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ABSTRACT

A general theory of parametric excitatjon of spin waves by a
traveling phonon in a ferromagret is presented, The theory yields ex-
pressions for the minimum phonon intensity required for excitation of a
pair of spin waves, The threshold intensity is a complicated function of
magnetic bias, phonon pump freguency and direction, and the frequency and
direction of the excited spin waves, For certain cases of practical
interest the threshold expressions together with the conservation condi-
tions for parametric amplificatior are used through a computer p.ogram to
generate curves of the functionai relation hetween pexrtinent variables,

Experiments utilizing suitable transducers and ferrimagnetic
material are described, These experiments extond observation of the
basic phenomena to include phoron pumping by transverse waves, These
experiments generated a curve of relative threshold amplitude versus ap-
piied magnetic field for a particnlar materiai geometry,

An amplifier device,uf exploratory nature, was designed and
tested, Because this device failed to generste a signal mode it could
not be tested for amplification,
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SECTION I

INTRODUCTION

This report summarizes results ach’ eved during a program en-
titled "Developmen:. Program on Magnetoelastic Wave Amplifier" Subcontract
No. 340, under Prime Contract No. AF19(628)-5167. The program ervisioned
two phases: Phase I, a theoretical evaluatior of magnetoelastic am ifica-
tion; and Phase 1I, construction of an amplifier to operate in C band
with bandwidth greater than 10%.

Prior to the start of this program a specific parametric
amplifier device utilizing the magnetic and acoustic properties of yttrium

(1)

iron garnet (YIG) had been studied theoretically, and parametric

amplification of signals propagating in 3 variety of the modes available

(2-4) These studies

in suitably shaped samples of YIG had been observed,
revealed mechanisms capable of providing net gain at room temperature for
signal frequencies ranging from L to X band. However, if pump frequency

and bias field were fixed to provide gain at some specified signal frcquency,
gain was obtained over only a very narrow band centered about the specified

frequency,

The limited bandwidth of the mechanisms previously studied
results, largely, because the pump wave is not a traveling wave, Among
the modes that might be employed as a traveling wave pump in a magneto-
elastic amplifier, phonon modes are most attractive since these are essen-
tially independent of magnetic bias field except near magnetoelastic cross-
over. Thus, with a phonon pump, the bias field can be chesen to select
the frequency or wave number of spin wave or other modes without affecting
the phonon pump. This lends considerable freedom to the choice of frequency,
wave number, propagation direction,.etc., of signal and idler modes, These
considerations governed the décision to develop a magnetoelastic wave
amplifier that employs a traveling phonon pump.

The general feasibility of traveling wave phonon pumping of spin
waves in suitable magnetoelastic materials had been demonstrated prior

-1 -
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to the start of the present program Matthews and Morgenthaler had ob-
served the loss ¢f energy from pulses of longitwdinal phenons traveling in
the direction of the magnetic bias field in a sample of gallium substituted
YIG magnetized along a (luu) direction.(S) They interpreted the energy
loss as due to parametric excitation of a pair of spin waves. This inter-
pretation was supported by their calculatior of the instability threshold

corresponding to the conditions of their experimental observations,

Parametric excitation of spin waves by a phonon can ir principle
be used to amplify a spin wave signal provided an appropriate idler spin
wave exists so that crystal momentum and energy can be conserved, The
gain and bandwidth of an amplifier utilizing the process would depend on
the length of the interaction region, the input and output :ransducer
efficiencies, mode of operation (cw or pulsed) and other design features,
However, unless the amplitude of the phonon displacement exceeds the mini-
mum required for unstable excitation of spin waves no amplification is
possible, Hence the first quantity of interest is this threshold for

instability.

