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ABSTRACT (Continued)

The actual path taken by the wave energy through the cryctal is
quite complex, because the direction of power flow is in gcueral not parallel
to the wave vector, but is inclined at an angle (the beam steering angle)

that 1s dependent on the angle between the d.c. magnetization and the propaga-

tion vector. Such considerations are reviewed theoretically because of their
possible importance in intevpretingthe thesis results,
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PREFACE

The Mjcrowave, and Quantum Magnetics Group and the Crystal
Physics Laboratory, both within the M.I.T. Center for Materials
Science and Engineefing, have undertaken a three year inter-
disciplinary program in the area of "microwave magneto-ultra-
sonics"aimed at further developing several novel concepts
which may lead to new and/or improved solid state devices
employing electromagnetic/spin/elastic wave coupling. Device

possibilities include multi-tapped delay lines, magnetoelas-

tic beam switches and pulse compression filters. In particular,

the research program will concentrate on the growth and
exploitation of improved single crystal yttrium iron garnet
substrates in which volume and surface spin wave propagating
at microwave frequencies can he magnetically .steoere¢ and/or
otherwise controlled.

In order to produce crystals of yttrium iron garnet of
the guality needed for the research envisioned in this program,
two major constraints must be dealt with. First, the crystals
must be of the necessary high quality to avoid introducing
extraneous effecis due to grain boundaries and strain inhomo-
geneities, The chemical purity is of majox importance since
rare earth impurities drastically increase spin wave relaxa-
tion rates. Second, the growth technique should permit ready
fabrication of the types of structures desired, such as

multi-layer configuraticns and thin slabs. Consequently,




both chemical vapor deposition (CVD) techniques and top-seeded
solution (TSS) growth appear attfactive and both will be
employed throughout the entire contract period. Thin films
and bulk crystal substrates will be evaluated optically,
magnetically and acoustically for purity, homogeneity and low
losses. Promising speciﬁens will be used for magnetostatic
wave and exchange dominated spin wave propagation experiments
at microwave frequencies.

A surface spin wave propagating parallel to an air-
crystal boundary of a thin film has its energy largely confined
within some characteristic distance that under certain condi-
tions should be magnetically controllable. 1In one instance
causing the energy to be closely confined to the surface
and in another allowing it to spread out and £ill the entire
film. Volume spin waves are also subject to magnetic control.
For example, beam steering is possible due to dipole-dipole
interactions thai. in turn can be influenced through direction-
al changes in the magnetizing field. -

Dr. A. Linz has been assigned responsibility for oversee-
ing the top-sewded- solution crystal growth and chemical vapor
deposition program, Professor D. J. Epstein for crystal evalu-
ation with respect to magnetic properties and Professor F. R.
Morgenthaler for microwave spin wave propagation studies; as
principal investigator the latter has overall responsibility

for coordinating the various phases of the research.



This report is based upon material contained in the S.M.
Thesis of Carl Frederic Olenberger III to be submitted to
the M.I.T. Department of Electrical Engineering. The research
reports our preliminary work on Localized Resonance in Single

Crystal Yttrium Iron Garnet.



Localized Resonance in Single Crystal Yttrium Iron Garnet

SECTION 1.0 Introduction

fhe gyromagnetic nature of ferrite materials has led
to aslarge class of microwave devices such as isolators,
Faraday rotators, and circulators. Their operation is
conveniently analyzed and understood in terms of wave
propagation in a medium characterized by a tensox per-
meability; The electromagnetic radiation couples with the
spin system of the ferrite at low values of wabe number

L.

More recently, advances in crystal growing techniques

k(1/10 - lcm

have resulted in the availability of sizeable high-quality
single crystals of materials such as yttrium iron garnet
(YIG). With such crystals, it is possible to couple with
the spin sygtem at much higher values of k. It can be

l), the energy

shown that at higher values of k(k > 100cm
propagation is sufficiently slow for the magnetostatic
approximation to hold. This higher k range of the spin-
wave spectrum is ﬁhcrefore known as the magnetostatic
region.

Although magnetostatic spin waves have been studicd
extensively, comparatively little experimental work has
‘dealt with the detailed nature of the encrqy path of these
waves through a crystal. This thesis was initiated in
order to provide a hetterx understarding of this subject.
In particular, magnctostatic modes of resonance were

studied in a small rectangular slab of single-crystal



YIG. : Two moveable fine-wire transducers on opposite faces
of the normally-magnetized slab allowed excitation and
detection of spatially localized resoﬂances at S-band
frequencies,

The actual path taken by the wave energy through the
crystal is quite complex, because the direction of pcwer
flow is in general not parallel to the wave vector, but
is inclined &t an angle that is dependent on ﬁhe_angle
. between the d.c. magnetization and the ﬁropagation vectlor.,
Such considerations are reviewed theoretically because of
their possible importance in interpreting the thesis

results.
This report is organized as follows:
Starting from Maxwell's equations and an equation of

motion which takes into account the effects of exchange,

the spin wave dispersion relation is derived in Section 2,
A simplified expression’ is given in the magnetostatic
approximation (k >> ko), which leads to a discussion of
magnetostatic modes in ellipsoidal samples.

