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Ferromagnetic Resonance in Some Polycrystalline

Rare Earth Garnets*
G. P. RODRIGUE~, J. E. PIPPINt, W, P, WOLF~, .MS03C. L. HOGANt

Srmzrnarg-Ferromagnetic resonance measurements have been

carried out on a series of polycrystalline garnets of composition

5Fe,0~ 3MzO~ with M =Y, Sm, Gd, Dy, Ho, Er, and Yb. These

measurements were made over a temperature range from 20”C to the

Curie points (approximately 2fi00C). The variations of line widths and

effective g values over this temperature range are reported. Y, Yb,

and Sm garnets have g values of approximately 2.o at room tempera-

ture while those of Dy, Ho, and Er are appreciably less than Z.O.

High-density yttrium garnet has a line width of approximately 50

oersteds at room temperature; line widths of other members of this

series were found to vary from 400 to greater than 3000 oersteds.

The effective g value and line width of the gadolinium garnet tend

to very high values as its compensation point (17”C) is approached.

The narrow line width of the yttrium garnet is found to depend

strongly on the density of the sample. When the density decreases

from 96 per cent to approximately 92 per cent of the theoretical value,

the line width increases from 50 to about 150 oersteds. Several tech-

nical applications in which these materials might be particularly ad-

vantageous are discussed briefly.

INTRODUCTION

T

HE CL.V5S of ferrirnagnetic oxides containing

iron and rare earths and having the garnet crystal

structure comprise a new series of compounds

similar to ferrites but different ill several important re-

spects. They were discovered by Bertaut and Forrat 1 i n

the course of their work 011 {errites containing rare

earths, and they were also ide]ltified independently by

Gilleo and Geller.2 These compounds first aroused in-

terest because of their rather unusual saturation nlag-

netization vs temperature curves, which were first re-

ported by Pauthenet3 and are shown in Fig. 1. It will be

seen that several of them have a “compensation point”

at which the magnetization is zero, and that all of them

have rather low absolute values of AT, above room

temperature. This latter fact, coupled with their mod-

erately high Curie temperature of approximately 280°C,

immediately suggests the importance of these com-

pounds in low-frequency microwave applications. How-

ever, for a material to be useful in this connection it is

also necessary that it have a reasonably low resonance g

value and, more important still, a narrow line width.
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ary, 1956.

2 S. Geller and hI. A. Gilleo, “The crystal structure and ferri] nag-
netism of yttrium-iron garnet, ” Acts Crystall., I,ol. 10, p. 239;
Xfarch, 1957, and pri~ate communications to be pubIishec],
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Fig. l—Saturation magnetization vs temperature curves for
5FejOr,. 3M203 with Al =Y, Yb, Er, Ho, Dy, and Gd (after
Pauthenet).

In this paper we describe experiments carried out on

seven different polycrystalline garnet materials to meas-

ure these two quantities from room temperature up to

the Curie point.

The only previous resonance measurements reported

in the literature are those of Dillonl on yttrium iron

garnet single crystals, and Paulev65 on the polycrystal-

line g-adolinium compounds. Dillon’s measurements ex-

cited a great deal of interest since he reported resonance

lines only a few oersteds wide, far narrower than for any

ferrites previously examined. Furthermore, he found a

rather low value for the anisotropy at room temperature

and above, K1/J!l ranging from 45 to 2 oersteds. One

might expect therefore that even in the polycrystalline

material line widths considerably narrower than those

of ferrites might be obtained, especially if high-density

materials could be made. This we have found to be the

case, the line width for a sample of 96 per cent of theo-

retical density ranging from 50 oersteds at room tem-

perature to 13 oersteds at 270”C. On other garnets

nothing has been published concerning either the

anisotropy or the natural line width. Our measurements

show that none of the six other compounds we have ex-

amined are as promising as that containing yttrium,

although they may prove to be useful as minor additions

to the yttrium garnet.

There are several basic differences between the garnet

crystal structure and the spinel structure of the ferrites.

In the garnet there are three types of lattice sites for the

rrretal ions; two of thelm, the 16(L and the 24d are oc-

4 J. F. Dillon, Jr., “Ferrimagneticr esonance in yttrium iron garnet, ”
Phys. RerJ., Y-o]. 105, pp 759–760; January, 1957.

