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MAGNETOSTRICTION IN FERRITES POSSESSING A SQUARE HYSTERESIS LOOP
ABSTRACT

The development of ceramic materials with an intrinsically
square hysteresis loop for use as storage elements in high-speed
electronic computers has been largely empirical, A fundamental under-
standing of the basic mechanism responsible for the square hysteresis
loop is necessary for further significant improvements in these materials,
The investigation reported in this paper was undertaken to obtain magneto-
striction data on a compositional series of ferrites in which there
exists an important variation in the character of the hysteresis loop,

K significant correlation was found between the magnetostriction and the
hysteresis data, The isotropic saturation magnetostriction for these
polycrystalline materials was found to change sign, going through zero
at the optimum composition for hysteresis-loop squareness in this composi-
tional series, In addition, the sign of the magnetostriction at low
fields, which in nearly all cases is opposite to that at high fields,
also changes at this optimum composition. These data have been analyzed,
and it has been concluded that the effective domain anisotropy and the
polycrystalline saturation magnetostriction are zero at the optimum
composition, A possible mechanism is advanced which explains the
observed data as the result of a grain-to-grain alignment of the magnetic
moments due to the anisotropy of the single-crystal magnetostriction,

Because it presents information of general interest this thesis
report, which has had only very limited distribution, is being issued as
a Division 6 Report,
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CHAPTER I

INTRODUCTION '

A, The General Problem

Materials possessing hysteresis loops rectangular in shape.
have been known for some timeo1 Since the exploitation of this hys-
teresis-loop characteristic was conceived as a means for retaining in-
formation in an electronic~computer m.emory,2 a great impetus has been
given,toithe,study of the basic mechanisms responsible for rectangular
hysteresis loops,.

Both metallic and ceramic materials have been developed which
possess a square hysteresis loop, Howevera little is known concerning
~the basic mechanism that is responsible for this hysteresis=loop char-
acteristic., This is particularly true for the polycrystalline ceramics
which are considered in this papere

Extremely square B=H loops have been obtained for the poly-
crystalline ceramics called ferrites, The hysteresis characteristics of
these materials are primarily dependent upon the chemical composition,
Therefore, this study is concerned both with an understanding of the
macroscopic mechanism responsible for the square B;H loop in ferrites
and with the influence of the chemical composition upon this physical
Amechanism; such an understanding should lead to the creation of new
matefials with improved magnetic propertiess

B, Historieal Background

Before the specific problem can be considered, the basic con-
cepts of magnetism and their associated terminology will be reviewed.

Most materials are composed of atoms which are located in a
periodic geometric configuration called the crystalline structure,

ﬂl@
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The atoms exist as charged particles, ions, which may possess a magnetic
moment., -The magnetic moment of these ions is produced by their electronic
configuration. Since these ions are in close proximity to one another in
the crystal lattice, the way in which their electronic configurations
interact determines the magnetic character of the material. FERROMAGNEI‘ISH
is defined as the case when all the moments of these ions are parallel to
one another and pointed in the same direction, The energy involved in
maintaining this alignment is called the magnetic EXCHANGE ENERGY and is
expressed as AT, where A is the EXCHANGE PARAMETER and T is an average
distance to near-neighbor magnetic atoms., The exchange parameter is a
measure of the strength of coupling between the magnetic moments,

In some crystal structures interpenetrating sublattices exist
in which the magnetic moments within each sublattice are parallel and in
the same direction but in opposition to the moments of the other sub-
lattices, A material is called FERRIMAGNETIC when a nonzero net moment
exists and is called ANTTFERROMAGNETIC when the net moment is zero., The
energies involved in producing these magnetic configurations are also called
magnetic exchange energies., The CURIE TEMPERATURE, Tc’ s is the temperature at
which the exchange energies responsible for ferromagnetism, ferrimagnetism,
or wtﬁerrom@etism are Jjust overwhelmed by the thermal energy of the
system, At temperatures above Tc the magnetic moments are oriented in a
random fashion with respect to one another, and the material is called
PARAIJAGi\lEIIC. Since the Curie temperature, like the exchange parameter,
is a measure of the strength of coupling between magnetic moments, Tc is
proportional to &. .

