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Abstract—Low-power loss and high-power threshold properties have
been measured between 3.0 and 17.2 GHz on three LKTi ferrite com- .~

0.2
positions of magnetizations 1250,2250, and 3600 G. In each composition

0.4 0.6 0.80 1.0
x-

the use of cobalt resulted in a linear increase in PO” and /s.,,,. Temperature Li
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measurements were performed at 9.2 GHzonthe 2250-G material. An F 7

iUastration of how the data might be applied is given.
Fig.1. Saturation magnetization versus titanium content at2O0C.

I. INTRODUCTION

In recent years thelithium-titanium system [1]-[2,] has been

a valuable addition to the microwave ferrite family. Through the

use of titanium substitution, the magnetization can be con-

veniently varied between O and 3600 G (Fig. 1) while maintaining

a high Curie temperature. Currently, the materials are made with

small additions of bismuth and manganese [1]. The bismuth

addition permits densification to greater than 99 percent of

theoretical which is essential to achieve the low coercive force

and high remanent magnetization necessary in phase shifter

applications; Manganese is used to decrease the dielectric loss

tangent to less than 10-3. To improve peak power performance

in spinels, it is traditional [3], [4] to add cobalt, and for high-

average-power applications, where heating can be a serious con-

cern, a low saturation magnetization is chosen. To achieve the

lowest insertion loss and most compact device, one typically

chooses the lowest cobalt level and highest saturation magnet-

ization consistent with the peak and average power performance

requirements. The choice of material is determined by the

frequency of application, the peak and average power require-

ment, and the premium on weight and switching power. There-

fore, it is desirable to know the material parameters which affect

device performance of a wide variety of compositions to be

able to perform the necessary tradeoffs in selecting a specific

composition.

In this paper we describe the microwave properties of three

basic lithium-titanium compositions which have roc]m temper-

ature saturation magnetizations of 1250, 2250, and 3600 G.

This range of magnetizations covers applications between 5.5

to 17.0 GHz. The chemical formula for these compositions is

Lio.5 +(X,2~_(z,2,MnYTiXCozFe2.5 ..(SXIZ)-,-(Z!Z)04

where x = O for 4rM. = 3600 G, x = 0.26 for 47rM, = 2250 G,

and x = 0.53 for 4rrM~ = 1250 G. The Mn level in all com-

positions was kept at y = 0.1. The range in Co concentration

was between O < z s 0.04. Bismuth oxide (Bi203) is added at

low concentrations in the original formulation of the ferrite,

the purpose being to promote densification and grain growth [1]

in the final sintering step. Concentrations in the range of 0.1 to

0.2 weight percent of the original batch are generally used. The

Bi203 addition is essentially insoluble in the ferrite, residing

primarily in boundary regions between ferrite grains where its

influence on sintering kinetics is strongest. We have therefore

not included Bi203 in the chemical formulation of the ferrite.

The magnetic loss parameter ,uo” and peak power parameter

hC,it of these three compositions has been evaluated primarily

in the vicinity of 5.5, 9.2, and 17.0 GHz. Some microwave

measurements were made as a function of temperature at 9.2

GHz. The experimental techniques were similar to those used for

our previous papers [5], [6].

II. TEMPERATURE DEPENDENCE OF MAGNETIZATION AND

COERCIVE FORCE

The temperature dependence of a phase shifter’s differential

phase shift and insertion phase is determined by the temperature

performance of the hysteresis loop properties. Fig. 2 gives the

dependence of the saturation magnetization upon temperature

T, and Figs. 3–5 show the dependence of the remanent magnet-

ization 47rM, and coercive force HC upon T. For high cobalt

content there is a decrease in remanence at low temperature for

the 1250- and 3600-G materials. This decrease in remanence has

been previously described by Van Hook and Dionne [7] for the

3600-G composition. It is suggested that the effect is due to a

change in sign of the anisotropy constant KI [8]. For the 1250-
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and 2250-G composition it has not been possible to grow single
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Fig. 2. Saturation magnetization versus temperature for
ferrltes.
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Fig. 3. Coercive force and remanent magnetization versus temperature
for 3600-G materials.
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Fig.4. Coercive force andremanent magnetization versus temperature for
2250-G materials.

z = 0.02, 1250-G material (Fig. 5)as isat work inthez = 0.02,

3600-G composition of Fig. 3.

Since the variation in device performance in the vicinity of

room temperature is usually of most concern, we have listed the
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Fig.5. Coercive force andremanent magnetization versus temperature for
1250-G materials.