5 J. I>aulev6, “Ferrinlagnetic resonance in Gd garnet at 9300mc, ”
ConZfJt. Rend., Tel. 244, pp. 1908-1910; April, 1957.
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cupied by Fes+ ions and the other, the 24c, by the rare

earth or yttrium ions. The magnetization curves shown

in Fig. 1 can be explainede7 on the basis of N&eI’s

theory, by postulating a strong antiparallel interaction

between the ions on the 16a and 24d sites, and a weaker,

also antiferrornagnetic, coupling between the 24c and

24d sites. The resultant magnetization of the iron ions

on the a and d sites is thus antiparallel to that of the

rare earth ions on the c sites, and compensation points

occur at temperatures where the magnitudes of the two

magnetizations become equal. In the yttrium compound

this complication does not arise since the trivalent

yttrium ion has no magnetic moment so that the mag-

netization arises from the iron ions alone. A detailed

description of the structure and magnetostatic prop-

erties of the garnets has been given in a series of articles

by the workers at Grenoble’ ‘3’o-9 and also at the Bell

Telephone Laboratories. Z,1OThe fact that all the metal-

lic ions in the garnet are trivalent suggests another im-

portant difference between garnets and ferrites. In fer-

rites the simultaneous presence of ions of the same ele-

ment in different valence states greatly facilitates elec-

trical conduction and hence leads to losses in high-

frequency applications. Since ferrites invariably con-

tain metal ions of different valencies, usually 2 and 3,

it is often necessary to strike a compromise in the

preparation process between keeping the one type of

ion oxidized and the other reduced. This is sometimes

difficult although a great deal can be done by the in-

clusion of certain additives (e.g., manganese). In gar-

nets, on the other hand, all metal ions present are

trivalent (which is normally their state of highest oxida-

tion). Thus no compromise need be made in the firing

conditions, and one would expect extremely low electri-

cal losses. The loss tangents for our various samples

shown in Table I, opposite, indicate that this is indeed

the case, when it is remembered that these were “pure”

stoichiometric samples, free from any beneficial acfdi-

tives.

The other remarkable feature of the garnet structure

is that all of the a, c, and d sites allowed for metal ions

are filled, as compared with ferrites in which only half

the A and B sites are randomly filled. This fact is im-

portant in connection with the mechanisms giving rise

to the “natural” ferromagnetic resonance line width, 11 as

well as in aiding the interpretation of the other basic

physical properties.

fi R Pauthenet, “Interpretation of the magnetic properties of
ferrites 5Fe20, ~3M,0, with M = Y, Gd, Tb, Dy, Ho, Er, Tm, Yb,
Lu, ” CoHZpt. Rend., vol. 243, pp. 1737–1740; November, 1956.

7 L. N6el, “On the interpretation of the magnetic properties of
rare earth ferrites, ” Compt. Rend., vol. 239, pp. 8-11; July, 1954.

s R. A160nard, J. Barbier, aad R. Pauthenet, “Magnetic proper-
ties of yttrium ferrite 5FeZOS. 3Yz0,, of the garnet type, ” CO~@t.
Rend., vol. 242, pp. 2531-2533; May, 1956.

g R. Pauthenet, “Magnet]c properties of gadolinium ferrites, ”
Cornpt. Rend., vol. 242, pp. 1859-1862; April, 1956.

10S. Geller and M. A. Gllleo, private communication to be PUfJ-
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11A. M. clogstcm H. Suhl, L. R. lVallcer, and P. W. Arrcfemm,
“Ferromagnetic reson~nce line wicfth in insulating material, ” y, l?hys,
Chem. Solids, vol. 1, no. 3, pp. 129-136; 1956.

MATERIALS

The chemical formula for the ferromagnetic garnets

is 5Fe203. 3M203 where M denotes a trivalent rare

earth ion from samarium to lutetium, or yttrium. For

the present investigation samples were prepared with

M = Sm, Gd, Dy, Ho, Er, Yb, and Y, using the copre-

cipitation technique described elsewhere. 12 This method

has the advantage of producing high-density, low-loss

materials whose chemical composition can be accurately

controlled even on a small scale preparation. .X-ray

powder diffraction patterns were taken on all the samples

using a General Electric 4XRD5 spectrometer. No lines

other than those characteristic of the garnet structure

were found. The lattice constants determined from the

patterns are in good agreement with those found by

Bertaut, et al., and by Gilleo and Geller, as seen in

Table 1. Measurements of magnetic moment at room

temperature, kindly made for us by C. H. Nowlin using

a pendulum magnetometer, yielded values of 4m&~~

given in column 8. The values are given in Gauss ad-

justed to the theoretical .X-ray density. Values of

47rlM, calculated from Pauthenet’s published magnetiza-

tion curves in Bohr magnetons/molecule are shown in

column 9. It will be seen that there is some systematic

discrepancy. This may be due in part to difficulty in

reading values off Pauthenet’s curves.

