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Abstract

A computer study at X-band frequencies of the threshold fields for sube
sldlary resonance phenomeas in a wide range of magnetic materials has been
conducted. The variation of the oritical power for spin-wave excltation has
been determined as a functi~n of the material parameters combined with the
geometry of the ferrite ma.erlal. The investigation has shown that, at a
glven frequency, low=level operation of microwave devices that utiligze sub-
sidlary resonance absorption requires a material with a very narrow spine
wave linewlidth and a saturation magnetization in the order of 5000 gauas.
The optimum material geometry that ylelds the lowest threshold is the case
where the demagnetlizing factor Ny= O, where z repressnts the direction of
the applied do field, and the tranaverse demagnetizing factors N, and N,
are equal to 0.5,
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| CMPUTER STUDY OF SUBSIDIARY RESONANCE PHENOMENA
IN MICROWAVE MAGNETIC MATERTALS

INTRODUCTION

The nonlinear properties of ferrites and garnets have been utilized in
the fabrication of numerous forms of subsidiary resonance limiters.’'® This
type of limiter offers advantages of being simple to construct and has an
inherently broader frequency bandwidth. However, it has the disadvantage of
having the highest threshold power. Subsidiary resonance abaorption is a
go~-called first-order nonlinear effect becaguse it arises from the coupling
between certain spin waves and the uniform precession. First-order effects
involve only spin waves that are one-=half the frequency of the applied sig-
nal, u~ w/2, where uy is the spin wave frequency, and w is the frequency
of operation. Subsidiary resonant absorption is normally observed at a do
field that is below the field required for ferrimagnetic resonance. The
result of this nonresonant excitation ylelds a threshold field that is
relatively high.

Because of the inherently broader frequency bandwidth of subsidiary
resonance limiters, this report concerns itself with the methods of reducing
the threshold power. A Burroughs 5500 Digital Computer was utilized in ope
timizing the geometry and material parameters to obtain the lowest possible
threshold power.

ANALYTICAL PROCEDURE

The appearance of the subsidiary resonance at high power levels is
governed by the condition that:®

YHo < % + Nouw (1)

where Y = gyromagnetic ratio = 2.8,
Ho = gapplied dc field,
w = operating frequency,
N, = demagnetizing factor,

and Wy = yhmM = gaturation magnetization of
the material.

- These restrictions assure that the dc biasing field has been r=duced suffi-
ciently so that the half-frequency spin waves (0 = w/2) required for first-
order nonlinear process will exist. When this condition is satisfied, the

threshold field for excitation of half-frequency spin waves is gi b
following: 1 v oF ' ? ven by the



2wAH [(w -w)? o+ (yAH)"]m

he = W, (g.-r W - N’Q (2)

where he = critical field,
Ak = spin-wave linewldth,
wr = Kittel resonant frequency,
AH = resonant linswldth,

and w = YHeoo

The material parameters that have a significant effect in reducing the thres-
hold are the spin-wave linewldth, the saturation magnetization, the demagnet-
iz2ing factors, and the frequency of operation.

Ten different materials were investigated utilizing the computer for de-
talled calculations, The magnetic materials had saturation magnetizations
that ranged from 250 to 6000 gauss and spin-wave linewidths that varied from
0,09 to 2.0 oersteds.

Four geometries were considered that yielded four different sets of de=
magnetizing factors, The resonance frequency of the ferrite material is in=-
fluenced by the demagnetizihg flelds and ls given by:4

vl

. |
0 - E’H“* (M- ) u;] [v&w (Ny= ) uﬂ (3)

where Ny, N,, and N; are the demagnetizing factors in carteslian coordinates.
The demagnetizing factors arise in the following way: When an external fleld
is applied to a homogenous specimen, magnetic dipoles are induced at the sur-
face and create a component of magnetic fisld opposing the original fileld.
The internal field, H,, is given by:

Hy = Hyg =« N (kM) (L)

where N (4LrM) is an opposing internal field caused by the presence of dipoles
induced on the surface. The demagnetizing factor, N, is a measure of this
induction and depends on the geometry of the ferrite material.

There are several special geometrical shgpes that are of primary inter-

est and will recur frequently in the discussion of microwave devices. These
special shapes are ellipsoid, needle, sphere, and thin discs.
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The method used to obtain the various ocurves and tables illustrated in
this report was to program squations (2) and (3) along with the restrictions
listed in equation (1) into the oomputer. Values of h, were obtained as a
function of applied do field for the frequency rangs (8.4 to 12.4 GHa) for
each material.