Section 3 is directed specifically to the nature of
the energy path of & magnetostatic spin wave thfough a
crystal. Using the theory presented in the first two
chapters, and neglecting exchange effects, an expression
"is derived vhich relates the direction of power flow in a

uniformly magnetized sample to the external angle of the



maynetic fieid. The sensitivity of the beam steering
angle to small changes in the magnetic field angle is

emphasized, and possible applications are suggested.

Section 4 describes experimental.attempts to
observe the beam steering effect described in Chapter II.
It is discovered that a non-uniform magnetic field inside
the experimental YIG sample gives rise to localized
“resonanées. This phenomenon is found to conceal any
effects of beam steering but makes feasible the employment
of  localized resonances in the design of signal process-

ing devices. The conclusions are summarized in Section 5.



SECTION 2.0

Spin Waves and Magnetostatic Modes

The. purpose of thla section is to glve a phenomenol~
ogical descrlptlon of the modes of osc1llatlon of magne~
tic systems. The phenomenologlcal approach is essentially .
a cla551cal one 1n which small osc111atlono of the magnetl-
zation about its equlllbrlum value are studled, and use is’

_made of the classical equations of motion. An alter-
native approach would be to study the magneticlsystem
from a microscopic viewpoint, with special attention
given to localized spins at assigned lattice sites. This
latter approach is audntum—mechanlcal, and such a treat-

ment may be_found in the literature. sd3

3,5,13

2.1 Spin Waves

From a maeIOSCopic standpoint, a ferromagnet may be
iooked upon as a continuous medium characterized by a
magnetic:mement-éensity M(r), which in the general case
is a vector function of a point r in space. We shall
consider that when the sample is in a state of magnetic
saturation, -the state corresponding to the least energy

“is a state of uniform magnetization dlstrlbutlon such
that M(¥) is constant in the magnltude and dllectlon
over the whole volume of the sample.3 ‘A spin ane may
be defined classicall§ as the propagation of small

disturbances of the magnetization vector about the



13 The spin wave can

static equilibrium configuration.
propagate by virtue of the exchange field which provides
a restoring torque £ending to align all magnetic dipoles
parallel to one another. The exchange field is quantum-
mechanical and has no classical analog, but if the wave
length of the disturbance is much greater than the inter-
atomic distances ofithé ferromagnetic substance, we are
justified in using the classical approach.

The equation of motion, neglecting damping, for

the uniform precessional mode is given by

M= y(fxH). | (2.1)

& that non-uniform modes of precession

It has been shown
may be characterized by the addition of a spin-wave term,
which is a function of the magnetization M and its Lapla-
cian, the square oﬁ the distance between spin-dipoles a,

an exchange field Hy and the gyromagnetic ratio y.

Xf
With the addition of this term, the equation of motion
becomes .

, Bxv2il

- (2.2)
ex | 3

M= y(MxH) + vH

We may substitute the expressions for the magnetization

and magnetic field, neglecting demagnetizing factors,

o= §, 4 med @R E) - (2.3)



and

BH=n i + hed (e = k + I) (2.4)
into the equation of motion (2.2). Because of the
occurrence of the Laplacian operator, it has become
necessary in (2.3) and (2.4) to specify the spatial
dependence of the r.f. magnetization and magnetic field.
Substituting (2.3) and (2.4) into (2.2) and solving

~for the r.f. magnetization, we obtain

} YM ( hx‘% - jmhy)

m (2.5)
X 2 _ 2
.. W
and
yM(h,w_. + jwh)
m, = L2 % (2.6)
¥ w;‘— w2 .

= 2 2 s < a) [ag™
where . Y(Hi + Hex a‘k“). The elements of the sus

ceptibility tensor are,

i m
x &=
‘a w? = w?
and (2.7)
jw w
X = S

In this discussion damping has been neglected, so
that in the above equations there is a singularity when
W = w.; this defines an intrinsic resonance frequency

for a spin wave. The actual dispersion relation, however,
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must take into account any components of h due to the
: - }

28 '

ot”’

In deriving the spin wave dispersion relation,

spatial pattern of m and

then,we will start with Maxwell's curl equations. Assum-~

ing ejwt time dependence, these are

OO G > O S

Vxe==jou + h - (2.8) |
and i
.V x h = juee (2.9) §

For the material of interest, the permeability is a
tensor, the permitivity is a scaler, and the conductivity '
is negligible.