TABLE I
TEMPERATUREDEPENDENCEOF HysrEREsrs PROPERTIES

dH dM dM
H 4 mM

c +s
4rM

z
ivt$Ts xi@

x Y
(Oe) (%/ “c) (muss) (%/ -c) (m”, s) (%/ -c)

0 0 0.10 1.21 0.25 2780 0.09 3560

0.01 0 0.10 2.05 0.20 2720 0.08 3575 0.09

0.02 0 0.10 2.50 0.20 2540 0.05 3656

0 0.26 0.10 2.15 0.21 1600 0.12 2175

0.01 0.26 0.10 1.80 0.16 1760 0.14 2225 0.13

0.02 0.26 0.10 2.25 0.21 1640 0.13 2300

0 0.53 0.10 1.11 0.29 900 0.16 1235

0.01 0.53 0.10 2.12 0.25 890 0.17 1234 0.18

0.02 0.53 0.10 3.45 0.23 735 0.06 1287

room temperature derivatives in Table I for 47rit4X, 4zM,, and

HC.

111. MAGNETIC Loss

The magnetic loss for a partially magnetized state such as

would exist in a phase shifter or below resonance circulator can

be characterized [5], [6] by a single loss parameter .uO”, the

imaginary part of the diagonal component of the permeability

tensor for a demagnetized ferrite. The results for ,uO”, evaluated

at three frequencies, 5.5, 9.97, and 17.3 GHz, are given in Figs.

6 and 7. We see that ,uo” increases linearly with Co content and

decreases with increasing frequency. In [6] a very useful relation-

ship of the form ~o” = A(y4rzM,/co)N was fit to the data to allow

calculation as a function of frequency of the contribution of ,uo”

to phase shifter insertion loss. In our present measurements, we

have been limited by high anisotropy fields to only measuring

the 1250-G materials at all three frequencies. Unfortunately,

additional high-frequency data would be necessary to determine

the linear portions (log plot) of the Lo” versus (y47rM,/co) depen-

dence. Consequently, no A or N values can be given for any

materials.
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Fig. 6. Magnetic loss versus cobalt level for 1250-G material at 5,5,9,97,
and 17.3 GHz.

Fig. 7.

z

Magnetic 10ss versus cobalt level for 2250- and 3600-G materials.

IV. HIGH-POWER THRESHOLDS

The peak power performance can be adequately described by

the paralIel pump threshold for a fully magnetized sample but

with the internal field approximately equal zero (i.e., external

b~dsing field equal to the demagnetizing factor times the satura-

tion magnetization). Fig. 8 depicts the dependence of lrC,it upon

frequency for the 1250-G composition. As in [6], we have

attempted to fit these data to a relationship suitable for use in
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Fig. 8. Critical field versus frequency for 1250-G materials.

TABLE II

z 1
(;e)

o 2.53 1.31

.007 3.82 1.69

.01 4.36 1.90

.02 1.21 2.02

computer device design. It has the form

()
1

hCrit = B ~ .
y4rrlw.

(1)

The values for B and 1 are given in Table 11,

The resuits of the measurements on the 2250- and 3600-G

compositions are given in Fig. 9, In this case the data have been

plotted against Co level rather than frequency since there are no

sufficient frequency data to determine B and 1 coefficients,

V. TEMPERATURE DEPENDENCE OF Lo” AND h.,it

Measurements were made at 9.2 GHz of ,uo” and hCri, for the

2250-G composition. The dependence of Lo” for various Co

levels is shown in Fig, 10. In Fig. 11, hC,it k given for these

materials over the same temperature range. The data have been

accumulated for two biasing fields, H~C = 47rh4,/3, the field at

which the sphere is magnetized but the internal field is approx-

imately zero, and the residual field in our magnet gap which is
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Fig. 10. Magnetic loss versu~ ~n&zrature for 2250-G materials Fig. 12. Spinwave and effective linewidth versus temperature of 2250-G
materials at 9.2 GHz.

at

20 or 30 Oe. With this latter field the sample is almost de-

magnet ized. As can be seen from the curves, the hCrli values for

the two fields are approximately the same, indicating that parallel

$ump thresholds change little throughout the partially magnet-

ized region. While there is a significant decrease in PO” with

increasing temperature, there is a much more modest change of

hC,it with temperature.