The geometry of the crystal structure and the exchange coupling
produce energetically preferred or easy directions for the total mgne_tic

moment in a crystals The energy per unit volume required to rotate the
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magnetic moment from an easy direction of magnetization to an energetically
unfavorable or hard direction is defined as the CRYSTALLINE ANISOTROPY
ENERGY;K. The sign of K is indicative of the direction of easy magnetiza-
tion in the crystal., In a cubic crystal, the directions along the cube
edges are all equivalent by symmetry and are'céiled <{100> directions,

The directions along the cube diagonals are also all equivalent and are
called 111> directions, .The directions of easy magnetization for K>0

are the {100) directions and for K<O the {111) directions,

The crystalline structure of most magnetic materials is )
physically distorted as the direction of magnetization is varied. ‘This
phenomenon is called MAGNETOSTRICTION, -Magnetostriction has a strong in-
fluence on the use and characteristics of magnetic materials and will be
‘treated in detail in Chapter TIII.

A Most magnetic materials are actually composed of many small
regions or DOMAINS which are each saturated magnetically but differ in
their direction of magnetization., In zero applied field, the direction

of the magnetic moments in each domain is usually determined by the
crystalline anisotropy K. The boundary layers between the magnetic
domains are called DOMAIN WALLS. The flux reversal of a magnetic material
‘possessing a domain configuration is largely a process of domain walls
moving through the material (see Figure 1-1), Thus the total magnetic
moment of a material is dependent upon the existing dbmain configuration,
which can be changed by the application of an external field,

Through a domain wall the magnetic moments are directed
parallel to the moment of one domain on one side and are ﬁrogressively
turned parallel to the magnetic moment of the other, Since the magnetic

moments within the wall are not directed along an easy direction and are
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FIG.I-1

DOMAINS IN AMAGNETIC MATERIAL
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not parallel to one another, work is done against the EFFECTIVE :WALL'
ANISOTROPY, K_, and the exchange energy, Therefore a domain wall possesses
a DOMATN-WALL ENERGY SURFACE DENSITY, o_od/K . It is K which restricts
the thickness of a domain wall to a small valdé. Therefore when Kw =0,
discrete domain walls will not exist., The 'Kw is the combined effect of
the crystalline anisotropy energy K and the magnetoelastic energy.3 The
magnefoelastic energy is caused by the strains produced by magnetostrice
tion, Both the crystalline anisotropy energy and the magnetostriction
‘mst be zero i‘or.Kw = 0, Hence if the magnetostriction is nonzero,
domaﬁl ‘walls can exist even when the crystalline anisotropy energy K = O,
It does not seem to have been brought out in the literature
that a difference exists, in gene.ral, between Kw and K 42 the EFFECTIVE
DOMAIN ANI_SGTROPI ENERGY influencing the direction of domain magnetiza-
tion. Therefore this point must be made clear, The volume of a domain
wall is so small with respect to the volume of the domains on either
side that the lattice dimensions within the domain wall will essent/ially
be determined by the magnetostriction in the adjacent domains,. Since
“the maénetoelastic energy associated with the magnetic moments within
the wall would be 1owef if the lattice dimension within the wall were.
not so constrained, work mst be done to rotate a moment from its direc-
tion in a domain to its direction in a wall. The effective anisotropy
energy within the wall is therefore different from that in the domains,
K 3 1Ay 'bheref‘ore be considered aé a macroscopic effect in.flt;encing the
direction of magnetization, whereas Kw is a microscopic effect influenc-
“ing the rotation of moments through a domain wall, It is possible that
the influence of magnetostriction could decrease K 4 while at the same

time increasing ,Kw’. Further comments on these effects will be made in

Chapter VI,
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The terminology associated with the magnetic hysteresis loop
is indicated in Figure 1-2, where

B_ = saturation-flux density;

Br = remanent-flux density;
Hc = coercive force, the field for B = O3 and
B _— the maximum flux density for a nonsaturated loop at the

maximum applied field Hmo

The squareness Rs of the B-H (or hysteresis) loop will be defined
H

m
2

- this definition that RS will vary with the applied field, A maximum RS

as the ratio of the flux density at -

to Bm. It is because of .

often occurs for ,Hm‘-ﬁ Hc s where Hc is the coercive force for the satura-
tion loop.