These facts are reflected in the way (2.8) and (2.9) ?
are written. Eliminating ¢ from (2.8) and (2.9) in the

usual fashion, i
C=V2h 4 V(V + h) =w?ey - R, - (2.10)

The solution of this equation is of the form h = Eoe

Substituting this into (2.10),

k?h - k(k * R) = w?ech * b x (2.11)

-

Without loss of generality, we may assume that the magnetic
field is in the z-direction, and orient the coordinate
system so that the k-vector is in the =z planc. We can
then define an angle Y between the k-vector and the d.c.

magnetic field vector so that the components of the k-vector
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can be written
k, = |k| sin ¥
and (2.12)

ky = k| cos ¥

Substituting the expression for the tensor permeability

- ) .
o -jk 0
H=pgy kW0 (2.13)
o o0 1 '

and equations ' (2.12) into (2.11), we arrive at three equa-

tions linear in hy, hy’ and hz' These arxe

2 2y o 12 11 2 1 ? s ' =
(k“cos“Y kou)hx + (]koK)hy + (-k“sin Y cosY) hz 0 (2.14)
—.’2 2 - ?. - . 2.
(-3kik)h, + (k kou)hy 0 (. 15)

(-k*sin ¥ cos¥)h, + (k?sinVy - k2) h, =0 (2.16)

" where ké = wzeuo. For a non-trivial solution to this set
of equations, the determinant of the coefficients must
.venish. Expanding the determinant results in an equation
which is biquadratic in k. Thus the solution for k? is

straightforeward, and the result is

- a . , waLl/2
Eé _(u?=p=k?) sin®* ¥+ 2ur[ (2 -u-r?) sin"¥ 4+ 4rlcor] /

o

20(p - 1) sin® ¥+ 1] (2.17)




'
|3
12 8
1Y i;
The introduction of the permeability tensor was for | 4
convenience. The components of the permeability tensor ;i
(2.13)are related to the componenté of the susceptibility é
tensor by the expressions |
|
i
Mmoot Xy |
and (2.18)
ik = "Xxy:

" where-x.. and ¥ vere derived earlier in this chapter
xX Xy

to include the effects of exchange, and are given by

. e . ——— s A et B b W ol = e 20

equations (2.7). Bearing in mind, then, that ¢ and u

in (2.17).are functions of w and Kk, (2.17) may be solved

for w as a function of k. This has been done in the

literature,5 and the result is shown graphically in
Fig. 2.1 for the limiting cases ¥V = 0 and ¥ = 1/2.

It is possible to define three reyions in Fig. 2.1l.
In the first region, For small values of k. the disper-
sion diagram is essentially that of an ordinary dielectric. 2
s k increases beyand the value,of the iree-space wave
number for a given frequency, the curve flattens out. i

In this sccond region, r.f. magnetic field propagation

P

and the magnetostatic approximation V h = 0 hoids.

As the wave number gets very large, exchange effects
become.important. Using the approximation.k >> ko in
(2.17) and substituting the expressions for u and ¥ from

(2.18) and (2.7) we obtain a simplificd expression for




W=

™ AON3NDIUd FDNVNOS3Y

VWAVE NUMBER K
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S
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this ‘third region:

. 2,2 2,2
w = [(wo + W %8 k )(wo + W y® ké+ w

1

ein2yyqLl/2
: , 5in?¥)] (2.19)

For the sccond (magnctostatic) region of the disper-
sion diagram, the exchange terms in (2.19) may be ignored.
The next section will deal specifically with the magneto-
static region of the spectrum.

-
2.2 Magnetostatic Modch'IG

The experimental obsexrvation of multiple absoxption
peaks in ferrimagnetic xésonance by White and Solt15 led
to theoretical investigations as to whether samples could
oscillate in modes othexr than that of uniform precession.
In thear experiment, an inhomogenousir.f. driving field
was requircd to produce the multiple absorptions. The
explanation fox thc appearance of these modes has been
given by Walkcr,lG and his theory is now widely accepted.
The multiple absorption peaks are caused by a variation
of phase and amplitude of the r.f. magnetization in
different zones within the sample. For this recason,

it is also possible to excite these modes (called magneto-

static modes) with an externally unifora driving f£ield if ’

the specimen is firste and non-ellipsoidal, since for
such specimens the internal r.f. field will always be
non-uniform. For purpnses of analysis and classification
of the modes, however, it is best to consider ellipsoids
and their various degeneratc forms, cxcitéd by an inhomo-

genous driving ficecld; otherwise, the non-uniform d.c.