A major result of the present program is the generalization of
prior calculations to obtain the instability threshoid for transverse as
well as Jongitudinal phonons and to include the influence of propagation
direction relative to bias field direction and to crystal axes, Section II
of this report consists of a summary of these calculations and presents
the results by curves giving threshold vs signal frequency for various

configurations of pump and signal wave vectors,

The theoretical study showed that for YIG the instability thresh-
old for pumping by transverse phonons is less than for longitudinal
phonons, An important new result of the development program is experi-
mental observationaf transverse phonen pumping of spin waves, and extension
of the pumping fregiency from 1 GHz to 3 GHz, Section III of this report
consists of a summary of this experiment and of an amplifier experiment,

The development work did not produce a magnetoelastic wave
amplifier with usable bandwidth. Section IV of this report contains sug-

gestions for further development work,
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THEORY OF PARAMETRIC EXCITATION OF SPIN WAVES BY A TRAVELING PHONON PUMP

: 2,1 Calculation of Pump Thresiiald

PRI

The magnetoelastic r .ergy density which makes possible phonon
spin wave conversion is

T

! XME = b1“ﬁ°xx + b2"1“2exy + cyclic permutations, (1)
where b1 and b, are tke usual magnetoelastic coupling constants, «; are
the direction cosines of the magnetization, and eu are the elastic

straias. This cenergy gives rise to an effective magnetic field

which couples to the magnetizativa in the usual way, Taking the fourier
. transform of (2) gives the fourier components of this effective field:
c 2ib
E _ ____]_; ' I}
“"S&,L(_‘ o Mxokek! Kx B 9
(3)
ib

— 4 4 4
T LR LWL,

" E
with H?Ek . H! k obtained from (3) by cyclic permutation of the xyz sub-
* t
- scripts, The quantities m.k and Ru | are the k fouri~r components of the
» ' ~
p  cartesian components of the magnetization and elastic displacement
t vectors, respectiveiry, Away from the crossover of the phonon and spin

wsve dispersion relations, we may neglect all elastic displacements except
that caused by the phonon pump, so that




i
-w t in t
- p - * mp i
R”'l‘. = Pue 5(_1_(_ '.‘.p) + Pv e 5(5+.'Ep) (4) H
for a pump of frequency w, traveling along }&,
The equations of motion for m K and my  may be conveniently !
writt:n in matrix form: §
i
-impt iubt
nm = Wm + Be ; + B% 5)
k = K -k, "k
where
mx'l(-‘
m = . (6)
"y k
and %
/;5sin2¢k O ( 1-0%) ---ok(cos"¢Ir + a; sin'ik\ %
wk = \ (7 £
in®d, + o cof ) —Y%sin20 O (1-c] :
Oy (sin"dy + o cosBy) —%sin2p Oy (1-0}) :
i
The frequency % in (7) is the 8,=0 spin wave frequeacy, §
0, = YH+ D) (8) %
the angle ¢k is tne azimuth angle of k; and
o = w.'.‘.lnk . (9)
where W is the spin wave frequency:
2 =%
o = [+ anvi sin’e )] . (10)
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The terms in (5) involving B and B® arise from the torque produced by the
magnetoelastic field which acts on the magnetization, The matrix B is

[_, : .
iy - °2(kpny + "pxpy) 2!)1(‘;):‘,?z - kpy'?y)
T (11)

= 2b (kP - kpuPy)  bolky Py + kpxPy)] :

B =

We now transform to spin wave variables S+ Where

mk =T, , (12)

4ith the matrix (which diagonalizes Wk) given by

iak sin¢3k + ‘os¢k --iok sin¢k + cos(!?k

M
T& - 2F (13)
k \— ioy cos¢5k + sin¢5k - gy cosP, + sin@k
The resulting equations of mution ave
. - - iwpt
S T iy s+ Tk BT -k e S ik
~ T T\~ ~=Pn ~=~P
—iw t
1 P *
+ [T,” BT -k A e sk-k
I ¥ ~~P
(14)



We assume now that the pump frequency Wy is such as to tend to
parametrically excite spin waves with wave vector -k and k+k‘f i.e,,

Y T % T %k

~ —~

fogt
Noting that s, =@ X in the absence of the pump, we see that ihe last

~

term in (14) drives s_y at its resonance frequency. Retaining this term,

~

therefore, and dropping as inconsequential the other presumably off-
resonance pumping terms, and adding loss gives

- ' (15)

: A fugt o
H k = (luk“)\k) s_k + ae skl

~ ~

where k' = ktk i B is the "pumpin¢ factor" given by

-1 »
B = (T’ B TE,)12 : (16)

~

and
)‘k = bYAHk '