Ré'cta.ngular or square hysteresis loops have been obtained in
single crystals of magnetic ma.‘c,eria.ls.h A square B-H loop was obtained
in these cases by cutting a sample from a single crystal, such that the
path of the magnetic flux is always in a direction parallel to a
preferred orientation of the magnetization within the material., When
this was done, the reversal of magnetization was accomplished through
a very small change in the applied field, producing the scjuare B-H loope.

" & polycrystalline material can be considered a closely packed
assenmblage of individual single crystals, The single crystallites in a
polycfysta.l are not 111 general oriented with respect to one another in
any way. Therefore the problem of obtaining a square B-H loop is far
more difficult for a polycrystalline material than for a single crystal,
However, if the crystalline axes of each of these crystallites were
aligned with one another, a pseudosingle crystal would be obtained. A
square B-H loop would then be obtainable in the same manner as in the
case of an actual single crystal. Precisely this has been done with

metallic tapes where the rolling and annealing process can produce an

¢
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actual alignment of the crystallites within the material,

In some materials it has been founa possible to produce a
square B-H loop without an alignmenjb of the crystallites, It is sometimes
possible to align the magnetic moments of the individual crystallites by
the application of an external compressive or tensile stress, This has
been done with both metalsl and .'t‘err:i.tes‘,5 s6 The necessary requirement
is that the direction of magnetization within each crystallite be deter-
mined by the directional stress applied. In a few materials the align-
ment of a crystallite magnetic moment with its neighbors is also possible
by cooling the material slowly through the Curie temperature with a mag-
netic field applied.’

Since it had always been necessary to have an alignment of the
magnetic moments in a square-looped polycrystal, it was thought essential
to have alignment of the moments if square hysteresis loops were to be
obtained, However,certain ceramic oxides of iron called ferrites have
been developed,8 which possess very square hysteresis loops, without the
use of any conscious alignment mechanism whatsoever( see Figure 1-3). It
is these materials, called square B-H léoped ferrites, which are investi-
gated in this paper,

Although ferrites have been developed with very high maximum
squareness (R-é> 0.9, there are basic improvements which, if made, would
increase the applica:bﬂitj of these materials, lLosses and high excita=-
tion still severely limit the fuse of these materials in high-speed
circuitry having low pbwer levels, Efforts to meet this problem have

produced theories concerning both the square B-H loop9 and the dynamics

of the mechanism of flux reversal‘.]'0
When a material is saturated in a given direction, domain walls

have been eliminated,and the material is effectively one single domain,



SATURATION LOOP MAXIMUM SQUARENESS LOOP

NOTE: . .
THE DIMENSIONS OF BOTH LOOPS
HAVE BEEN NORMALIZED

" FIG. 1-3
TYPICAL HYSTERESIS LOOPS FOR SQUARE-LOOPED FERRITES
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Therefore, at the remarent state of very square-looped materials, domain
walls may not be in existence, Domains of reverse magnetization must be
first nucleated in this case before a flux reversal is possible, The
square B-H loop observed for single crystals or pseudosingle crystals is
thus obtained when both nucleation of domains ofbreverse magnetization
and all domain-wall motion are restricted to a single threshold field,
above which the created domain walls move throughout the material
producing a sudden flux reversal. The équare B-H loop may therefore be
explained in terms of a nucleation model, whereby nuclei of domains of
reverse magnetization form at grain boundaries, There are essentially
three important energy relations which determine the critical external
field at which nucleationxwould OCCUTr o

1. Free magnetic-pole energy density at a grain boundary is
produced by the grain-to-grain misalignment of the directions of the
magnetization*of any two adjacent grains. -This free-pole energy is the
result of the demagnetizing fields which are in opposition to the mag-
netic moments producing them,

2. Domain-wall energy must be considered, since in the formation of
a nucleus of reverse magnetization a domain wall must be created. Since
there is a rotation of magnetic moments within a domain wall against the
anisotropy and exchange energies, the energy of the system considered is
directly increased by an increase in the total domain-wall area.