.




magnetic fiéld within the sample makes the analysis very
dAifficult. Furthermore, a reasonable solution requires
thet the magnetic field direction be along an axis of

the ellipsoid. Thus in the analysis which follows, we
will consider a spheroid placed in a magnetic field which
points along its symme;ry axis. The internal d.c. field
is ﬁi = ﬁo - N, 4ﬂﬁo. We may solve for the linearized
components of the r.f. magnetization in terms of the

r.f. magnetic ficld and the appropriate components of

the susceptibility tensor. The resulting expressions

will tekg the foun

4nmx AP EA hx + xxy hy
and (2.20)
4tm h, + y..h

y T Kyx Tx T Xyylly

The magnetostatic approximation V x h = 0 implies that
the r.f. magnetic field can be expressed as the gradient
of a scaler magnetic potential ¥. Therefore, (2.20) can

be written

8y Y

dim, = Yy oy t “xy Ty
and o (2.21)

Y oy

H s = e

img = Xy 33 Xy 3y

15




From Maxwell's eguation V ¢« b =V « (h + 4wm) we obtain

V3Y 4+ 4uV e m = 0 (2.22)

Combining the last two equations, and keeping in mind that

xxy = -xyx’ the cquation for the scoler magnetic potential
is found:

2 n? 2y
(1 + X, (27 + 5o ) ¥ + L = 0, (2.23)

. This is khown as Walker's equaticn. Outside the sample,

Laplace's equation holds:

22 92 2.
(3xz * ay* ¥ azz) ¥=0 (2.24)

It should be pointed out that (2.23) reduces to (2.24) when
Xyent is zero.

Boundary conditions require that ¥ and the normual
component of (VY + 47m) be continuous at the boundary of
the spheroid; furthermoxre, ¥ must appreoach zero at large
distances, 1t is convenient to intrxoduce a system of

spheroidal coordinates defined by15’17

1/2

% = (a? - 1?) (1 + g“)l/z (1 - n?) 172 o5 é

y = (a2 =122 g4 02 a2 g2 gin g (2.25)

a - b )t 2%

&3

in terms of which the surface of the spheroid, (x? +y?d/al

+ (22 / b?) =1, is given by

16
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£ =gy = Mo/ - b = fal/a -, (2.26)

where a = b/a.

The solution of (2.2]) has the form

v =M (15) M (me™, (2.27)

where P;" and Q§‘ are associated Legendre functions of the
first and second kind. The index n is a measurc of the
periodicity in the polar-angle, indicating sectors of
reversal of the ».f. magnetization along the z-direction. . 4
Sinilarly, the index m is a measure of the periodicity
in the azimuthal coordinate, indicating sectors of rever-
sal of the r.f. magnetization in the x-y plane.

The solution of (2.20) is scomeuliat morce ccmplicatcd,13
but the resﬁlt is a finite polynomial in %, y, and 2.
Matching the solutions of (2.20) and (2.21) at the bhound-

(3 3 id (3 13
ary yields a characteristic equation

2 = .....3_. m s p - 7 __'_'q_' s e
MXyy®™ = &g log @, (i) = &, s log r " (if) (2.28)

Biéo ﬂl&o
wvhere
=3 Y ypue 2 ’
62 = (l + ).):..)u.__ (2.29)

1 - Ly Mt

For a sphere, where a = b, (2.28) reduces to

d . m _
n+1l+ imxxy + S T log I (s) =0, . (2.30)

where

S?. = 1 + 1/xx}:' (2031)




Equation i2.28) has 1 + %(n - |m]) roots.5 Henca,
the magnetostatic modes of a spheroid can be labeled
(n,m,r), where r + 1 is the order of the root of (2.28).
The modes so classificd ake called Walker modes.

Of purticulax relevance to the experiments dealt
with by this thesis is the treatment of magnctostatic
modes of a normally-magnetized infinite slab by Damon

18 The derivation of the characteristic

and van de Vaart.
equation for the slab is similar to the derivation of
(2.25) for the spheroid. Equations (2.23) and (2.24)
are solved in cylindrical coordinates under identical
boundary conditions. An unfortunate difference exists
between the theoretical assumptions of the analysis of
the normally-magnetized slab and the wiperinental cen-~
ditions encouniered in the present woxl, that being the
assumption that the hypothetical slab had a uwniform
internal ficld descrihed by R Aul,

In the cxpefiments, a significant feature of the
sample was its non-uniform internal 'ficld configuration.
Damon and van de Vaart did proceed in their analysis by
considering the non-uniform demagnetiving factor forx a
“Tdisk. Due to its axial symmetyy, however, the magneto-
static mode spectrum for a disk is presumably much less

complicated than that for a rectangular slab of the type

used in the experinents,

18



SECTION 3.0

Magnetic Steering of Magnetostatic Bulk Waves

Using the background theory presented in the first
two sections, this section will show the dependence of
the beam steeriny angle (the angle ‘between the direction
of pover flow and the k-vector) on the magnetic field
angle (the angle between the magnetic field inside the
ferrite medium and the k-vector). The sensitivity of
this dependence will be ‘emphasized, and possihble device
applications suggested. This section follows closely a
di.scussion in reference (22).