EXPERIMENTAL PROCEDURE

Resonance measurements were made on small (0.015 -

inch to 0.035-inch) spherical samples at X band, using

a reflection-type apparatus similar to that described bY

Artman and Tannenwald lS and by Spencer, LeCraw,

and Reggia. N To minimize wall effects the spheres were

placed about l; diameters off the center of the end wall

of the rectangular cavity. The cavity was operated in

the TE101 mode at a resonant frequency of 9208 mc at

room temperature, decreasing by 40 mc as the tempera-

ture was raised to 300°C. The cavity was made of copper

and continuously flushed with dry nitrogen gas to pre-

vent corrosion at high temperatures, Temperatures up

to 3000C were obtained by a small furnace completely

surrounding the cavity. The temperatures were meas-

ured, with an accuracy of f 3°C, by means of an iron-

constantan thermocouple attached to the cavity wall.

The reflection coefficient of the cavity (and therefore

the standing wave ratio in front of the cavity) was

measured by sampling the direct and reflected signals

and comparing them after detection, using two crystal

detectors calibrated to agree within f 0.05 db over the

range of signal variations. A H P .X382A precision cali -

lZ Iv. p. wolf and G. P. Rodrigue, “The Preparation of Poly -
crystalline Ferrirnagnetk Garnet Materials for Microwave Applica-
tions, ” Har\.ard Univ. Gordon McKay Lab., Cambridqs, lMass.,
Contract AF 19(60+)-1084 Sci. Rep. No. 9; also to be pubbshed.

“J. O. Artman and P. E. Tannenwald, “Measurement of Sus-
ceBtibilitv tensor in ferrites, ” J. Atipl. Phys., VO1. 26, pp. 1124-1132:
S<ptemb&-, 1955.

14 E. G. Spencer: R. C. LeCraw, and F. Reggia, “Measurement of

microwave dielectric constant and tensor permeabilities of ferrite
spheres, ” 1955 IRE CONVENTION RECORD, pt. 8, pp. 113–121,
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TABLE I
—

Lattice Constant (in.4°) ~e,,sity

NI

1

(:;rtt;t (exp.)
in gin/cc

1———

Y 12.360+0.007 12.36 ~.!??
Sm 12.505+0.005 12.52
Gd 12. +M5f0.005 12.44 6;22
Dy 12.385 ~0.005 12.38 6.08
Ho 12.350+0.005 6.05
W 12.330+0.005 12.33 6.33
Yb 12.283+0.005 6.08

Theoretical
X-Ray Per Cent

Dielectric %hf,,

Density Density
Loss tan (Gauss

in gin/cc
(at 20 mc) t Per Cent)

‘- I 95.5 I No .003 I 1740+ 3.65.190
6.26.5
6.490
6.701
6.811
6.892
7.097

brated attenuator in the direct arm was used to measure

the change in reflected power with magnetic field. Its

absolute accuracy, guaranteed by the manufacturer to

be within 2 per cent, was found to agree well with a

second attenuator of the same type. From the measured

reflection coefficients it is possible to calculate the imagi-

nary part (xZ.”) of the diagonal component of the ‘(ex-

ternal” susceptibility tensor, using standard Bethe-

Schwinger perturbation theory. In mks units x~~” is

given by

where

V= volume of the cavity,

Av = volume of the sample,

~,= wavelength in the empty cavity,

\O = free space wavelength,

Q,= “external” or radiation Q of the cavity,

p = vswr in front of the loaded cavity at some applied

II field,

pO = vswr in front of the empty cavity.

The estimated accuracy in the absolute values of xzt”

is approximately 20 per cent. Relative measurements)

from w-hich line width and effective g values are deter-

mined, are more accurate. Line widths are estimated to

be accurate to 5 per cent except for the samples having

extremely wide lines (Sm and Ho), for which the error

may be as large as 10 per cent.

Because the magnetic field was measured with ex-

treme accuracy by means of nuclear magnetic resonance,

errors in g factor are due primarily to uncertainty in ad-

justing the magnetic field for maximum absorption, and

thus they depend strongly on the line width of the

particular sample. For yttrium garnet, with a line width

of SO oersteds, the error is about 0.2 per cent while the g

factors of samarium and holmium garnets are accurate

to about 2 per cent.