Since the interest was to determine the conditions for minimum h,, the
effect of demagnetizing fuctors on the limiting threshold of polycrystalline
yttriumeiron-garnet (YIQ) material was first investigated to limit the nume
ber of cases to be studied. Equetion (2) was programmed into the computer
with equation (3) substituted for w, in equation (2). With all other psram-
eters held constant, minimums of h, were obtained as a function of demagnet=-
lzging faotors,

RESULTS

The effect of the demagnetizing factors on the critical field for sub-
sldiary resonance is presented in Table I, a. through d. Each table has a
constant N, with the trensverse demagnetizing factors, N, and N,, changing
such that the sum N, + N, + N, always equals 1.0, These tables indicate
the geometry that will result in a minimum threshold field for a constant
set of material parameters, The data presented in the tables are computed
‘for polycrystalline YIG material., The critical field is tabulated for four
values of N, (0.0, 0.3, 0.5, 1.0), while N, and N, are changed over the al-
lowable rangs (1=N,) for each value of N,. The data were computed at the
center frequency of X band, 10.4 GHz.

The following conolusions can be made from the data presented in the
tables: '

&+, The oritical field is a direct function of N,.
The minimum value of 0.3622 ocersted is obtained
for Ny= O, Ny= 0.5, and N,» 0.5, and the maximum
valus of 2.4L70 cersteds 1s obtained for N,= 1.0
and Ng. N,- 0.

b. The transverse demagnetizing factors, N, and N,,
have only a secondary effect on critical field,
The ocritical field value changes by less than 15%
when Ny and N, are varled over the range of 0 to 1,
When N, is changed over the same range, the oritical
field changes by almost an order of magnitude.

¢+ The minimum critical fleld for a given valus of N,
is found for N, = N,.

: The effects of material parameters and geometry on the critical field
are tabulated in Tables II through V. The minimum value of h, was come
puted for three frequencies, 8.L, 10.4, and 12,4 GHz in the X-band range.

The material properties, such as LnM, AH,, and AH, are listed for each
gpecimen. The ten magnstic materials considered were as follows: single
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TABLE I = The Critical Field (h,) for Polycrystalline
YIG at a Constant krequenoy of 10.4 GHz
as a Function of Demggnetizing Factors

(Geometry).
NN, [N h, Ne [Ny N, h,
1 0.0] 1.0 | 0,0 | 0ub134 0.0 [0,7 |0.3 | 0.7845
0.1] 0.9 {0.0]0.3496 0.1 |0.6 [0.3] 0.7638
0.2 0.,8]0.0]0,3803 | - 0.2 [0.5 {0.3] 0.7504
0.3] 0,7 { 0.0 0.3702 1043 |Ouls {0.3] 047438
04 | 0.6 [ 0.0 0.3642 0.35]0.38(0.3 | 0.7368
0.5 0.5 0.0 0.3622 Ous [0.3 0.3 0.7438
0.6 | 0.l [ 0.0 | 043642 0.5 {0.2 [0.3] 07504
0.7 0.3 | 0.0 0.3702 0.6 [0.1 [0.3| 0.7638
0.8] 0.2 0,0] 0.3803 b, |
&4
N [N, [N [ h N | N, IN | b
0.0 |0.5 0.5 | 1.1097 0,0[ 0,0 | 1.07 2.L470
0.1 |0.ks |0.5 | 1.0884 , d.

0.2 {0.3 [0.5] 1.0780
0.25]0.25] 0.5 | 1.,0730
0.3 (0.2 [0.5] 1,0780
0.4 (0.1 [0.5] 1.088L




' TABLE II - Oritical Flelds (h,) and Material
Paramsters for Each Sample Investigated
Utilizing the Needle Geometry.

MATERTAL LMy | AR Mgl or;:nm 2;1 ::?h GHa
(gauss) | (0e) | (0s)
Poly-Xtal YIO 1750 | 0.3 | Lk 0.2 0,36 0.52
Single-Xtal YIG 1750 | 0.1 | 0.3 | 0.06 | 011 0.118
Y% AlosFesr Ouo 1200 | 2.0 | 60 3.0 4_11.1; Ll
Y3 AlPe, 0y 850 | 1.0 | 75 | L.2 6.0 641
Mricp Znios Fiég O 6000 |2.0 | 30| o0.04 | 012 | 0.06
Niay 2nas ey Oy 5000 | 1.2 51 0.047| o.02 0,06
Li Perrite 3800 | 045 1 ;-.;;--:01 0,02
Bug Feyyn O8y00 00 250 | 0.11] 190 142 L1.6‘- 1.6
TT=L1L (Mg,Ma(AL)) 650 | 0.13] 160 0.64 | 0.82 0.82
Re1 (Mg,Mn) 2100 | 0,09 | 508 ‘ 0.06 —zo; 0,09
Ny =0 N« =05 ﬁN,ﬁ-o.S
;
D oy by + 1
"
l,/)
Y weroue

t
Hie
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TABLE IIT - Critical Fields (h,) and Material
Parameters for Bach Sample Investigated
Utilizing the Ellipsoidal Geometry.

