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Absfracf—The low power loss and high power threshold properties

have been measured on a number of candidate ferrite phase-shifting

materials. The low power loss is characterized by PO”, the imaginary

part of the diagonal component of the permeability tensor for the

completely demagnetized state. PO” was measured from 3.0 to

16.8 GHz.

The high power properties are characterized by the parallel pump

threshold at a bias field correspontig to H. ~ O and to 47i-M =

4mM,. The threshold was measured between 3.0 and 16.8 GHz.

For the purposes of computer calculation PO” and & were fit to
an equation of the form A (747rM,/u)N. Translating ko” and L,t to
AHe’~ and AH~ gives the YIG plus Al as the lowest loss and lowest

threshold materials followed by the Gd garnets and MgMn spinels.

The Ni spinels are very Iossy.

I. INTRODUCTION

I N a previous paper [9], it was shown that the micro-

wave properties of partially magnetized materials could

be characterized by a permeability tensor similar to that for

a fully magnetized material. The real parts of the tensor

components were shown to be dependent upon the nor-

malized average magnetization y4rM/w, the normalized

saturation magnetization 747rM~/cO, and were more or less

independent of composition. It was also shown that if

~4rM,/w ~ 0.75, the loss as determined by the imaginary

parts of these components could be characterized by a

single parameter M“ the value of ~“ for the completely

demagnetized state. Thus the loss characterization is inde-

pendent of -y41rM/w but does depend upon y47rM,/w and

composition. In order to utilize materials in a given com-

positional family over a wide class of applications it is
necessary to know how pO” for each composition varies

with -YkrM./w. Therefore, we measured po” on a number
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of candidate phase shifter materials as a function of fre-

quency between 3 and 16.8 GHz.

In addition to requiring knowledge of a phase shifter’s

low power insertion loss, it is also desirable to anticipate

the peak power limitation of the device. Therefore, for the

purposes of establishing peak power ratings we have also

measured the parallel pump threshold of these candidate

phase-shifter materials.

In actual device usage the increase of insertion loss at

elevated power levels can occur either by parallel or trans-

verse pumping. Studies have been made by Patton and

Green [1]–[3] of the effect upon threshold of sample

geometry and of the orientation of the RF magnetic field

with respect to the dc magnetization. While these studies

show that there is a geometry and orientation dependence,

for the purposes of comparing materials the parallel pump

threshold at the demagnetization point (i.e., His O,
4~M g 4~M,, Hd. z N.4mM.) has been chosen. The

measurements are made on spheres because it is easy to

obtain spherical samples, it is an easy geometry to meas-

ure, and one can easily maintain uniform dc and RF fields

inside the sample. The choice of parallel pumping and the

choice of the bias points Hdc = 47rMs/3 (i.e., Nz = 1/3

for a sphere) are motivated by the fact that through the

partially magnetized region this bias point and this de–RF

orientation have the lowest threshold. In most device

geometries both transverse and parallel orientation condi-

tions exist so that it is probably a parallel pump effect

which causes the first increase of insertion loss at elevated

power levels.

II. EXPERIMENTAL PROCEDURE

Measurements of p“ in the demagnetized state were

made on thick slabs placed on the end wall of TE1oz

rectangular transmission cavities. The values of M“ (along

with PO’) were calculated from the change in frequency

and ~ of the cavity between high and low field using an
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exact solution for the fields in a heavily loaded cavity. A

theoretical calculation was also used to correct for the

change in copper loss in going from the high field cavity

frequency to the low field cavity frequency. Further details

can be found in [4].

The technique for determining threshold field is de-

scribed in [1]. The automatic technique was used for the

measurements at 5.5, 9.15, and 16.5 GHz but not in the

3. O-GHZ measurements. The more common point by point

technique was employed at 3.0 GHz.

III. MICROWAVE LOSS

The loss parameter PO” has been measured on materials

made at Raytheon, Trans Tech, and Airtron. M“ is plotted

versus 74TM,/~ in Figs. 14 for the following four classes

of materials.

1) Yttrium iron garnets with aluminum and/or gado-

linium substitutions, made by Trans Tech.
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2) Yttrium calcium vanadium iridium garnets made by

Raytheon.

3) Magnesium manganese ferrites with aluminum sub-

stitution to reduce 4TM. or zinc substitution to increase

47rM,, made by Trans Tech, Airtron, and Raytheon.

4) Nickel ferrites with aluminum and cobalt substitu-

tion made by Trans Tech.

For values of y47rM.w <0.7 the data for almost all of

the materials follow a simple power law relationship:

()-y41rA!f. N
IJO” = A —

w
(1)

where A and N are tabulated in Table 1. At larger values

of 747rM,/w, M“ turns up sharply as Polder-Smit [5]

losses set in.
Because ~,” is very sensitive to 747rM,/w it is frequently

more illuminating to describe materials by an effective

linewidth AH.ff [6]. This effective linewidth is propor-

tional to the damping parameters which appear in either

the Landau–Liftshitz or Gilbert torque equations. If one
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solves the torque equations for the permeability of a fully

magnetized sample and lets the internal biasing field Hi

approach zero one obtains

‘yAHeff -ykiva
/.JH, =ofT . ——

~ w’ “
(2)

Equation (2) illustrates whyw’’varies strongly withti.