RESULTS

Room Temperatwc Measurements

.%t room temperature, four of the seven saniples g:lve

a ferromagnetic resonance absorption for magnetic fields

in the range zero to 6100 oersteds. The absorption
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Fig. 2—Roonl temperature curves of x~t” (inks values) vs H.

curves, expressed in absolute mks units of x“ are shown

in Fig. 2. It will be seen that the yttrium garnet has by

far the narrowest line width (R50 oersteds) and cor-

respondingly the largest value of x“. For greater ease

of comparing the line widths and resonance field values,

these absorption curves were normalized to the same

peak height; the results are shown in Fig. 3 where each

line is compared to that of yttrium. The absence of reso-

Ilance in the cases of the holmium and dysprosium gar-

nets was explained by measurements made at higher

temperatures (see below) which indicated that the reso-

uance field at room temperature is greater than 6100

oersteds, our highest available field. Resonance in the

gadolinium garnet was also observed at higher tempera-

tures, and here the results indicated a trend towards

broader and weaker lines as the magnetic compensation

point at about 17°C was approached.

In order to detect the possible effect of sphere size on

observed g factor and line width, spheres of at least two

different diameters were tried for all samples. When the

diameter was doubled from 15 to 30 roils, no appreciable

effect on the g factor was observed beyond the limits of

experimental error mentioned previously. This doubling

of the sphere diameter increased the observed line width

in all samples by rough [y 10 per cent. The values quoted

below refer to the smallest sphere in each case.

The effective g factors reported here were calculated

from the well-known equation

Wo = yzlo (1)
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Fig. 3—Normalized room temperature curves of xza” vs H.

where ~ =,gerf(e/2mc), and HO is the resonance field.

However, Okamura et al. 15 have observed that the

effective

tributed

field H,.

from

g factor is frequency dependent, and they at-

this to the existence of an apparent internal

Thus the true g factor should be determined

(2)

I<ojinlalG and McGuire,lT noting the effect of porosity on

g factor, have suggested that this internal field must,

in part at least, be dependent upon the density of the

sample. This density effect and the shift in resonant field

due to anistropy have been treated theoretically by

Schlomann,’8 who has obtained for the internal field of

(2) the expression

+hrfw. v
Ili = —y+; Ha,

3
(3)

where V is the total volume of the sample, u the volume

15 T, Okamura, Y. Torizuka, and Y. Kojima, ‘[The g factor of fer-

rites, ” Phys. Rev., vol. 88, pp. 1425–1426; December 15, 1952.
16Y. Kojima, “The g factor of ferromagnetic spiuels, ” .Sci. Rep.

Res. Inst., Tolaoku Uniwrsity, vol. .4-6, pp. 614-622; December, 1954.
17 T. R. McGuire, “The frequeucy dependence of g values iu

ferrites, ” PYOC. A IEE Corzf. on Mngnetiwz and Mugnetic Matevialsr

pp. 43–46; 1955.

‘8 E. Schlomann, ‘[The lkIicrowave Susceptibility of Polycrystal-
Iiue Ferrites in Strong DC Fields aud the I nflueuce of h’onmagnetic
Inclusions on the Microwave Susceptibility, ” presented at Conference
on Llagnetisrn aud Magnetic Materials, Boston, Mass,; October,
1956.

January

of all pores, and Ha = 2KJM, K1 being the first order

anisotropy constant. As the density effect is directly

proportional to the magnetization, it should for our

samples be most important in the yttrium compound.

Samples of yttrium garnets with densities varying from

81 to 96 per cent of the theoretical X-ray density were

tested. Fig. 4 shows the agreement with Schlornann’s

theory. The experimental points for the internal field

were calculated by combining (1) and (2) to give

‘=(+?-i%+ii
The true g factor was taken from Dillon’s single crystal

measurements at room temperature, and g.ff is that ob-

served in samples of the various densities; ~0 is the fre-

quency in mc. The large uncertainty at the lower

densities is due to difficulties in obtaining true spheres

from the lower density materials. The slope of the theo-

retical line was determined by the saturation magnetiza-

tion, and the line was then drawn so as to obtain the

best agreement with the experimental values. The inter-

cept corresponding to 100 per cent density indicates a

value for ~ Hc of the order of 15 to 20 oersteds, in satis-

factory agreement with Dillon’s value. The densities

are those measured on the gross sample and represent a

minimum density of the sample. They may be in error

by 3 per cent,

Schlomannls has also treated the effect of density on
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line width. He suggests that the line broadening due to

pores alone would be given by

1
AH,.,,, = 1.5(4TM.) —— .

v
(4)

This effect is observed to be of great importance in the

yttrium garnet because of its extremely small intrinsic

line width and low anisotropy field. Fig. 5 shows the

experimentally observed line widths and the theoretical

curve representing the line broadening due to pores

alone, as calculated from (4). Again the densities may be

in error by 3 per cent.