—~

where AHk is the full spin wave linewidth,

Identical arguments as the above lead to the approximate equa-

tion of motion for s;,

—~

~-iw t
S; r = B.e wp S

g

]
-k —(iw_lf_' + )\kl) :k,

~

: (17

The coupled equations (15) and (17) are easily solved exactly,
by transforming to the spin wave ampJitudes z ¢

~
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The 2z, obey simple linear equations with constant coefficients:

.z_k = —)\kz-:'f.+ Bz;, ' (18)
i;f = B. z_!&—\kfzzl . (19)

The threshold condition for growth,

]
is then immediately obtained from (18) and (19) by setting ik = i;, = C,
We ncw turn our attention to finding more explicit expressions

for g, the "pumping factor". Using Eqs. (16), (11) and (13), and noting
that

(N cos¢k-i sin¢k Ok sin¢k+i cos¢k

-
= ‘ k O cosd, +i sin¢k o sin¢k-i cosd .
we find that
44 kck:B = (21)

28'1'1 {Eck+ok') °°S(¢k+¢k') -i(1+okok:) sin(¢k+¢k:i}

+ (B;1+B:2) {E°k+ckf) sin(@+dy, ) + i(1+oyoy ¢ °°S(¢k+¢k'i}

*

+ (821—812) {Eok-ok:) sin(¢k-¢kr) + i(l-okok:) cos(¢k-¢kzz} .



For a longitudinal pump of amplitude A,

23}1 = AN, sine, sin2g | (22)
. . 2
821 + 812 = --A'n1 sin" @, cos2¢p . (23)
] ] _ 2 -
By, - By = Anl (3cos 8, 1, (24)
where
o= ivbgk M
i

Matihews and Horgenthaler5 have calculated the instability threshold
for a longitudinal pump traveling along z. For this case,

SN A B H I

A

6 =0, ¢k' = 0k+11, and B becomes

Yl“(pbl( l-Cka l)

2 oo

SRR o G (R

Setting Idazzxwﬁ AH AH, , gives a criticul amplitude A In agreement with
Eq. (10) of reference (1), A further check on (21) is obtained by con-
sidering the case of magnetoelastic isotropy, bl+b2. Then B depends on
azimuth angles only through the combination ¢, +@ /s -2¢p, and hence is
independent of rotations of the crystal about the z axis,

it HH

A

The case of a transversely polarized pump is slightly more
complicated, We assume that the medium is elastically isotropic, an
assumption fairly good for YIG., Then the general shear polarization is
elliptical and can be characterized by the amplitude At of the elastic
displacement perpendicular to the wave vector !-‘-p and in the plane of _ls_p

O

i

|
|
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and the z axis, by the amplitude At’ of the elastic displacemen* perpen-
dicular to this plane, and by the phase difference § between these displace-

ments, Thus, we write the elastic displacement vector as

R = A_cos(k -r-w t)t + A_,cos(k rr-w t-¢)t’
~ t ~p~ P t ~p~ P

where the vectors f and t’ are shown in Fig. 1. Then,

. . . iy
2Bl1 =M sxnep {}t cosap sxn2¢p +A e c052¢é} . (25)
By,+BT, = T, sing (; cose_ cos28 - A, eV sin2 (26)
21712 n pit p “p tf Pl '
BS.-B*, = -37m, sin6_ cosg_A (27)
21 12 T nl 1 p pt

Equations (20) through (27) con’titute s convenient set of
formulas to calculate the instability threshold for any pump polarization

and wave vector of interest.

In the case of a transverse phonon pump, the threshold power
depends on the state of elliptical polarization in a complex way, as can
be seen from the above equations, In order to reduce the number of cases
to consider, we analyze only what is perhaps the most interesting case,
namely the case of optimum polarization, That is, we choose the phase ¢
and amplitudes At and At’ that minimize|e|2. subject to the constraint
that the acoustic intensity

2 A (28)
o= KCy ko v, (A + AL

is constant. In (28), C44 is the transverse elastic stiffness, and vy
is the transverse sound velocity. The optimum polarization is easily

found analytically, since |8]| is of the form:




—+>

$p

FIG. 1 Coordirate system showing ¢

and £°

>y

directions.
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iy iCy, +¥)
8] = |Ar.e by A it e e - (29)

where rt and r,, are the absolute values of the coefficients of At and At"

respectively, Clearly,
AR NN (30) i
is the optimum phase, so that

max |g] = Ar, + A (31)

\

tl

The right side of (31) may be considered to be the inner product of tle
vector (A;, Ay/) with the vector (ry, ry’), while the intensity I is pro-
portional to the square of the length of (A,, A;/). Thus, the right side
of (31) is clearly maximized, when I is constrained to be constant, by

choosing (A,, A,s) parallel to (ry, r,s), that is

A/As = ry /T (32)

2 2 2
Defining, then, A = At + At' , We have th2 result

max 8] = A \/r: + r:, , (33)

elliptical polarizations !

with the optimum polarization defined by (31) and (33),

Later on, we shall concentrate our attention on the case of
ep=90°. It is clear physically and from Eqs. (25) through (27) that, in
this case, the elastic displacement along t does not couple to the spin
waves (r,=0), Hence, the instability threshold fo; the g.owth of any pair

of spin waves is minimized by having the transverse pump linearily

- 10 -




polarized in the t’ direction (in this case, on the xy plane).

As already mentioned, we have assumed throughout the analysis that

the energy and wave vector conservation cenditions

uh + wk, = wp . (34)
E_+ li' = ‘ls-p (35)

are satisfied. Therefore, befcre we can apply the formulas derived
above, we must consider the general question of satisfying these condi-

tions. This we do in the next section.

2.2 Energv and Wave Vector Conservation

The conservation conditions (34) and (35) plus the dispersion

relations

L (36)
p sp

%
wy = {80 (D +am sin-aeq)J q=k i’ (37

constitute a set of seven (scalar) equations in the thirteen variables
14
wpv mkv wklv kp' ep' ¢pv kc ek' ¢k' k ' eklv ¢k“ H .

It is possible, therefore, to fix six of the thirteen variables, and

determine the remaining seven from the above conditions,

In accord with practical considerations concerning the rea'iza-
tion of a magnetoelastic amp ifier utilizing a phonon pump with spin wave
signal and idler, we choose to fix the pump variables wp. Op, ¢p' the

)
k' "k
these variables within certain limits do real (physical) solutions for

signal variables w and the internal field H. Only for values of

- 11 -
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the remaining variables exist, These limits define upper bounds to the band-

width under various couditions of operation,

The threshold pump power required for gain also depends on the
above thirteen quantities in addition to the spin wave linewidths, magneto-
elastic coupling constants and pump polarization. Therefore, solving the
conservation conditions is a necessary first step in computing the threshold
power for gain. We have solved the seven equations above on a computer for
various conditions of operation. Typical results are displayed in Figs. 2,
3, 4 and 5,

We note from these figures that solutions exist over large regions
of parametric space. For example, in a field of 1000 gauss, a signal propa-
gating a2t an angle of 45% to the field could be amplified, so long as the
signal frequency is between 4.5 x 16° rad/sec and 6.0 x 16° rad/sec, As
the signal frequency changes from the lower to the vpper value, the figures
show that the azimuthal angle of the signal wave vector must change from
+ 135° to + 28° (for ¢p=0). The + sign comes from the fact that solutions
come in pairs since euch solution E, i’ can be reflected in the ﬂ, E
-plane to give a second solution to the conservation conditions, In general,
for ¢p¢0. these two different solutions will have different instability
thresholds as a recult of the magnetoelastic anisotropy bl#b2.

The preceding theory may now be appiied to the computation of

instability thresholds for various configurations of signal and pump wave

(6,7

vectors, We have used the following values, appropriate to YIG, in the

numerical computations resultin., ... Figs, 6 through 15:

5y = 2.69 x 10'° d/em
Cpy = T.64 x 10)' djen®

p = 5.17 gm/cm3 .

b, = 3.48 x 10g ergs_/cma .

b2 = 6,96 x 106 ergs/cnﬁ .
= 5.2 x 107 Oe-cn®

4y = 3.1 x 10° sec”

- 12 -
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FIG. 2 Solutions to the conservation conditions
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0
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11
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i

= 45o W

Oo
“p

internal field H and the sig-
The three numbers

in each box are, from top to bottom, the signal wave vector aximuthal angle
Py the idler wave vector azimuthal angle ‘- , and the polar angle 6-

(all angles in degrees).

reason for failure as follows:

°* o < y[H(H + 4mM sin‘aek)];é X

* (1)kl<YH

A k° less than kpz -k
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The spin wave linewidths are functions of frequency and wave vector,

We have used the simple formula(B)

AHk = aw + bk/wk . {38)
with
a = 8.35 x 107'° gauss sec
h = 5.2a x 10 gauss cm/sec

in vur numerical work.