3.1 Theory ci Beam Stcering

In deriving the relation between the beam steering

angle B and the magnetic field angle Y, it is first

necessary to dexive an expression for the Poynting vector,

P = % e » h*, vhexe e and h are derived from Maxwell's

cquations. The average power flow per unit arca is then

Py = % Re(e » h*). Dividing the magnitude of the cross-

product of k and ﬁav by the dot~product of k and ﬁav leads

_to an expression for tan B, where B is the angle between
k and ﬁav (the becem steering angle). The value of tan B
will depend on the angle of the wave vector with respect
to the magnetic field (the magnetic field angle, V).

Upon correcting for the demagnetizing fields within the-

sample, the desired cxpression relating the beam steering

19
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angle to the internal magnetic field angle is obtained.
Starting from equation (2.11), which was derived from

Maxwell's equations, and substituting

o h=u (bt ), | (3.1{
we obtain

KR - KGR - R) = KEGR + W), e

- where k; = d%uo. To arrive at an expression for h, we

should recognize the fact: that

-~

k*h=-

*m | (3.3)

This can be inferred from Maxwell's équation

Veb=v. (i +m =0 (3.4)
ik e x .= :
dependence of h and m. Substitu-

and the assumed e

ting (3.3) into (3.2) and solving for h, we obtain

R = ~k(k * m) + Kgm . (3.5)
' k? - k2
7o
Next, using . .
7Y x ho= juee . ‘ (2.22)

q - . - LI o =
and solving for e, assuming e jk dependence of h, we

obtain

- -k x h ~ '
e = WE (306)

S

e mpe

ST
YoSaare




~Substituting (3.5) into (3.6) gives

ko kxm _ - Yo (kxm)

-we k?=- k? k%2~ Kk

] S (3.7)
0 .0

e =

The Poyntings vector is then

,

B=gdxht = ool (Rx@x[-R@E* * K) + k2 §*1)

. .. 2 .
: _'?_(‘kz - kp) (3.8)

where m is a complex vector.

. The beam steering relation is then found ﬁy_caléqlating

“tan s.:fJf*% :éﬂl ' "l - “ : : (3:9)
k¢ Py ' o
' The result is - : - ' ' - o
.2 . o ' ‘ ' % .,
tan B = (k ' kg sin Y cos ¥ ; . (3.10) .
= . o
k? (X% .2
o [m 2 + COS W]
Y

For very small ¥ and for k?® >>k%, this reduces to

tan g = —Et | . o (3.11)

.2 (M 4
kO [;—n-z?z + l]
y

_Assuming circular polarization, m_ = m so that (3.11)

% v/’

further simplifies to

N

(3.12)

1a>X3

k
k

-

tan B ~

~ o

' This expression shows that for a wave with wave vector k
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making an angle ¥ with the internal machetic field, the
direction of power flow and hence the aroup velocity v
is inclined at.an angle B + VY. This situation is depicted

in Fig. 3.1.

Fig. 3.1 Bean steering angles.

Due to demagnetizing. fields, the internal magnetic
field ahgle.T will not be eqgual to the excernal field
angle, which we will call 0. (sec Fig. 3.2). Following

(1.18), it is possible *o

= N S S

—

TG

=T
-

Fig. 3.2 Relationship between internal and external
- magnetic field angles for a normally-magnetized
infinite slab. .

express the components of the internai field as

Ht = HZ ~ N 4wMS sin ¥ (3.13)

and

22



A e .
Hn_— Hn Nn 41rMS cos Y (3.14)

for a sample in magnetic saturation, where the super—
SEfipts o and i denote external'and internal fields, and
the subscripts n and t denote normal and transverse
guantities. Assuming the sample to bu: an irfinite slab,
the normal component of the demagnetizing factor is
unity, and. the transverse component is zerc. Equations

(3.13) and {(3.14) then hecome

' sin ¥ = 1° sin 0O (3.15)
and

i — O .
H™ cos ¥ = H cos O des cos ¥, (3.16)

where the components of the field guantities have been
expressed in terms of the angles 0 and ¥. The ratio of
(3.15) and (3.16) gives

O

H
o !
H® cos O - 4ﬂMS cos Y

tan ¥ = sin O . (3.17)

which, for small ¥, can be written

. 10 :
y « B9 (3.18)

0
H -—4ﬂMs

gubstituting this into (3.12) gives the expression rela-
ting the beam steering angle § to the external magnetic

field angle O:

23
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tan g = K2 1 [“o@ ] - (3.19)

0 Ho - 4nMS

If the wave vector K is normal to an infinite slab
of thickness d, the lateral displacement x of the beam

after having been steered through the crystal will be

_ _ k2 d(u.0 :
x =dtan B = 7 3 [,&L_m__._J (3.20)

To demonstrate £he sensitivity of x to small changes
in @, we will assume k = lOko (putting us in the magn .to-
static region of the spin-wave gpectrun), Ho = 2780 oe.,
4ﬂMs = 1780, d = 2mm, and © = ,5° = .01 radians. Then,

2.78mm, corresponding to a beam steering angle of

X

8

n

54°,

According teo (3.20), the sensitivity will increase
without bound as k increases. In arriving at (2.20)9
however, the effects of exchange have been neglected.