The close agreement suggests that in this material, in

which KJM is known to be small compared with 4~itf,

anisotropy contributes very little to the line width, in

agreement with the recent theory of Geschwind and

Clogstonlg on dipolar narrowing. It appears that the

intrinsic line width of a 100 per cent dense polycrystal-

Iine yttrium garnet sphere at room temperature would

be considerably narrower than the 50 oersteds reported

here. It is obvious that to take full advantage of the

narrow line widths i n polycrystalline yttrium garnets

extremelv high densities must be obtained. In even a

93 per cent dense sample most of the line broadening is

due to pores.

A close examination of the shape of the resonance

curves shows that all of them are slightly asymmetric,

particularly on the lower parts of the X“ curves, as can

be seen in Fig. 3 and Fig. 6. For Y, Gd, and Yb, the

wings of the resonance curves are steeper on the low

field side, while those of Er, Ho, and Sm are steeper on

the high field side. If the polycrystalline line width were

entirely due to anisotropy broadening this would in-

dicate, according to Schlomann’s theorv,ls that Y, Gd,

and Yb have negative anisotropies while those of Ho,

Er, and Sm are positive, However, if the line widths

were entirely due to anisotropy, we would expect very

19S. Geshwind and k, M. Clogston, private colllllltlllicatioll.
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Fig. 5—Line width of yttrium garnet as a function of density.
Theoretical curve calculated from (4).
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Fig. 6—Resonance lines in polycrystalline holmiunL
and gadolinium garnets.

much larger asymmetries than those observed, and we

must suspect therefore that there are other important

contributing factors. In the yttrium garnet we knovv

that porosity plays an important role in determining the

line width while preliminary measurements on single

crystals of the gadolinium and samarium garnets have

shown that even single crystals have line widths very

close to those reported here for the polycrystalline

materials. It must be concluded, therefore, that there is

no simple relationship between the asymmetry and the

sign of the anisotropy in these materials, and in fact

some recent measurements have shown that the

samarium garnet has a negative anisotropy, with

K,/M of only about 120 oersteds. The line width of the

samarium garnet single crystal was found to be about

2000 oersteds at room temperature, approximately irl-

dependent of crystal orientation. Measurements on

single crystals of gadolinium gas-net by R. L. White

(private communication) have shown that the line

width depends markedly on crystalline orientation and

varies from about 1000 oersteds at 20°C to about 140

oersteds at 90°C. K1 was found to be negative.

Ifigh-Ten@evature Measurements

Ferromagnetic resonance measurements were macle

as a function of temperature on all samples from room

temperature to the Curie points, which for all the seven

materials are in the range of 265° to 280”C.

The variation of effective g factor with temperature
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in polycrystalline garnets.

for Y, Yb, Er, Ho, and Sm garnets is shown in Fig. 7,

and for Gd garnet in Fig. 8. It will be seen that all of

them with the exception of the yttrium compound have

g factors which are temperature dependent and ap-

preciably different from 2. There may be several factors

contributing to this. As the temperature changes both

the anisotropy and the magnetization change and hence

the internal field IZi, given by (3), changes. Moreover,

in all but the yttrium and gadolinium garnets there are

ions having orbital angular momentum which will be

partially quenched in the solid. The effect of the

quenching may be expected to change with temperature

and this will be reflected by a change in g factor. For the

gadolinium garnet g moves towards extremely large

values as the compensation point T., is approached.

This has also been reported by Paulev6.’ It is probably

due to the combined effects of anisotropy shift and of

the existence of slightly different compensation points

for the total magnetization and the total angular mo-

mentum.

At high temperatures where the shift in g due to

anisotropy and porosity is negligible, the g factor ob-

served on the yttrium garnet (gcff = 2.011 f 0.002) agrees

very well with that reported by Dillon4 on a single

crystal at the same temperature (g= 2.009 ~ 0.002).

The peak of the holmium resonance curve was first

observed below 6100 oersteds at about 140”C. The peak

in the resonance line of the dysprosium garnet was not

found below 6100 oersteds at any temperature, though

the lower wing of the line was plainly observable at the

highest obtainable fields at temperatures above 240”C.

Thus its effective g factor remained less than 1.2.

