal struc 
ture of said nonmagnetic member. 

19. An ultrasonic delay device comprising a member 
having at least an end portion which is of magnetic mate 
rial of the type which exhibits gyromagnetic properties at 
high frequencies, means utilizing said gyromagnetic prop 
erties for generating ultrasonic wave energy at said high 
frequencies comprising a ring of conductive material sur 
rounding said end portion, a two conductor transmission 
line for high frequency radio energy having one con 
ductor thereof connected to said ring on one side of said 
portion, the other conductor thereof extending across said 
portion and being connected to said ring on the other 
side of Said portion, means for applying high frequency 
radio energy between said conductors, and means for 
applying a steady magnetic field to said portion in a direc 
tion normal to said other conductor, and means for con 
veying said generated elastic wave energy away from said 
portion. 
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