As k is increased beyond the magnetostatic range, these
effects become important. Inkuitively, the slower the
group velocity of the wave, the longer it will be in the
ferrite medium under the influence of the stecring mechan-
~jism, and the more it will be steered. The spin-wave
dispersion relation (Fig., 2.1) has an inflection point

atlg

L FY/A . Y2 :
K, = A7 Ky (3.21)

. q . 10
corresponding to a group velocity minimum 0f™"



Vg * AAk wo. (3.22)

Typically, k_ = 103 cm—l and v_ = 400cm/s. Had the ex-
X g

change parameter A been accounted fqr in the derivation

O M

of the beam steering relation (3.20), the function would

have had a maximum approximately given by (3.21).

As k is increased bheyond kx,.fhe spin-wave region
of the dispersion relation is entered, and the group
velocity increases. It was for magnetoelastic wave
propagation, in fact, that the concept of beam steering " B |

was first introduced?o

3.2 Applications

Brief mention should be made of possible applicetions
of the beam steering principle. A fine wire transducer
could be used to excit!’magnetostqtic spin waves in a
thin rectangular crystal; by varying the angle of the

- external magnetic ficld, the power could be steered

through the cryst&l t5 any of secveral similar trans-
ducers on the other side, This is a switching applica-
tion. .The angular variation of *he magnetic field could
be, achieved by adding a small transverse field to the

~~existing field. Thus, the switching of the r.f. power 3

would be controlled by the small amount of current
necessary to supply the transverse field.
Since the extent of becam steering is dependent on

the frequency of excitation, a similar arrangement (with




fixed magnetic field angle) could be used as a multi-
channel filter. The various components of a multifre-
quency input would be sorted out by the beam steering
phenomenon, and individually received by transducers

properly positioned on the other side of the crystal.



SECTION 4

Experimental Sctup and Results; Localized Resonance

Tn this section are described the experimental pro-
cedures used in attempts to observe beam steering in
single-crystal yttrium iron garnet. The geometrical
arrangement of the YIG sample and the input-output
tr;nsducers for the beam stecering experiment is shown

in Fig. 4.1. The diéplacement x of the output

lj—Xma~ 0
atims () et . JH

YIG ¢

Fig. 4.1 'Geometry of beam stecering experiment.

transducer is varied for a fixed value of the external
4

\.'\\ .
magnetic field angle, ©. Thelbeam steering theory pre-

R
dicts that a maximum signal wilf\ e detected for the value

of x given by (3.20). :

The expcriments that were performed revealed that
the energy path through the crystal was, as expected,
not colinear with the externally applied d.c. magnetic
field., There were discrepancies between theory and
experiment, however, which suggested that another mech-
ani.sm was primarily responsible for the angular devia-
tion of thz cnergy psth. The particular mechanism

boelieved to be responsible for the observations ie

27



discussed, along with possible device applications.

4.) Circuit Description

The microwave circuit diagram is shown in Fig. 4.2,
The signal source is an S-hand sweep oscillator (Alfred
650) leveled by a -~10db sawple of its signal, provided
by a directicnal coupler (ifarda 3003-10). A firequency
meter (HP 536A), a 0-50db precision attenuator (Alfred
E103), and a circulator (Sperry Rand D42S21) are included
~in the circuit petween the sweep oscillator and the YIG
crystal. The circulator serves as an isolator for most
experiments (in which case a matched load terminates the
third'junction), although it also fiinds use when reflected
signals are reaswred. After passing through the sample,
the signal is detected using a crystal detector (HP 4204),
and then displayed on an ccscilloscope (Tektroniz 535A),
The output of the scope is used to drive the y-axis input
of an -y recordesx (losley 7030a). The field of the
laboratory magnet is controlled with a regulated pover
supply (Varian Fieldial lMark II), and measured with a
gaussmeter (Rawson 244). An output froem the gaussmeter
and a ranp output f£rom the asweep oscillator are available
toidrive the s-axis of the recorder. In addition, the
ranp oultput from the oscillator is used to provide a
frequency base for the scope in many cexzperiments,

Fig., 4.2 also shows a picce of cquipment which is

designed to convert mechanical positions of the sowple

=]
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30
holder to an electrical signal suitable for the x-axis

input of the recorder. This, alony with the sample holder,

will be described shorxtly in detail,

The single-crystal YIC sample (Airtron) is a thin
rectangular slab, measuvring .191 x ,162 x .01l8 inches.
The slab is cut alony the (110) planc, and optically
polished. In 2ll experiments, the sample is magnetized
nominally in the (110) dixrection,