The results of measurements of line width vs tem-

i
-Tco~P I

~

T(° C)

Fig. 8—Effective g value of gadolinium garnet as a function
of temperature. (TOO,mP=17“C.)

perature for Yb, Er, Sm, and Ho garnets is shown in

Fig. 9 and for yttrium and gadolinium in Fig, 10. The

minimum line width on all curves occurs at tempera-

tures slightly below the Curie point reported by

Pauthenet.3 The sudden increase in the vicinity of 270°

to 280”C was observed in all samples. It is probably due

to the combined effect of several causes: near the Curie

point M tends to small values very rapidly while KI

tends to zero more slowly. ZOThus KI/Jf would increase

as M decreases. This would cause an increase in the line

width both by increasing the usual anisotropy broaden-

ing and also by reducing the effect of dipolar narrowing

as suggested by Geschwind and Clogston. Near the

Curie point, even in single crystals, the effect of ex-

change interaction also becomes small and thus the

usual exchange narrowing, which leads to lines consider-

ably narrower than would otherwise be expected on the

basis of magnetic dipole—dipole interaction-ceases to

operate. A sharp increase in the line width of a single

cl-ystal has been observed by Dillon21 in yttrium gar-

net near the Curie point. The narrowest line observed

below the Curie point in the polycrystalline mate-

rial was 13 oersteds for the yttrium compound at

272”C. It should be noted that a substantial part of this

decrease from the value at room temperature is due to

the lessening of porosity broadening as the magnetiza-

tion decreases.

It can be seen from Fig. 9 and Fig. 10 that the curves

of line width vs temperature for all the garnet materials

studied have the same general shape, with the obvious

ZO[~. p. ~l~olf, to be published.

11J. F. Dillon, Jr., private communication.
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Fig. 9—Lirle width vs temperature in polycrystalline
garnet materials.
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Fig. 10—(a) Line w~dth of yttriunl garnet as a function ?f tenlpcra-
ture. (b) Line w]dth of gadoliuium garnet as a fullctlo]l of tem-
perature.

exception of that of the gacloliniurn garnet, which has a

compensation point near room temperature. The

anomalous behavior of the gadoliniurn garnet in this

range of temperature is of course to be expected, since

the effective anisotropy field, 2h’1/M, grows rapidly as

M tends to zero at the compensation point. The recent

experiments on single crystals quoted above have

shown, however, that this is not the only cause for the

increase in line width and that there is also a consider-

able contribution from the intrinsic line width of the

individual crystallite.

A DISCUSSION OF TECHNICAI. ArwlcAmoiws

Because of their unusual properties the garnets offer

unusual possibilities in low frequency microwave ap-

plications. Hogan22 and Lax2~ have discussed the 10W-

frequency problem in some detail.

~ZC. L. Hogan, “The Iuw-frequency prohlenl in the design of
nlicrowa~-e mmators and related e]enlents, ” IRE “rRANTS.,vol. .!p-4,
pp. 495-5011’July, 1956.

‘~ B La.x, “Frequeucy and loss charactel-istics of nlicl-o~va~-e fel--
rite devices, ” F’ROC. IRE, vol. W, pp. 1368-1386; fktober, 1956.
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Fig. ~I—flepicting absorption curve in an isolator neglecting all
phenomena except ferromagnetic resonance. The dotted curve is
for a lower frequency or higher -y.

TVe will discuss here the very important materials

aspect of the low-frequency problem with the realization

that certain design techniques can significantly modify

any numerical resurts which are obtained. For simplicity

the infinite medium theory as discussed by Hogan will

be used. It does not apply quantitatively in waveguides,

of course, but it is useful for comparison purposes and

for helping to make the physical picture more concrete.

Consider the resonance absorption isolator. Fig. 11

depicts the absorption curve, neglecting all phenomena

except ordinary ferromagnetic resonance. For positive

circular polarization the absorption peak occurs at a

field H, which is proportional in some way (depending

on the geometry) to w/y. For negative circular polariza-

tion the insertion loss is determined in part by the tail

of the absorption line at – H,. The narrower the line,

the lower the absorption on the tail for a given H,, and

the higher the peak for a given magnetic moment. For

lower frequency or higher y the line moves toward

lower fields and the back-to-front ratio decreases, i.e.,

the isolator deteriorates. This simple physical picture

demonstrates the desirability of low g values and narrow

line widths at low frequencies. The g value of poly-

crystalline yttrium garnet is for practical purposes 2.0,2”

and the line width 50 oersteds at room temperature.