In the demagnetized state, the value of p“ is the average

of the losses over all the randomly oriented domains. On

the average any given domain will have two-thirds of its

magnetization perpendicular to the RF drive field and

one-third of its magnetization parallel to the RI’ field. If

u >> -y43rMs, the perpendicular component of the magnet-

ization will produce a contribution to the microwave 10SS

equal to that of a perpendicularly pumped saturated

sample at zero internal field, ~~,. ,“, given by (2). In a

polycrystalline material AH,ff can be considerably less
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than the ferromagnetic resonance linewidth. The compo-

nent of the magnetization parallel to the RF field makes a

contribution to the loss equal to that of a parallel-pumped

saturated sample at zero internal field. Joseph and

f5chlomann [7] have shown that this loss, /.h,H,. ~“, is the

result of subthreshold parallel pumping of spin waves. Its

magnitude depends on y4TiWJC0, temperature, and the

exchange constant, but not on any material loss mecha-
nisms. It has been calculated using the exchange constant

of YIG (D = .5 X 10–9 Oe. cmz) and 47rM. of 1750 and

800 G, and is plotted in Figs. 1 and 2 to show its approxi-

mate magnitude. This contribution to the loss is only

significant for the low 10SSgarnets so that the use of the

exchange constant of YI G is not an unreasonable assump-

tion.
Thus we may represent MO” as

/JO” = %If,=O” + %J.,H.-O” (3)

where 747rM./w <<1. From (1) and (3) wc can calculate

AHeff :
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k-O
4m8

‘d, ” ~

AHk at
\(

Ank at‘H.if ‘t
T4.MJ. = 0.5

(0.)

2.

2.

12.

20.

.5

10.

39.

14.

11.

14.

8.

9.

11.

13.

48.

30.

140.

220.

1.

2.

4.M

k?&)

1780

1200

1200

1200

800

800

,725

2800

2800

2475

2150

1750

1300

?50

3000

2100

1800

B
[CJcJ &

3.2 1.1

3.5 1.5

6.6 1.5

8.4 1.5

1.1 1.6

5.6 1.6

11.9 1.6

6.8 1.4

9.3 1.4

4.1 1.6

3.3 1.6

4.7 1.6

4.6 1.7

6.4 1.5

26.3 1.4

10.9 1.4

74”M j’ = 0.5
s
(0.2)

3.3

4.8

9.2

11.7

1.6

8.2

r7.7

8.8

12.3

6.3

5.0

7.2

7. k

8.9

34.6

13.9
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2.3
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1.0 3.0

1.4 6.7

1.4 8.8

1.3 1.0

1.4 G. 1

1.6 10.7

.74 5.2

,75 7.2

1.1 4.4

16

18

29

52

3.6

3.8

2.7

2.4

1.1 3.8

1.3 4.7

1,7 4.3

2.3 5.8

N,c. ferrite
<= 2.19 100 27.0 .95 26.0

Null fmr,te
S= 2.30

NIAICO ferrite
g= 2.45

95 11.8 .98 23.2

470

14LA1Cer,,te
,= 2.60 800

18

4Ll

1000

1330

870

YCaVf. Garnet

1’ C aV In Garnet

1.8

2.6

.98 1.8

.87 2.4

2.3 1.4

2.1 1.6

3.1

3.1

.540 60 4.0 2. 1.8 .91 1.7 1.7 1.4 2.2

* Manufacturers: TT—Trans Tech; Ray—Raytheon; A—Akt,ron.

AHeff = 47rM,
()

Y@-& -2[~pou-pz,H,=:’l

= 43rM.
r4s)-2[’’f%Y-’zH=”l

result in a slightly lower subthreshold parallel pump loss
(4)

and the apparent crossing of the curves in Fig. 2 at low

values of y47rMs/w would not occur. The frequency de-

pendence of AH.f ~given by (2 – N) is negative and rela-

tively large. This M“ drops extremely rapidly as 4mMs/w

drops below 1.0.

S) ikagnesitim Manganese Ferrites: Aluminum s~bsti-

tutlon lowers 4~M., and increases the loss parameter A.

The frequency dependence of AH.if is almost zero with

no aluminum and becomes increasingly positive with more

aluminum. Zinc substitution increases 47rMs with little

change on the loss par~meters.

4) Nickel Ferrite.s: Both altiminum and cobalt substitu-

tion increase the loss in this system. The lowest loss mem-

ber of this group is TT2-125, containing only aluminum,

followed very closely by TT2-118 with both aluminum and

cobalt. The frequency dependence of AHeff is negative for

all members except TT2-130, the lossiest sample, for which

it is nearly zero.