MATERTAL | by a4 MH g m ;z(?:)h GHz
(gauss) | (Ce) | (0e) )
Poly-Xtal YIG 1750 | 0.3 | Lh 0.35 = 0.5 0.65
{
Single-Xtal YIG 1750 | 0.1 10,3 | 0.11 | 0415 | 0.21
Y Alays Feear O s 1200 |2.0 | 60 4.0 S 6.8
% ALPe 0, 5 55 [1.0 | 75| 4.8 | 64 | 8.0
Mg 2nag Fag Oy 6000 | 2.0 | 30 0.01 | 0.25 0.55
Nias Zas Py Oy s000 [1.2 | 5| o5 | 035 | o
Em Ferrite 3800 |0.5 | 1 0.28 | 0.k 0.52
Evg Feyy9 G008 0, 5 250 [0.11]190 | 1.4 | 1.8 1.8
U1l (MgMn(A1)) | 650 |0.13]160 | 0.78 | 0.9 | 1.1
R=1 (Mg,Mn) 2100 [0.09 (505 | 0.15 | 0.18 | o.2L

N| - 005 Ng - 0025 Ny '.0.25

2
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TABLE IV - Critical Fields (h,) and Material

Parameters for Each Sample Investigated

Utilizing the Spherical Geomstry.

- Minimum‘he 205)
MATERTAL <§Z£s) (81(:«) (3};) 8.4 GHa| 10,1 GHe 12.L Gy
Poly-Xtal YIG 1750 0.3 | LL 0.3 0.4k 0.6
Single-Xtal YIG 1750 0.1]0.3 0.1 0.16 | 0.2
Yo Alass Feasr O 2 1200 2.0 | 60 L1 5.6 Tl
y;,me;ola 550 1.0 75 5.8 7.4 T4
Mnog Zha o Fe, O 6000 2.0 30 0.1 0.36 0,36
Nios Znos Feg Oy 5000 1.2 8 0.02| 0.2 0.6
L1 Ferrite 3800 0.5 1 1.35| 1.75 1.75
Eug Feyn3 081200y 5 250 0.11 190 0.09| 0419 0.35
TT=-L41) (Mg,Mn(AL))| 650 0.3 160 0.u6| 0.6 0.82
R-1 (Mg,Mn) 2100 0.08 505 0.09| 0.13 0.13
N, = 0,33 Ny = 0,33 N, = 0,33

SPHERE



TABIE V - Critical Flelds (h,) and Material
Parameters for Each Sample Investigated
Utilizing the Thin Disc Geomotry.

- 1
MATERTAL (lé;llés) %{,’;) (3:‘) 8.4 GHz 10.L GHz 12.L GHz
Poly-Xtal YIG 1750 0.3 | Lk | 0.65 | 0.8 0.96
Single-Xtal YIC 1750 | 0.1 [ 0.3 - 0.20 | 0.28 | 0.28
Y, Aloga Focs~ 02 1200 2.0 60 i LS 6.0 61 _
wmreos | s (o 1557 |13 | 7]
Mno.a Znog Peg O 6000 |2.0 | 30 | 0.65 | 0.9 | 1.2
——— oo R e p g
14 Ferrite 3800 |05 | 1| o8 | 0.60 | ‘o.-5'9"
Evg Py 5 08100 Oi 250 [0.11] 190 | 1.80 | 1.9 1.9 |
TT-L1L (Mg,Mn(AL)) 650 | 0.13| ..0 | 0,50 0,68 0.86‘ |
kX (Mg,Mn) ] 2100 | 0w09] 508 | 013 | 017 | 0.8
N, =1.0 N =0 N =0
z
Ny = Ny =0
Ny = |



and polycrystalline iIG, single-crystal manganese and nickel-zinc ferrite,
single-crystal lithium ferrite, single-crystal gallium substituted europium
irongarnet, Trans=Tech L1lL, General Ceramics R-1, and two compoaitions of
aluminum substituted YIG. These compositions were utilized in the study be-
cause they gave the widest range of variation in material properties., In
addition to the optimum case where N;= O und N, and Ny = 0.5 (Table II),

the caloculations were carried out for three other combinationa of demagnete
12ing factors (Tables III through V). The other cases were considered for
comparison since, in the development of a practical limiter, other factors
moy dictate the sample geometry.