4.2 Samnle lolder.and Associated Equipment .

In ordexr to demcnstrate beam steering, it vas ncces-
sary to design & holder for the crystal which would allcw
for the excitation of waves through the crystal, the
detection of these waves, and the mcasurcment of the cextent
of beem steering. This design was complicated by the fact
that the crystal is only .018" thick. Although a thin
crystal has the acdvantage of minindzing the non-uniformity
of the intcenal magnetic ficlds, there ie the disadvantage
that. the stecring cffect becomes increasingly hard to
measure, - In particulaxr, the lateral displaccient of a
beam steered through the availablc crystal at an angle
of 45° would be only .0)8".

The geomatry of the beam steering problem suggests
fine-wire cicitation, as opposcd, for example, to micro-

wave cavity excitation. The crystal holdex, chown
Y ’

approximately full size in the exploded view of Fig. 4.3,

consists of two Lrass blocks which ¢lide together on a
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dovetail such that only latecral relative motion is allowed.
L narrow groove cut in the sliding surface of each block,
perpendicular to the direction of sliding, accomodates the
transducer used for the eycitation or detection of .fhese
waves. Thaese grooves contain narrow teflon inserts which
serve to isolate the transducers from the brass, thereby
preventing accidental shorts and minimizing capacitive
loss. )
A coaxial 0SM connector nounted on cach block pro=-
vides access to the transducer in that block. Each c¢namel-
insulated fine-wire (.005" dia.) tranzducer is soldexred

at oﬁe end to the center conductor of its comnector. The
wires are scated in & f£ine slot cut in cach teflon insert,
and each wirce is grounded at the other end to its block.
Originally, a shallow rectangulux recess routed in the
sliding surface of the statioﬂnry block supported the
crystal in iits proper position between the two trans-
ducers; later, it became necessary to mcdify the sample
holder in order to allow the positioﬁ of the crystal to

be veraed while atfixcd (usually zero)lateral displacement
was maintained between the transducers. Fig., 4.3 shows

the sample holder afiter this modification wags made. This
feature will b2 discusced later in this chapter; suffice

it to say for the present that this change would have had .
no effeet. on the carly beam steeriny experiments.

The sliding block is held firmly agoinst a micrometer-

32
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type thumbscrew (40 threads per inch) by a leaf spring.

(The leaf spring is mounted on the stationary block, and
must be removed if the blocks are to slide complete apart.)
The thumbscrew advances through a tapped hole in a plate
which is mounted on one end oi the stationary block. The
desired lateral displacement between the two transducers
is obtainced by turning this screw. This provides for the
measurement of beam steering.

The photographb.of Fig., 4.4 show the sample holder on
its mounting bracket. When the blocks are together, the
crystal and transducers are hidden from view, as in ({(a).
Fig.- 4.4 (b) shows the sample holder with the sliding
block removed, revealing the YIG crystal, which appears
as a dark rectangle in the widdle of the holder. The
short vertical strips above and below the crystal in (b)
arc strips of copper used to mask the input trancducer
so that only that part cf the signal which passes through
the crystal is scen by the detection transducer. The
purpose of the keyed shaft cxtending to the right in both
views will be discussced later, '

In the bcam steering experiments, the asscmbly is
mouhted to an adjustable table (located between the poles
of the Raboratory magnet) which allows the angle of the
crystal with respect to the magnetic field to bhe varied.
The table is graduated in degrees and provided with a
vernjer scale seo that angles can be measured to the

nearest tenth of & degrec.

R S o sy oo ity
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Fig. 4.4 (a) Photograph of sample holder

: : : with mounting bracket, "(b). with .

sliding block removed to reveal
: . YIG sample.” g i
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A piece of equipment was designed,and built which

converts the displacement between the transducers to an -

35

electrical signal suitable as an input to the x-y recoxder.'_

,“.The device consists of a shaft thch is rotated manualiy,’

- and geared to a ten-turn potentiometer. A counter'indicézes
the number of times thg shaft has turned; and a 'small
véltage tapped from thes potentiometer gives an,eléctricai
output ﬁroportionallto the angular position of the shaft.

A concentric hole drilled inkto the end of the shaft which::
extends between the poles of the\magnet“L is furnished with
‘a keyway. This allows the shaft to slip over the kéyed
ghaft'extending to the right in Fig. 4.4. The keyed sh%ft
is threaded at the other end, and may be used in place of
éither ﬁhumbscrew shown in Fig. 4.3. A collar mounted tg
the endplate of the sample holder surrounds the keyed e |
shaft to prevent it from bindihg at the threaded end.