An additional phenomenon peculiar to this series is that

the upturn in M“ as 747rMs/w approaches 1.0 occurs at

substantially different values of WM/W for each member of

the seiies. For TT2-101 the break does not occur until

74TM,/u w 0.9, while for TT2-130, it is as low as 0.6.
Due to their high loss, some of the nickel ferrite samples

as originally cut were too thick to mea@re accurately. Ml

of them were thinned, reannealed, and remeasured. Thus

two sets of data were available on some of the samples.

The results were usually the same; however, in one case

(the X-band measurements on TT2-125), the thinned

samples showed 50 percent more loss. The cause for the

change was not further explored, but the possibility y that

some of the samples are inhomogeneous cannot be ignored.

(5)

For all but the very lowest loss materials; the subthreshold

parallel pump loss can be neglected so that the measured

constant A gives the magnitude of AH.ff and 2 — N gives

its frequency dependence. This dependence can be positive

or negative depending on the loss mechanism involved.

The values of AHeff obtained from (5) evaluated at

74TMJw = 0.5 are aisolisted in Table I for comparison

with AH.ff values obtained by other sources.

In addition to the quantitative results shown in Figs.

14 and Table I, the following qualitative features are

worth noting.

1) Trans Tech Garnetk with Aluminum and/or .Gadolin-

ium Substitution: Aluminum substitution reduces 4iTM,

without significantly changing the loss parameter A.

Gadolinium substitution, on the other hand, substantially
increases the 10SS parameter A and gives AH,ff a positive

frequency dependence which increases with Gd content.

The pure and the Al substituted YI G have a negative

frequency dependence for AHeff.

2) Raytheon’s YCaVIn Garn&: These garnets have low

loss, comparable to pure YIG and approaching that due to

the subthreshold parallel pump loss alone at low -j47rM./a

values. Since the Curie temperature of YCaVIn garnets is

slightly less than that of YIG, a slightly Iowei exchange

constant than that of YI G should be used in the calcula-

tion of the subthreshold parallel pump loss. This would
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IV. HIGH POWER THRESHOLD

Parallel pump thresholds were measured on the same

set of materials, with the exception of TT2-130 and’ TT2-

118, for which M“ was measured. The thresholds were

determined at two de fields, Hdk = 4T@~/3 and Hd~ =

H~+,. The thr~shoid at Hd~ = 43rM./3 is most closely

related to a device threshold while that for the low k spin

waves, h.rit (k + O) j is given to enable one to compare

these thresholds to those of other sources 18]. The measure-

ments were made at 3.0, 5.5, 9.2, and 16.8 GHz and the

results are given in Figs. 5-13.

The parallel pump threshold is related to the spin wave

linewidth by the relation

(6)

If AH~ does not depend on frequency then, as seen in

Figs. 5–13, hcrit can be expected to increase with frequency.

The data in these figures have been fit by a series of

straight lines which obey a relation similar to (1) for PO”;

From this and (6) it follows that

(7)

(8)

Values of B and 1 are given in Table I for the two bias

conditions, k + O and Hd~ = 47rM,/3. Using these values
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of B and 1, AHk was computed from (8) for y47rM8/M =

0..5 and is listed in Table I.

From Table I it is evident that a wide range of thresholds

are available. Since threshold and loss tend to track each

other, it is worth comparing AH.ff and AHh. The very low

loss garnet materials, YIG + Al ( G113,G81O,G121O) and

the YCaVIn garnet ( GR1200, GR811, and GR500) have

values of AH~ which in some cases exceed AHeff by a factor

of two or more. As gadolinium is added ( G1200,G800),

both AH,ff and AHh increase substantially with AH~ff

becoming greater than AH~. For larger gadolinium levels

(G1OO1,G1OO.5) there is further increase in both AHeff

and AH~ with AHeff becoming about a factor of 2 greater

than AHk. Thk effect is the result of rare-earth relaxation,

and if a further increase in threshold is necessary, either

dysprosium or holmium can be added.

The spinels divide into two classes: the magnesium

manganese with either aluminum (to lower 47rM,) or zinc

(to raise 47rM3) and the nickel ferrite with aluminum and

cobalt. The magnesium manganese spinels are more lossy

than the lowest loss garnets, have values of AH~ff which

are a bit larger than their AHh values, and are similar in

this respect to the YIG with Al and Gd. The nickel

ferrites are very lossy (note the high AH.f f) and are rarely

used in the partially magnetized applications (e.g., phase

shifters or circulators).

V. CONCLUSION

For computer calculations the loss MO” and high power

threshold hc~i~ (Hdc = 47iV,/3) can be characterized by a

simple power law in (747rMJw) [(1) and (7)]. The lowest

loss materials are the yttrium aluminum iron garnets. They

have the best ratios of threshold to loss with AH~/AHeff >

1. For the magnesium manganese spinels and the garnets

with gadolinium both threshold and loss increase but

AH~/AHeff < 1. The nickel spinels are very lossy.
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