3. Magnetic-energy density is.(iﬁ;ﬁyhn), where a positive direction
of field is defined as that favoring a complete flux reversal, Therefore,
the férmation of a nucleus of reverse magnetization would reduce the
total energy. The total effective field is a sum of the applied field

and the demagnetizing field due to free poles,
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At the value of the applied field for which a nucleation of
reverse magnetization becomes energetically more favorable in terms of
the “ sum of the three energies involved, a nucleus would form to reduce
the total configuration energy., If nucleation occurs at a field which
is greater than the threshold field for domain-wall motion, domain-wall
--motion will produce a complete flux reversal without a further increase
in the applied field., This then is the condition that mst be fulfilled
to have a square B-H loop according to the model employed; it has been
expressed in terms of fundamental parameters: L (m*)z L 60 o, » where
_.Ir is a mean grain diameter, m*is' the grain-surface pole’density, and .\
is the energy per unit area of a 180° domain wall, The grain-surface
pole density o= Is(c.os 6, cos 92), where I_ is the saturation moment
and the (cos 91- cos 92) term is a measure of the grain-to-grain aligne
ment of the magnetization which approaches zero for complete grain-to-
g_rain alignment,

In the case of high grain-to-grain alignment of the magnetiza-
tion, m*is reducéd to an extremely low value, and a square loop is pro-
duced. If the saturation moment of a material is sufficiently low, the
cond_ition for squareness might be fulfilled if each crystallite was mag=
netized along the easy direction of magnetization nearest to the direc=-
tion of the applied fiei_l_,d.- This is the tentative explanation given to
the phenomenon of the sqﬁare B=H loop ferrites,

- It should be noted with respect to this theory for B-H 1oop‘
squareness that the maximum squareness for a material is not .a satura-
tion lobp. In a nm&turatlon loop there are domains of reverse mag-
netization as an initial condition, Therefore,to apply the nucleation

theory to this case, it was tacitly assumed that the domain walls present
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at the initial state are frozen in their position by grain boundaries,
voids, etc., and therefore do not participate in the flux reversal over
the nonsaturation B-H léop being considered, This assumption may or
may not be a valid one. If the assumption is not valid, the theory as
presehted is not applicable,

The fc;rce on a unit surface of a 180° domain wall is
I-IBscos 8/2n, where © is the angle between the magnetization and the field.
In the case of high grain-to-grain alignment of the magnetic moments
‘cos 8¢1 for all crystallites, Therefore, the force on all domain walls
would essentially be the same value, and when the threshold of domain-
wall motion is reached, a complete flux reversal would occur over a
small increment of applied field, producing a square B-H loop., For this
mechanism to prevail, the threshold field for all the walls participating
must be the same, Therefore, regardless of the mechanism involved, it
may be stated that a grain-to-grain alignment of the magnetic moments
within a polycrystal is the most important single gcondition that produces
B-H loop squareness,

The square B-H loop materials used in computer-storage devices
must have a response to low=pulse excitétion that has a duration in the
order of micraseconds.,8 Therefore, it is desi;'ous to minimize both the
time for flux reversal in these materials and the necessary pulse excifae
tion to produce this flux reversal, AAtheoryb of the flux-reversal
mechanism in polycrystaliine materials has been édvancedlo using the
model of expanding cylindrical domains of reverse magnetization., The
shape of the voltage response of a polycrystalline ferrite to pulse ex-
citation can be explained mainly on the basis of the change in effective

domain-wall area, A figure of merit for the magnetization reversal is
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defined as the switching coefficient Sw = (Hm- 'Ho)'c s Where © is the time
required to reverse the magnetization, Hm is the applied magnetic field,
and Ho is the threshold-field value at which the average domain-wall
velocity is zero.

