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I. INTRODUCTION

Using a class of materials referred to as hexagonal ferrites , magneti-

cally tunable filters in the millimeter wave range becomes a p ractical

possibility. Because of their Large inheren t magnetic anisotropy, the

bexafarritas can be biased into the millimeter range with relatively small

external, fields.

• One drawback with this material occurs when attempts are made. to

fabricate a sphere resonator from the raw bulk single crystal. Along with

• magnetic anisotropy comes an anisotropy of hardness which makes the attain—

meat of a perfect sphere with a good surface. f inish exceedingly difficult.

It was the purpose of this contract to explore the use of epitaxial films

of hexagonal, ferrite.s as an alternative to bulk single crystal. materia l .

Since apit.axial films can be grown with a damage—free surface., and since

they can be etched chaiwf~~~lly,  no mechanical handling would be req~uired.

During this contract , the initial step s to develop ing epitaxial

hexaferrite filters were made. These steps consisted of identifyin g and

growing potential single crystal. substrates , growing epitaxial f ilms , and

• testing the film in. a bandstop filter configuration. . Finally, a very narrow

bandstop response was measured on one of the films in. parallel resonance.

This response appeared to be aln~,st independent oi. applied field and had an

unloaded Q of 400 at a frequency of 39.], GHz .

II. RESONANCE OF EPITAXIAL SINGLE-CRYSTAL HEXAGONAL FERB.ITES

The films considered for this program were N—type (BaFe12O19) hexagonal

ferritea. Epitaxial growth gave a film with, the hexagonal easy or c—axis

no rmal to the plane of the film. Experimentally , the plane of the f i lm is

1.
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easil y identified ; and therefore, parallel and perpendicular resonance

refers to the application of the applied field parallel and perpe ndicul ar

to the plane of the film respectively.

The resonance frequency for a uniRTfal crystal is given by Buffler1

as:

(a) Uniarfal crystal with applied field in. hard plane.
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In this case the hexagonal easy or c—axis is taken as the z direction

and the applied field La taken along the y—axis .

(b) Uniaxial crystal with, applied field along easy axis .

— 
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~
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In this case the c—axis and the applied field are both. taken along

the z—axis . Where N , N~ , and are the d~~agnetization coefficients in

the x, y , and z direction;
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K is the saturation magnetization;

Ha is the magnetic anisotropy along the c—axis ; and

a0 is the applied magnetic field.

Since the epic~r~f~a1 film grows with. the c—axis or easy direction normal to

the film, two cases of parallel and perpendicular resonance occur as indicated

in Figura l.

(a) Parallel to the. film .

z

al o
3 N — N  — ox y’

c—axis N — i

(b) Perp endicular tO the film.

Figure 1. Resonant geometry of a. u~~ .i~y{a1 film with a normal c—axis .

3 
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The two geometries give:

(a) Parallel resonance.

(K — 4~ () 2 
-
— K0

2

(4)
• for K < H - 411~{ and if > 4 irM;0 — a  a

- ~~0 ~~o 
- ~ + 4 rrM)

(5)
for U > K — 411K and K > 4iiM.o —  a a

(b) Perpendicular resonance.

~~) — } L0 + K ~~— 4 7 ~M .  (6)

Epitaxial films were grown on a number of different substrates . The

substrates were flux grown single crystals, which measured at most a few

millimeters in diameter. Since this represented too small an area to chemically

etch a disk from, sanpie preparation consisted of ‘boosing the best available

.- face and cutting out a plate with. the face as one side. Film thicknesses were

about 1. xii in. all cases measured.

• III. MATERIAL PREPARATION AND CHARACTERIZATION

The hexagonal ferrite samp les used in this study were grown in our

laboratory as part of a research contract with. the Air Force Office of

Scientific Research, F44620—75-’C—0045 “Magnetostatic Surface Wave Materials .”

The LPE (liquid phase epitaxy ) dipping method was employed to deposit the

hexagonal farrites on various single crystal substrates. Details of the LPE

method have been published2’3. It should be borne in. mind that the LPE

method itself and the preparation of suitable substrates are still in,

4
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the research stage. Rapid progress is being made in. these research efforts ,

but the materials reported on. here are ~ r from optimum in quality .

Although we have been able to grow several differen t hexagona l ferrite

types by LPE , the samples used in this study were all of the M—typ e , BaFe~~ O19,

which is well suited to the frequ ency range of interest . Hexagonal ferrite

type is determined from x—ray diffractogra ms of multiple orders of basal plane

ref lections . The iu,tensitie.s and angular positions of the various orders are

characteristic of the type. Non—basal reflections may be used to establish

the epitaxiai. (orientation,) relationships between films and substrates when

they are not obvious from morphology.

Part of the AFOSB. program involves a study of the relation between

ZnO content of the t.PK melt and hexagonal ferrite type of the deposit. The

samples describ ed in. this report were grown from a melt which contained ZnO ,

but at a concentration which was low enough that the deposits were N—type.

Properly , these samples should be cons idered as Zn—doped. The doping level

was low since the K—typ e ferrite cannot accot odata much Zn unless an

additional dopant is present to provide charge—comp ensation . It is possible,

however that the Zn. content was sufficient to have produced perceptible

shifts in. some magnetic parameters.