In the case illustrated in Fig, 6, the variation with signal
frequency of AHkAHk, is negligibly small, It does, however, vary with
applied field and accounts for the lower minimum threshold at the higher
field shown in the figure. Although the thresholds are not low for the
cases illustrated in Fig. 6, the possible bandwidth is e.couraging. For
example, in the case of ¢p:45°, H=250 Oe, the threshold is within a factor
of 2 ¢f its minimum value over a band 7.5% on either side of uh/Z. This
same case is shown again in Fig, 7, where we have also shown the variation
in azimuthal angles ¢k' ¢k' as the signal frequency W, is varied. This
variation, necessary for the conservation oY wave vector and energy, is
considerable for this case, namely about 80o over what would otherwise

appear to be a useful band of frequencies.

Figure 8 shows the use of a transverse pump, Comparing to Fi¢ 6,
we see that the threshold is reduced by approximately a factor of 10 over
a pump of longitudinal polariz~tion. An unexpected feature of all the
curves in Fig. 8 is the fact that the degenerate (in frequency) case has
a maximum rather than a minimum threshold. This appears to be mustly a
result of the variation of AHkAHk, which, at H=750 Oe, is markedly higher
for the degenerate case.

Figure 9 shows the extremely bread bandwidth possible under
operation with the signal wave vector inclined at 30° to the magnetic
field H, rather than lying perpendicular to the field as does the pump wave

vector. We have not shown the variation in signal azimuvthel ang'!e which
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the computation s j»ws decreases from 71° to 23° as the frequency changes
from 2.2 x 10° rad/sec to 2,7 10° rad/sec, for ¢p=0°, H=1000 Oe,

If the frequency is reduced, the threshold can drop markedly, as
shown. for example in Figs., 10 and 11, The pump frequency has been reduced
from the previous cases by a factor of five, Again we see the phenomenon
that for a transverse pump the threshold is highest for wkzwp/Z. Although
the bancwidth is rather small for the configuration shown in Fig. 10, the
rather low threshold makes it a promising case for experimental study,

In Fig. 11 we have shown the variation in azimuthal angles, which again is

quite pronounced,

Figure 12 illustrates, at the lower frequency, the case of
signal wave vector inclined at 30° to the magnetic field and again shows
the wide bandwidth available under these conditions, The variations in
signal and idler wave vector azimuthal angles ¢k and ¢k' and the variation
of tiie polar angle ek, of the idler wave .cctor are shown in Fig. 13, 1n
contrast to the other examples discussed, these variations are not large,
In particular, the vaciatio. in ¢k is less than 19° over the 10% band
illustrated in the figure.

The final figures (Figs. 14 and 15) are results for a longitudinal
pump at the lower frequency and show features similar to those discussed
above,
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SECTION 111

EXPERIMENTS ON PARAMETRIC AMPLIFICATION OF SPIN WAVES BY TRAVELING PHONON PCMP

3.1 Transducers

Several techniques for establishing microwave phonon propagation
in YIG are available, The magnetic technique.: are not useful in the present
studies, Among the piezoelectric techniques, thin film transducers are
most efficient, and most likely to be improved, The cadmium sulpide thin
film transducers used in the present development study were fabricated

with the method described by chter‘(Q)

These transducers may be excited in a transverse wave mode by
an electric {field normal to the film plane. At low frequencies (< 1.5 GHz)
the film thickness is a half wavelength for transverse waves in the film,
Good discrimination against longitudinal wave excitation (greater than 30 dB)
can be obtained. However, as the frequencv is increased, discrimination is
degraded, To obtain good suppression of longitudinal excitatioa at fre-
quencies greater than 1,5 GHz, i. is possible 3 take advantage of the
fact that the ratic o. )rngitudinal to transverse phonon velocity in CdS
is approximately 2,5:1, Thus a CdS film 3/2 transverse wavelengths thick
will be one longitudinal wavelength thick, and longitudinal excitation is
effectively supprassed. However, suppression of longitudinal wuve excita-
tion is obtained at the expense of transverse wave excitation efficiency

since these are generated by an overtone mode.