The experimental setup is shown in Fig. 4.5. The

long shaft extends from the black box to the sample holder,

~located between the poles of the magpét (a crystél detector =

is shown mounted directly to the top of the sample holder).
Turning the counter dial shown in the foreground. rotates
+he long shaft, which forces the keyed shafir to rotate,

» while allowing it to advance through the tapped hole in ﬁhe

. kahe shaft is made of non«magnetic,stuinless steel S0 as

not to perturb the field pattern ihside the magnet.
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_.Ffig'j. 45 ‘Experimental arrangement for
mon'torlng transduc ar dlsplacement
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endplate. Depending on the experimental arrangement, this

will change either the displacement between the transducers
or the displacement of the crystai. (In either case, a full
ten turns corresponds to a displacement of.1/4“, which is
slightly more than the length of the crystal.) A visual
indication of the displacement is given by the counter,

and a voltage proportional to the displacement is available

for the x»-axis of the recoxder.

4.3 Description of Ixperiments

in the first of a seriQS“ofhexperiments directed
toward the observation of béam stee}ing, a 1 Giiz signal
modulated by 1 us pulse was used to excite the crystal.
The equipmenthrequired for this experiment is not all
shown in Fig. 4.2. The additiounal equipment included a
PIN modulator (HP 8732R), & pulse generator (HP 8403A),
a transistor r.f. amplifier (Avantek AWM ~ 4050M/PS-5),
a tunnel diode (Aertech D 112B) in place of the cryctal
detector, and a éulse amplifier (HF 462A). The goal of
+this experiment was to observe the time delay between the
leakage pulse traveling at the rree-space group velocity
associated with séin waves. These experiments did not
lead to much success, and it was concluded that the pulse
width necessary to observe such a time delay was signifi-
cantly smaller than what the available equivment.could
provide.

The continucus-wave experiments were more successful. - .
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A series of magnetostatic modes was excited in the YIG
crystél by sweeping the frequency of the r.f. field from
2 GHz to 3 GHz. The displacement between the fine-wire
transducers and the angleyvof the magnetic field were
maintained at zero. The external magnetic field strength
was 2140 oersteds. Using the output from the scope to
drive the y-axis of the recorder and the ramp output from
the swéep oscillator to drive 'the x-axis, the £ransmission
~of the crystal was plotted; the series of resonances is
shown in Fig. 4.6, superimposed on a scale of untuned
insertion loss. |

"In a similar experiment, the magnetic field strength
was swept while the frequency of the r.f. field was kept
at 2.6 GHz. The output from the gaussmeter was used to
drive the x-axis of the recorder. . The series of modes
thus obtained is shown in Fig. 4.7. An additional res-
onance peak nct shown in Fig. 4.7 occurred at about
2230 oe. This peék had an amplitude comparable to the
peak at 2096 oe.

In a first attempt to actually steer the flow of
power, the reception of the transmitted signal was inves-
%igated as a function of the position of the detection
transducer aleng the crystal. The r.f. firequency and the
magnetic field strength woere held constant. The results
of this experiment arc shown in ¥Fig. 4.8, where the

signal strength isg plotted as a funclaon of the angular

38
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displacement of the detection transducer for several
values of magnetic field angle. %hi# experiment revealed
that spatially localized resonances occurred in the
crystal. Although it was tenmpting to interpret this as
beam steering, certain qualitative features of the
xperimental results were inconsigtent with the theoxy.
One inconsistent fact was that the localized resonances

were symmetrical about the transducer used tc excite

. them. Purthermoxe,- although the external magnetic field

angle had an. efifect on the location of the res onances, a
similary effect could be achieved by keeping the magnetic
field angle at zero, and varying the strength of the
magacstic field.

As van discussed previously, the internal magnetic

i

jeld i

pev

a finite somple is not unifomm throughout, but

e

s smaller in the wniddle of the sample, due to the nature
of the demagnetizing field. It weg hypothesizcd that this
variation could sccount for the localized resonances which
were observed in the crystal.

Te: check whether this was indead ihe case, a modi-
fication wes made on the sample holder, This modification
allowaed the position of the cryvsital fi¢ be variced while a
zero lateral displaceoment: was maintained between the
ransducers.  Fig. 4.3 shows how this is done. A coiled
wire spring in the stationary block [orces one half of a

clamping device against z thusbsciew which can advance
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through a tapped hole in the endplate. The two components
of the clamp are drawn rogether by a long screw which passes
through u clearance hole in the large stationary block and
through the coiled wire spring. The crystal nccts between
the mortise and tenon of the clamp, as shown in Fig., 4.4 (b).
The assembly is frec to move horizontally approximately
174" in cither direction. This motion is accemplishcd Ly
rotating the thumbscrew, or, for the experimental arrange-
ment shown in Fig., 4.5, by turning the counter dial.

With this new featuyr~, it was possible to plot a
"transmission profile" of the crystal; i.e., the trans-
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