An ideal material would be one in which the loss is low and the

threshold is high. Unfortunately, most techniques for increasing

the peak power threshold tend to increase the loss. Since, in
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Fig. 13. Ratio pO”/4rcM. versus 4rrM,.

addition to depending on the relaxation mechanisms of the

material, ~0” and lrC,it depend upon the angular tlequency co

and 4rrM~, it is illuminating to compare the fundamental relaxa-

tion parametep AH,ff and AHk [6]. By dividing out the depen-

dence upon co and 47rM~; we can obtain a better feeling for the

contest between loss and peak power threshold. In Fig. 12 we

have plotted AHk and AH,~f as a function of temperature for the

various Co doping of the 2250-G ‘material. There ‘are a number

of interesting features that are worth noting. AH~ is @dependent

of temperature while ,AHe~~ increasers significantly at 1ow temper-

ature. At high temperature AH~~f is comparable to AH~ and

in some instqnces is lo’wer. This is in contrast tc~ rare-earth

relaxation in garnets” where AH,ff = 2AH~, which comes about

from the fact that at room temperature rare-earth relaxation is

proportional to frequency and the spin waves excited at high peak

power have half the frequency of the uniform precession. The

rapid increase in AHeff at low-temperature we suspect is due to

an increase in the anisotropy field. The fact that AHeff is com-

parable or lower than hH~ at high temperatures indicates that

better ratios of peak power,to insertion loss can be obtained with

Co “doping in these lithium-titanium compositions for high-

temperature operation than with rare-earth doping in garnets.
. .

VI. CHOOSING A MATERIAL

The cons~raints in the choice of a material to a large extent are

determined by each application. For an airborne phased array,

weight and therefore’ size’ are very important. In all many ele-

ment arrays cost is, significant which fesults in’ efforts to mini-

mize size to reduce material cost and driver size. Lclw insertion

loss is always desired by the system designers. If the deyice must

handle very large average power, then tliere are usually few such

devices per system (switches, circulators) so that size and weight

are less important than in the case of an array phase shifter. The

primary” problem is ‘to remove heat from the device so that it

does not approach the Curie temperature’of the ferrite and cease

to function. - ‘ ‘“ ‘
,..

To illustrate how a device engineer might use the data presented

in this article in choosing a material for the types of applications

mentioned above, we have plotted in Fig. 13 the ratio po’’/4rrA4~.

If the remanent ratio (4ti44,/4rr~~) is independent of.cbmposit ion,

a reasonable assumption in these lithium ferrite compositions,

then the p~ shift per rktit length will be proportional to 4rrikf,.

Therefore, for a fixed required phase shift, e.g., 360° of dif-

ferential phase shift, the device length will be proportional

to (47rM~)- 1. Since the total magnetic insertion loss i: the

product of a constant (characteristic of the device cross section)

with ,uo” and device length, it is’ proportional to po’’/47ri14~. The

insertion loss for a device is the sum of mismatch loss, wall loss,

dielectric material loss, and magnetic material loss with the

magnetic loss being the dominant factor.
,,

ln Fig. 13 there are three curves, each for a constant kC,i,.

After deciding the value of hcrit necessary to mt% the peak

power requirements of the applications, the next decision con-

cerns the relative importance of size, weight, and insertion loss.

Going to high ,+rM~ reduces size but increases magnetic insertion

loss. The most common choice of 47r14~ is one that makes

y4rrM,/~ equal to 0.6. If size and weight are very important,

then a choice of y4rrM,/co up to 0.7 can be considered. Above

0.7, however, yo” rises very rapidly causing high insertion loss.

If average power is large, then lower ratios of y47rM,/co should

be considered. ,uo” decreases so rapidly that even ,uo’’/4kM,

decreases by goin~ to lower 4zM,. Values of y4rriVl~/co li%.s than

0.4 are infrequently considered because the device becomes long

and wall losses plus dielectric material loss become dominant.

If, however, very large amounts of average power must be

handled and the ability to remove heat from the material is the

limiting factor, then even lower values of y4rrM,/u should be

considered because the ability to remove heat is determined by

insertion loss per unit length and not total insertion loss.

VII. SUMMARY AND CONCLUSIONS

Three basic compositions with saturation magnetization of

1250, 2250, and 3600 G have been evaluated. Measurements

were made between 3.0 and 16.8 GHz on ~C,it and between 5.5

and 17.2 GHz on ,uO”. To increase peak power performance,

cobalt has been added to eac’h basic composition resulting in a

linear increase in PO” and in hC,it. Temperature evaluation per-

formed on the 2250-G material at 9.2 GHz indicates that at high

temperature the ratio of peak power to “magnetic insertion loss

becomes better than that possible with the rare-earth garnets,

while at low temperature this ratio degrades significantly, Plots

of ‘po’’/4zM, versus 4rrM~ at 17 GHz indicate that the magnetic

insertion loss decreases with decreasing magnetization. This is

particularly significant for high-average-power applications where

sample heatin’g can cause a severe problem. For applications of

modest average power, the choice of the highest magnetization

allowing acceptable insertion loss is a more likely choice since

this reduces the volume of material and therefore phase shifter

cost and weight.
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