Thin fiim CdS transducers are damagod when subjected to excessive-
ly higk electric fields. In order therefore to obtain phonen power densi-
ties equal to or greater than the minimum required for spin wave excitation,
transducers with adequate conversion efficiency are nccessary. The theory
of Sec, II indicates that phonon power densities of the order of 100 mW/cm’
are required for the mo-e favorable cases. (Note for instance Fig. 10,)

In phonon pumping expariments it is convenient for a variety of reasons
to use circuit matching structures with a Q of about 200 to drive trans-

ducers with an active area of approximately 0.1 cm®, Our experience with

e e
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this configuration indicates that incident electromagnetic power in excess
of 1 watt will damage the transducer. A trivial calculation shows that a

total matching structure plus transducer conversion efficiency ¢f about 1%
is necessary to achieve phonon pumping. t the present state of the art

this requirement can be met for frequencies up to 3 GHz,

Figure 16 is a schematic represcntation of a typical matching

structure — transducer assembly,

3.2 Material

A single crysial ferrimagnetic material suitable for use in
a phonon pumped magnetoelastic amplifier must have adequate magnetoelastic
coupling and large elastic Q. YIG has these characteristics at room
temperature for frequencies of 3 GHz or less, In order to a‘oid excessive
Jump power requirements a suitable material must also have a small spin
wave linewidth AHk.
Comparison of Fig, 10 with Fig. 12 shows that 6=rr/2 spin waves

have the lowest instability threshold, The following discussion refers to
a function of frequency, has a minimum &t 3 GHz increas-
Qi We noted in Sec. 3.1 that

such waves. AHk,
ing rapidly at lower frequencies in YIG,
transducer restrictions presently limit phonon pump frequencies to 3 GHz ‘
or less. This implies that any pair of potentially unstable spin waves ’

also have frequencies less than 3 GHz and hence a large AHk ir YIG.

Tha increase of AHk below 3 GHz is due to the presence of relava-
tion mechanisms not allowed at higher frequencies, the three magnon splitting
proces<es, In these processes a spin wave with frequency @, decays into
two spin waves of lower frequency. One of these must have frequency w<w,/2.
Splitting processes are allowed at frequencies less than 3 GHz in YIG
since the bottom of the spin wave band externds io frequencies less than 1,5

GHz when the tup is at 3 GHz.

The width of the spin wave band depends on saturation magnetiza-
tion Ms and the splitting processes are restricted to frequencies lower

than 3 GHz in the gallium substituted isomorphs of YIG, YsGaxFes_XO , Which

12
have smaller Ms.
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Single crystals of Ga-YIG with 4nMs ~ 300 are readily available

from commercial sources and the phonon pumping experiment to be described
later was made with such a crystal, Pertinent material parameters are ex-

hibited in Table I, which also permits comparison with YIG.

Table <. Pertinent material parameters at 300°K of YIG and Ga-YIG Crystal M380

4rM ¥ T, 2K /M b, Qe
(gauss) (MHz,0e) (TC) (0Oe) (ergs/en®) (@ 3 GHz)

YIG 1750 2.80 2687 90 7 x 10° 12,500

M380 294  2.80 125 135 4% 10° 12,500

Note from Table I that (Ms/bQ)YIG = 3.3 (Ms/b2)M380'
of Sec. II shows that threshold strain is propor.ional to Ms/bz- Thus, if

The theory

other factors are equal, it takes less phonon power to parametrically excite
spin waves in Ga-YIG than in YIG.