The two samples most intensively studied, BPO—9L—4 0 and BFO —9L—4 2 ,

were grown. from the same LPE melt but on. different substrates . Sample

BPO—9L—40 was deposited on an octah.edron—sb.aped single crystal of ZnGa2O4,

a. non—magnetic spinal. This substrate was grown from a flux by the con—

ventionai. slow—cooling method as part of our in—house IR&D progra m . The

natural (ill) facets of the. sp ine.], are of the proper orientation for

epitaxial. growth, of the hexagonal ferrite, so the entire ZnGa2O4 crystal

was used as a substrate for 12K growth without any further preparation.

5
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The hexagonal ferrite. layer was deposited at a temperature of 935 °C for

58 minutes. The Layer, which. covered all of the substrate except for a

small area which was not of the correct (ill) orientation, was estimated

to be between 10 and ZO~im thick.

X—ray diffraction of BFO—9L—40 confirmed that the layer was N—type

and single c_ystaL with basal planes parallel to the substrate (111).

The a~ nuthal orientation. relation could not be determined directly by

x—ray diffraction because the layer was too thick. Measurements of layers

on. other spinal substrates have shown. that the hexagonal ferrite a—axis

is parallel. t.o the spinal [101] direction.

The x—ray technique only searche d for hexagonal ferrite with the

expected orientation; i.e. , with basal plane nearly parallel to the

substrate surface. Sc a nn fn g electron. microscopy showed that the layer

contained areas with. hexagonal—shaped platelets standin g nearly on edge

rather than Lying parallel to the substrate. These “upright ” p latelets ,

Figure 2 , were not random ly oriented but were predominantly aligned with

their basal planes parallel to other {LU} substrate planes . Thus , the

“upright ” platelets are also ep itaxial. Their formation may have been

related to defects on. the substrate surface. While the sample was in the

sc~nn{ng electron microscope, an energy dispersive x—ray spectrochemical

~inalysis was performed . The only elements detected in large concentrations

were Fe and Ba (elements with. atomic number less than. 10 are not detectable

with this system.) Traces of Zn. and Ga were also found. It was not clear

whether the Zn and Ga signals arose from the substrate or the deposit. If

Zn and Ga were in the deposit , their concentrations were less than 1% that

of Fe. In either case , the Zn./Fe ratio in the deposit was far  less than

that in. the 12K melt , as expected .

__________ - -- —~~--—
•
~~~~~~~~ •—-~~~~~
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Figure. 2. Sc.~nt~~r~g e.Le.ctron. micrograph of sample

B1~O—9L—4O at 650X magnification. 



The. substrate for sample BFO—9L—42 was one of several crystals of

Zn., Ti, Ku—doped K—type hexagonal ferrite supplied by A.. Tauber,

T. R. A.uCoim. and R. 0. Savage of ECOM. The doping Levels were sufficient to

depress the Curie temperature below room temperature so the substrates may

be considered non—magnetic. A hexagonal ferrite layer -4O~.im thick was

deposited on. this substrate at 938°C for 283 minutes. The layer was

mostly epitaxial; but some randomly oriented growth. was observed, probably

associated with surface defects. No x—ray analysis was performed; however,

all previous deposits from this LPE melt were foun d to be N—type. Uniaxial

magnetization along the c—axis was confirmed.

TV. MICROWAVE CHARACTERIZATION

A. Resonance Measurements

Room temperature measurements were made using a bandstop filter

configuration. This technique consists of placing the sample in the waveguide

and performing a transmission. measurement; that is, holding the sample at a

fixed magnetic bias , the frequency is swept and any loss of transmitted

energy is measured. Figure 3 is the plot of the parallel resonance frequency

measured for sample BFO—9L—42. In this sample resonance occurred at 38 Gliz

with very little frequency shift as a function of field — the frequency

shifted from 38.2 0Hz at 3.62 kG to 37.4 0Hz at 10.40 kG. The theoretical

resonance for an N type material is shown in Figure 3 for comparison. While

there is a downward trend to the data, it does not follow the theory as

given by equatioa (4). While this trend is not understood , it should not

be. completely unexpected as the. sample is not saturated (Ho<Ea
_ 4TrM) .

Figure 4 is a plot of sample BFO—9L—40. En this sample, both parallel

and perpendicular resonance were observed. As in. the previous sample,

parallel data was flatter than predicted . The perpendicular resonance is

Linear and ranges across the 50 to 60 0Hz band for fields under 2 kG.
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B. Bandstop Characteristics and Lin.e.width.

The performance of a filter is normally given in. terms of the quality

or Q. Since this is made up of two components — the intrinsic Loss of the

resonator, given by the unloaded Q, ~~ and the Loss associated with the

coupling circuit, given by the external Q, 
~~~ 

The overall measured

filter performance is given, by the loaded Q or Q1
for a number of electromagnetic structures has been calculated

by Carter4 for the case of ferrimagnetic re.son,ators. Figure 5 is a sketch of

the TB10 structure used in most of the work repor ted here.