These numbers show a striking advantage over ordi-

ltary ferrites with equivalent Curie temperature

(~300°C), where one might expect line widths no

smaller than about 200 oersteds. In even denser yttrium

garnet the line width might be reduced to around 30

oersteds, as previously discussed, with the attendant

improvement in low-frequency operation. Furthermore,

some of the garnets have very low g values (Er, 1.4; Ho

and Dy, 1.2).

The physical picture discussed here is informative,

but the problem is more correctly treated by solving

mathematically for the attenuation in terms of the in-

trinsic properties of the material. Hoganz~ has done this

in terms of circularly polarized waves in an infinite

medium, and he finds for the back-to-front ratio,

(5)

24 1,, the nicl<el ferrite-aluminates which have been developed f or
lmv-frequen~y applications (see Pippiu and Hogan, this issue, p. 77)
the K value IS significantly greater than 2.
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where AH is the line width. This can be rearranged to

give

YAHR21B
Um in =

5.0 “
(6)

This is the minimum frequency for a given back-to-front

ratio. If a ratio of 10 is desired, this gives

Urnin

— = 0.92 AH. (7)
‘Y

Inserting ~ = 2.8 mc/oersted and AH= 50 oersteds, ~: the

values for the yttrium garnet, one gets

I ~l. ~ 130 mc.

By comparison a ferrite with AH= 200 oersteds would

give ~~i. = 520 mc.

The narrow line width has been made to look attrac-

tive in this discussion; however, the more narrow line

width materials tend to deteriorate more rapidly at high

powers, and this can be a serious limitation. On the other

hand, the narrow line yttrium garnet should prove ex-

tremely effective in all microwave devices designed to

exploit nonlinear behavior, such as passive limiters.

Others such as frequency doublers, mixers,2G and detec-

tors27 depend on the ability of the magnetization vector

to “fan out” in large precessional motion, and this mo-

tion is accentuated in narrow line width materials. With

respect to the detector, magnetostrictive properties of

the material are important; little, if anything, is known

about magnetostriction in the garnets at this time.

While dealing fancifully with 130-mc isolators, we

have neglected some important considerations at low

frequencies. The material must be magnetized for the

theory to apply, and to gain the most from the ferro-

magnetic absorption phenomenon. The resonance field

for extremely low frequencies may be insufficient to

magnetize the material unless care is taken in choosing

the geometry. A field necessary for saturation is ap-

proximately equal to the demagnetizing field plus the

anisotropy field and in this respect the yttrium garnet

is favorable, having an anisotropy field of only 90

oersteds at room temperature. As an example, a long

thin slab magnetized perpendicular to the plane of the

slab has a resonance field given roughly by

H, = E + 4.M.
Y

The field necessary to magnetize it is

H = 47rM + Hanisjmaz

and so if the resonance field is to magnetize the slab,

2S Thj~ ~~~LIIIleS ~h~ line tvidth does not change with frequency.
26Mr. p. #.yres, P. H. Vartanian, and J. L. Melchor, “Frequency

doubling in ferrites, ” ~. ~ppi. Phys., vol. 27, pp. 188–189: February,
1956. Also, J. E. Pippin, “Frequency doubhng and mixing in fer-
rites, ” PROC. IRE, vol. 44, pp. 1054–1055; .%ugust, 1956.

27 D. Jaffe J. C. Cacherjs, and N. Karay ianis, “Ferrite micro-

wave detector, ” 1957 N.ITION.AL IRE CONVENTION RECORD, pt. 1, pp.
242-249.

then

For yttrium garnet, with 2A’1/J1= 90, this requires that

j’> 250 mc.

For comparison, nickel ferrite with Ha11i6 = 400 allcl

g = 2.34 would require

Up to now the low field losses have been neglected.

These losses occur because of domain structure in in-

completely magnetized materials, and have been studied

in the ferrites by Rado and others. zs There is insufficient

information to describe these losses quantitatively at

present, and such losses have not yet been measured at

all in the garnets, Nevertheless, it has been shown2g that

in general, zero field losses extend up to a frequency of

. .
and for yttrium garnet this gives w~~~ =4900 mc.

One way of lowering this limit which has been used

in the past for ferrites is to reduce M. by replacing some

of the magnetic ions by aluminum. However, this also

reduces the Curie point and there is a limit beyond

which one cannot go in practice. Such considerations

would not arise if one were to use instead an yttrium

garnet with some of the yttrium ions replaced by rare

earth ions with large magnetic moments (e. g., Gd or

Tb), since the Curie point is almost the same for all the

rare earth garnets. With such a mixed garnet any value

of Ilf. between zero and the value for the pure yttrium

compound could be obtained.

Another way in which mixed garnets might become

technically useful is as materials whose magnetization

is almost constant over a certain range of temperatures.