The influence of the magnetocrystalline anisotropy field 2K1/Ms
warrants discussion, The theory of Sec, ITI assumes 2K1/Ms = 0, This is a
fairly good assumption for YIG and for high pur- frequencies. Moreover the
theory becomes considerably more complicated when the influence of 2K1/Ms is
treated exactly, Unfortunately, assuming 2K1/Ms = 0 is a poor assumption for

M380 at the pump frequencies used in our experiments,

3.3 Pumping Fxperiments

3.3.1 Setup and procedure

The goal of the experimental development work was construction of
a magnetoelastic amplifier and proceeded in two phases. The first phase
consisted of ohservation of phonon pumping, the second of an attempt to

realize an amplifying structure.
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A block diagram of the setup used to observe phonon pumping is
given in Fig. 17, which also exhibits the directions of the pertinent field

vectors relative to crystal geometry,

CW microwave power from the "raveling wave tube is converted to
pulses of several microsecond duration at a convenient repetition rate,
The electromagnetic energy is converted to phonon energy by the CdS trans-
ducer, Phonoa pulses travel the length of the crystal, are reflected by
the polished end face, return to the CdS transducer, and are converied to
electromagnetic pulses, These are detected by the superheterodyne receiver
and displayed on the oscilloscope, A typical display is shown in Fig. 18
which was chosen to show the effect of phonon pumping. When pumping occurs
energy is delivered from the phonon pump to the excited spin waves, This
is indicated by the reduced amplitude of the trailing edge of the pump
pulse. Energy is extracted during the first round trip in the crystal,
Subsequent echoes are replicas of the first reduced in amplitude by ordinary

elastic loss mechanisms

The onset of pumping can be detected by observing the variatjon
of pulse amplitude with increasing input power., The bias field is held
constant at a value for which pumping is allowed. The onset of pumping
becomes first noticeable as a decrease in amplitude at the trailing edge
of the pulse. The power required for o.uset of pumping increases with de-
creasing pulse length, This dependence, due to the finite time required for
excited spin waves to grow from their thermal amplitudes, is encountered in
pulsed parallel pumping experiments and has been analyzed in detail.(ll)
Let A(T) denote threshold pump amplitude for a pulse of duration 7. The
T 1/7, in which Acrit
amplitude for cw pumping., Typical results from our experiments are shown
in Fig. 19. The value of Acrit
to the amplitude calculated from a cw theory like that discussed in Sec, II,

analysis shows that A(T)-A denotes threshold pump

obtained by extrapolation should correspond

Variation of the bias field alters the frequency and wave vector
of the spin wave pairs that satisfy the conservation conditions, and since
different pairs have different thresholds Acrit is a function of bias
field 1,
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FIG. 18 Detected echoes o1 2.4 GHz transverse phonon pulse.
Hoyy = 385 Oe. Approximately C.5 watt incident
on matching structure.
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FIG. 19 Pump threshold amplitude, A(T) , as a function of reciprocal pulse length
for several values of external magnetic field. Sample Ga-YIG M380. Pump
frequency 2.4 Giz.




3.3.2 Results

Figure 20 exhibits Acr vs H for the configuration shown in

it
Fig, 17, The pump frequency was 2,4 GHz, Threshold amplitude is plotted

as a function of external field Hext'

The threshold minimum for Hoyo = 365 Oe was expected, The internal

-

field Hi in a uniformly, transversely magnetized rod varies symmetrically

about the central, cross section, being larger at the ends than at the center,

H; is relatively constant over only the central region, where Hi = 250 Oe
for Ga-YIG M380 when Hext = 385 Oe. For H; = 250 Oe, the frequency of small
(DK® << Hi)' 5 = m/2 spin waves is approximately 1.2 GHz, half the 2.4 GHz
pump frequency. Small k, 6 = m/2 spin waves have the lowest threshold,
(Compare Fig. 10 and Fig. 12.) Thus when Hot = 385 Oe the lowest threshold

spin waves can be excited in the central region of the rod,

The increase in threshold for Hex > 385 Oe was also expected,

t
In this case H; > 250 Oe in all regions of the rod, end at least one partner
of any potentially unstable pair must have 6 < w/2 and a higher threshold

than a 8 = n/2 pair,

The relatively slow increase in threshold for Hext < 385 Oe is

interesting, When Hex < 385 Oe, Hi < 250 Oe in the central region of the

(t
rod, 6 = m/2 pairs are allowed, but at least one partner must have large k
and large AHk. Thus low threshold excitation is not expected in the central

region, For 310 Oe < Hex < 385 Oe a low threshold ¢ = n/2 spin wave pair

can be excited in some re;ion Az, between the center and ends, in which
Hi = 250 + ¢ Oe, Such a pair would move toward the center, lower field
region with an attendanrt increase in k and AHk ending parametric growth
perhaps in a time short compared to the time required to grow to detectable
amplitude, Thus low threshold excitation in the end regions of the rod

might not be expected.