The data presented in Table II for the optlimum demagnetizing factors
1llustrate how the critical field depends on material parameters. At the
center frequency of 10.4 GHz the critical field varies over a rangs of 0.01
to L.4 oersteds, The two most important material parameters are saturation
magnetization (LmM,) and spin-wave linewldth (AH,). The fact that the orite
ical field is not sensitive to the uniform precession linewidth (AH) is deme
onstrated by single-crystal YIG and polycrystalline R-1 material, which have
nearly the same oritical field of 0.10 cersted at the center frequency of
10,4 GHz, while YIG has a resonance linewidth of 0.3 oersted compared to
505 cersteds for R=1. The lowest h, in Table II is 0.01 cersted for lithium
ferrite at 10.4 GHz. In Tables III, IV, and V the critical fields for lithe
ium ferrite are O.L, 1.75, and 0.60 ocersteds respectively. This pattern in
general is repeated at all frequencies for each material.

The frequency dependence of the critical field is an important consid-
eration in the development of broadband limiters. The variation of ocritical
field with frequency can be determined from Figure 1:

£
2.6
14

(11 A% M, 1780 0AUSS
AHy s 03 O¢ AN 44 0o

2O
0 Np10 Ny «Nys08

Lo}
]

I AN
4 \
L2p “
r ~ L s
::k ;::;\\\\,
s )
! \Gﬁ' \\\\\

04
(4

e (Oe}

0.2

[ 1 t | | S Y SOOI SR R |
0 300 400 900 1200 1800 1800 2100 2400
Hye (GAUSS)

Figure 1y Variation of h, vs. Hy, with
frequency as the parameter,
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The oritical field is plotted as a function of de blasing magnetic field
over the allowed range with frequency «s a parameter, The curves are plot-
ted for polycrystalline YIG material for the optimum geometry (N,= O, N,=

Ny= 0.5)s The lowest oritical field is obtained when the limiter is blasod
at a do mugnetic field of 1500 cersteds., With this bias field the variation
of oritical field is 0.66 cersted over the frequency range of 8.4 to 12.L GHz.
The separation of curves isessentiallylinear with a variation of 0.165 oer-
sted/GHz., This frequency sensitivity limits the application of subsidiary
resonance limiters. The results in Flgure 1 also illustrate that it is de~
sirable to operate at the highest magnetic blasing field consistent with the
1imitations imposed by equation (1) since this results in the lowest critical
field over the desired frequency band.

The influence of spin-wave linewidth on the oritical fisld is demonstra-
ted in Figure 2t

2er
2.4
24k
2.2
2.0
. FREQUENGY « 10.4 GHI 4 My » 1750 GAUSS
' Nyt NyoNyo o
| &
- 14
é 12
L
'uo"" '
08 .
o9
o.o\ {0y
ol‘..
ANk 20,1 (0,
0.2 '
0

i | 1 1 L <l )
0 800 600 900 1200 1800 1800 2100

Mgure 2. Variation of h, va., Hy, with
AHy as the Ipar&mater.

The oritical field is plotted as a function of doc magnetlc blasing fleld with
the spin-wave linewlidth, AHy , as a parameter., In Figure 3 the same function
18 plotted with the saturation magnetization (LnMs) as a parameter:
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FREQUENCY 10.4 GHz AH, * 2 Os
Np *0 Nyol NysO

1 1 l J
0 800 600 900 1200 1600 1800 2100

®™gure 3. Variation of h, vs. Hq, with
LM, a8 the parameter.

The information indlcates that drastic reductions in threshold fislds can be
achieved Ly reducing the spin-wave linewidth and inoreasing the saturation
magnetization of the ferrite material,

CONCLUSIONS

Information has been obtained concerning the critical field (h,) for
the subsldiary resonance absorption phenomena with regard to material param=-
eters, such a# resonance linewldth (AH), spin-wave linewldth (AH¢), and the
saturation magnetization (LmM,y ). In addition, these data have been combined
with geometry considerations that affect the demagnetizing factors. The ine
vestigation has shown that, at a given frequency, low-level opsration of mi-
crowave devices that utilize subsidiary resonance absorption will require
a material with a very narrow spin-wave linewldth coupled with a high sature
ation magnetization. The material yeometry that gensrally ylelds the smalle
est threshold is the needle, where N,= O and N, and N,- 0.5,

This information shows that the designs of all existing ferrite limiters
are not utdlizing the optimum geometry. This is true since other considera-
tions, such as wavegulde filling factor, welght of bilaging magnet, and ease

~ of fabrication have dictated the geometry of the ferrite sample. The results

of this computer study show that the threshold power level can be reduced by
an order of magnitude by optimizing the ferrite geametry. This improvement

makes it worthwhile to solve the camplex design problems connected with the

use of the optimum ferrite geometry.
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