It can be seen from Fig. 1 that M increases with T over

a considerable range of temperatures for all compounds

having compensation points, while for the yttrium (and

lutetium) garnets it decreases steadily with T. Thus it

is easy to envisage a mixed compound whose M VS T

curve would have a stationary point at any desired

temperature below the Curie point and relatively little

variation on either side.

The low field losses, occurring in unmagnetized media,

are completely reciprocal with respect to wave propaga-

tion. This is another strong reason for having the ferrite

saturated by the resonance field in an isolator; else the

low field losses will produce attenuation in the forward

direction and decrease the isolation ratio. This is illus-

trated in Fig. 12 in which the low field losses and ferro-

magnetic resonance losses are shown separately. Gen-

Z8 G T. Rad?, R. W, IVright, and W. H. Emerson, “Ferroma~-

netism at very high frequencies. 111. Two mechanisms of dispersion
in a ferrite, ” Phys. Rev., vol. 80, p. 273; C)ctober 15, 1950.

N L. G. Van Uitert, J. P. Shafer, and C. L. Hogan, “LOW-1OSS fer-
rites for applications at 4000 mclsec, ” J. Appl. Ph.vs., vol. 2.5, pp.
925–926; jlli~, 1954.
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Fig. 12—The effect of low field loss on total loss in an isolator.
A phase shifter would operate between H, and HI,

erally the low field loss is reduced in magnitude when

the saturation moment is decreased ;?Ofor this reason it

is often desirable to have a low saturation moment even

in an isolator. The moments of the garnets are relatively

low.

For nonreciprocal phase shifters operating below the

field required for resonance, the low frequency problem

is even more difficult. Generally such phase shifters

operate in the region of minimum attenuation, where

the low field losses have nearly disappeared and the

resonance losses have not yet become large (for example,

between HI and H, of Fig. 12). For low frequencies the

mmimum may be very narrow or even nonexistent, as

the absorption line gets closer to zero field. Then it be-

comes necessary to reduce the saturation moment until

the low field losses do not occur. Fig. 12 also demon-

strates the desirability of a narrolv line width and lo~v g

factor for phase shifters.

30 Th;S ;.q true for suficientlv high frequencies. For lower nlicro-

\vave frequencies (w1OOO mc) t_he problem is more complicated.

Using infinite medium theory, Hogan has calculated

the differential phase shift per db loss for such a phase

shifter, neglecting the low field loss and

the ferromagnetic resonance loss due to

absorption line. He finds

0/L~ = —u— ,
2.27AH

where 0 is differential phase shift and I..k

including only

the tail of the

is the attenua-

tion of the positive circularly polarized wave. If a differ-

ential phase shift of 7r/2 radians with 0.5 db loss is de-

sired, then for the yttrium garnet

Z >380
1’

or

j“ >1050 mc.

For a ferrite with AH= 200, this would give f>4200 me,,

.%ctually both numbers are pessimistic since, for poly -

crystals, the absorption on the tail of the curve is usually

smaller than that predicted by the Lorentzian line with

the given half-width. For the numbers to be meaningfu[

at all, the low field loss must be eliminated by making

sure that the material is completely magnetized, or by

reducing the saturation moment so that they do not

occur.
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Reciprocal Ferrite Devices in TEM Mode

Transmission Lines*
D. FLERI~ AND B. J, DUNCAN~

Summary—Several new reciprocal ferrite devices have been de-

signed in TEM mode transmission lines to operate over both narrow

and extremely broad bandwidths in the low-microwave frequency

region. These include variable attenuators, an amplitude modulator,

and a traveling-wave tube equalizer. Each component utilizes the

attenuation associated with gyromagnetic resonance in low satura-

tion magnetization ferrites. The techniques used to overcome the

* Manuscript recei~,ed by the PGMTT, August 9, 1957. This work
w-as partially supported by the [T. S. Air Force, Wright Air Develop-
ment Center, Contract No. AF 33 (038)-14521.

t Sperry Gyroscope Co., Div. Sperry Rand Corp., Great Neck,
x. Y.

matching problems inherent in TEM mode transmission lines when
ferrite loaded, and the design considerations pertinent to each com-

ponent, are treated in detail. The parameters affecting the charac-
teristics of each device are discussed and both final design and
operating characteristics of the components are presented.

INTRODUCTION

I

IN recent years, considerable effort has been de-

voted to the design of a wide assortment of ferrite

devices in various types of microwave transmission

lines. Included among these are nonreciprocal ferrite