The relatively slow increase of A as H is decreased could

crit ext
vesult if both partners of a 6 = m/2 pair excited in Az had sufficiently
small group velocity to remain in Az for a time long compared to pump nulse

duration, As “ext is lowered, Az would move from the rod center, getting
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FIG. 20 Pump threshold amplitude, Agrjy . 85 @ function of external magnetic
field. Sample Ga-YIG M380. Pump frequency of 2.4 Gz.




narrower as it approached the rod end. As the volume of active region is
reduced, the total energy extracted from the pump pulse wyuld also be reduced,
This mechanism would account for the relatively slow increase of Acrit for

Hext < 385 Oe,
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SECTION 1V

AMPL FICAT T7*] EXPERIMENTS

.1 Amplifier Design

The amplifier structure depicted schematically in Fig. 21 was
suggested by t.e results of the pumping experiments, and by the reasonably
well understood meckanisms of magnetoelastic wave genecation and propa-

gation in axially maganetized YIG rods.(lz)

Th: magnetic fields :ssociated
wth a pulsed rf current in a fine wire gcnerate a spin disturbance,
probably a traveling magnetostatic mode, that excites a §=0 spin wave in

a region Az in the rod where f ~ YH;. The spin wave travels toward the
rod end ir the direction of decreasing field, soon being converted to an
elastic wave which travels to the poiished end of the rod and is reflected.
The tequence is then reversed, resu’ting finally in a pulse ef rf current

in ihe wire, Similar experiments have been ‘ried in transversely magnetized
YIG rods with limited success. In a transversely magnetized rod a g=m/2
spin wave excited in a region Az where f o~ ¥ BHi would *rav2l toward the
rod center and be converted vo an ela;tic wav., The elastic wave would
travcl thrungh the rod center to the symmetric region where f ~ vyBH;, be
reconve.wed to 3 spin wave and reflected back for detection. I* was
envisioned that the spin wave could be parametrically amplified by a trans-
verse phonon pump either at the region of excitation or reflection,

The limited success in generating, propagating, a d detecting
spin waves in transversely magnetized rods has been experienced using YIG.
It was felt that the lower 4nMs of Ga-YIG M380 increased the probability
o successful operation, particularly for low frequency magnetoelastic

waves,

4.2 Eesuits

Operation of the anplifier was attempted using Ga-YIG M380, Al-
though it was possiile to excite magnetostatic modes in the transversely
magnetized rod over a wide range of frequeacies centered absut 1.2 GHz
none was amplifjed by a 2.4 GHz transverse phonon pump pulse,
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~f Excitation of a magnetoelastic wave pulse by means of the fine
&
: wire was attempted, No pulses were detected. Phonon pumping at 2.4 GHz
]
§ wss applied with sufficient power to olLserve energy loss from the pump.

A wide range of frequencies centered abov .2 GHz was searched, No

. signals were observed, Combinations of excitation and pumping were also

attempted; these also failed to yield any signals.




SECTION V

CONCLUSIONS AND SUGGESTIONS FOR FURTHER DEVELOPMENT WORK

Although this development program did not result in a magneto-
elastic wave amplifier with .;able bandwidth, the positive results of the
program are encouraging, The theory shows that only moderate pump power
is required to attain threshold and pump a wide variety of spin wave modes.
The experimental work showed that presently available materials and
transducers can be employed to achieve pumping at frequencies up to 3 GHz,

The failure of the amplifier device was probably due to the un-
favorable configuration for nonparametric generation of & signal mode,
Testing alternative configurations is a fruitful area for further uevelop-
ment work, An attractive candidate is a disk with parallel flat spots
polished at opposite ends of a diameter. This configuration is more dif-
ficult to fabricate than a rod, but more favorable for nonparametric
generation of a signal mode,
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