Ferrirnagnetic

~~~~ 
Resonator

2r 
- 

b

.:

Figure. 5. TE~~ Waveguide.

If the ferrimagn.e.ti.c resonator consists of a thin disk, the is

given by

6Q ab A
~~e. ~• L c ~im t r

where — ~.i0r (4~rK) ,

intrinsic permeability of free space

— 1.256 x L0 6 henries per meter ,

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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g — Lande “g” factor — 2.00 for electrons in. most ferrites,

gyromagnetic ratio = g (e/2m) ,

e/m ratio of charge. e to mass m of electron

— 1.759 x 10ll coulombe per kg.

a ,b width and height of ~rave.guide. in inches,

t — film thIc~~ess in inches ,

Zrm - disk diameter in inches ,

A — free. space wavelength ,

Ag - guide wavelength.

A 100 xii diameter disk. of I mu , thickness would provide a Q~ - 630 in

band wave.guide. at 35 0Hz.

The unloaded Q is found by differentiatin g equatio ns (4) and (6) and

substitut ing into the def inition = f/t~f as:

(a) Parallel resonance.

E 0~~ 4~~ ) 2 H0
2]1~

’2 
~~a — 4itM)/(~H~E )  (8)

(b) Perpendicular resonance.

Q~~= ( H 0 + K ~~— 47rM)f~1L (9)

where H is the material Linewidth.

The best response for a single resonator b andstop f i lter was obtained

with. sample BFO—9L—40. Figure 6 shows the response of this filter in.

parallel resonance. The analysis of a. single resonator bandstop filter has

been considered by Young at al.5 for the simple circuit mode of Figure 7.

In this case the. unloaded Q is given by

_ _ _ _ _  
/ 2 L /LO

- 

“~t~ •~db ~~~ L0~A”10 
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Figure 7. Equivalent Circuit for a Single Resonator Bandstop Filter.

where.

maximum attenuation in dB of bandstop filter (with single

resonator).

~x—d B — fractional bandwidth....be.tween x—dB points on a guide wave—

• length basis (It errourd be emphasized that this

is the bandwidth of a single cavity of possib le a multi—

cavity filter in. which the other cavities have been

decoupled.)

CL)
• A — antilog10 i: 

~~~~ 
— l0 (L~ )~~~~/20 .

Using e.quation (10) and the data provided by Figure 6 yields , at 12,000 Gauss ,

— 400 . The intrinsic Linevidth of the material would generally be derived

from equation (8) , but the experimental results do not appear to follow the

pre~ cted values from which. equation (8) is derived .

7 Instead , the linewidth can be estimat ed from the data and the unloaded

Q. At 12 kG , the slope. ~lff ~~ — 0.008 0Hz/k Os.
L .

Thns: 

- .008 r .008 
- 

~.0O8~ 
- 12 k Oc.



This exceedingly broad linewidth implies that the response of the filter is

essentially independent of the bias field, which is supported by the data

shown in Figure. 6. It is also consistent with. the fact that the sample is

not saturated.

For perpendicular resonance., the unloaded Q measured 54 on sample

BFO—9L—40. Equation (9) can be used to estimate the liaewidth, since the

behavior of the data conforms to the pred icted slope.

Hence,

1~H—  (Ko + K a
_ 47tM)/Q

~ 
. (11)

The results for the samples studied are given in. Table 1.

Table 1.

SAMPLE RESON.ANCE K FREQ. MEAS.

Parallel 400 12K 0e. 39.1 GHz
BFO—9L—40 Perpendicular 54 240 Oe 53.0 GHz

Parallel 55 3.2K Oe 37.55G H z
BFO— 9L—4 2 Perpendicular — — —

V . CO~tCLUSION S

Epitaxial K~~agonaL ferrite films can be used to produce f ixed tune d

and magnetically tunable band atop filters . Using parallel resonance a band—

stop response at 39.1 GEz was obtained with an unloaded Q of 400 . In per—

pendicul.ar r esonance, the film was linearly tuned across the 50 to 60 GHz

range with a variable field which did not exceed 2000 gauss. In. both cases

only a m{nlimnn of mechanical processing was used.

The Linawidths ware relat ively poor. Since the state of the art for

film and substra te growth is only a few months old , this is not surprising .

With a reasonable amount of effort , film qualit y should improve to a con-

siderable extent . And only a five fold improvement is needed for device

quality material .

_



Although it is somewhat early to come to any major conclusions with

respect to the theory of resonanc e., some modifications would be indicated

if futu re films behave as do the two so far measur ed. In particular ,

parallel resonance does not appear to conform to the ory in a straigh t

forward fashion. . It is obvious that resonance is occurring at fields

below magnetic saturation . It thus appears that the assumption of magneti-

zation along the c—axis cannot be maintained. This in. turn implies a more

detai led theoretical model which includes the effect of the domain wall

energy and its effect on off axis resonance and lin.ewidth.

VI. PABIICIPAIING SCIENTIFIC PERSONNEL

The major activities of this program were performed by

Wayne L. Bongianxti. Material support and film growth was by Dr .

Howard Glass. Progra m, coordination was provied by Mr. Je rry C. Aukland .
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