The equation of motion of a cylindrical 180° domain wall has
been derived in Appendix I, Since the effective mass of a domain wall
is very low, the complete equation of motion can be expressed in a simpli-
fied forms

Bd # 3 ap s QZE = 2HI cos @

* P P mwe >
where p is the radius of the cylindrical domain wall, o, is the domain=-
wall energy surface density, P is the viscous damping coefficient which
is proportional to o @ is the stiffness coefficient, Hm is the applied
field, I s is the saturation moment, and © is the angle between Hln and
"Iso Rewriting the equation of motion one obtains the following relation-
ships

i ' % . 3

Bd = 2(H, - H)) I, cos 8, where H°=(.—5- + - o‘.p)/ZIs cos O,
The switching time © = d/v, where d is an average distance a domain wall

travels in the time v and v is the average wall velocity. Therefore,

d

cos
8

The switching coefficient Sw has been measured on both metals

the coefficient Sﬁ = (Hm - Ho) <% can be shown to be Sﬁ =

and ferrites. The switching coefficient is low (Sw-"-‘ 0.4 oe=psec for
metallic tapes) because of the high saturation moment and high grain-to-
grain alignment of the magnetic moments in these materials, Sw= 1 oe=ysec
for most ferrites, Therefore, in this respect, present square B-H fer-
rites are inferior to metals,
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C. The Specific Problem

The importance of grain-to-grain orientation of the magnetiza=
“tion has been shown for both metals and ferrites. Therefore, it is
possible that the moments in square B-H: loop ferrites could be given
a grain-to-grain alignment by some internal mechanism, The crystalline
anisotropy can produce a partial alignment when the magnetic moments lie
along directions of easy magnetization nearest to the direction of the
field, Howéver, any internal mechanism producing a greater alignment
mst be the result of either an orientation of the crystallites or the
Einfluénce of magnetostriction, |
vSince there is no apparent alignment of the crystallites, a
study of the polycrystalline magnetostriction of a compositional series
in the system containing square=looped ferrites has been made, The
customary methods of measuring magnetostriction in ferrites would not be
valid; if an alignment does exist, Therefore, a different experimental
technique has been used which permits meaningful data to be obtained.
The polycrystalline magnetostriction data has been analyzed in terms of
a model for the polycrystal which permits a qualitative interpretation
of both the single-crystal magnetostriction and the degree of grain-to-
grain alignment within the materiale |
targe magnetostriction effects have been observed in some fere
rites possessing tnoﬁsquarewBTH loops. However, when this investigation
‘was initiated, there had not been any systematic investigation of magneto-
striction in ferrités possessing square ’ﬁ-H} loopse Since the initia-
tion of this work, others have published a paper which reports magneto-
striction data obtained on a compositional series of ferrites which

possess varying hysteresis-loop squareness.l1 ‘The experimental data
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that is reported is compatible with the results of this workj; however,
the conclusions are completely different from those of this investigation,

A critique of the work has therefore been necessary.
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CHAPTER II
COMPOSITIONAL SURVEY

An extensive investigation by M.I.T.'s Lincoln Laboratory
concerns the compositional effect on the square B-H loop properties of
ferrites, Many compositional systems have been investigated; however,
the most significant and complete data were collected on the two systems
that will be discussed.

It seems advisable to mention briefly at this point some of the
difficulties involved both in controlling and in determining the chemistry
of these materials, In most compositions that have been considered, both
mangénese and iron ions exist in the same structure., Both of these
elements are,; .multivalent. . In the process of making polycrystalline
ferrites, it is necessary to sinter the material at a temperature of
1350 C to 1450 C. At these temperatures there is an oxidation of some
of the Enf*z ions to Mn“[‘3 to give Mn30h and a reduction of some of the Fe""'3
ions to Fe"2 ions to give FeBOh in solid solution with the original fer-
rite. )

Since MHBO’-L is, by itself, tetragonal, an excessive amount of
this component may cause a precipitation of a second phase, If Fe"'3 ions
are not reduced simmltaneously with the oxidation of the 'Mn*z ions, there

+3

may be an excess of Fe ~ which is precipitated out as a - Fe Both a

203.
second phase and the presence of FeBOh are undesirable in these materials,
The second phase would producg demagnetizing fields within the material,
tending to inhibit a squaré B-H loop, The high conductivity of FeBOh.
makes the presénce of this component undesirable. Further, even if a

second phase is not formed, the oxidation process takes place more readily

<16
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near an exposed surface, Therefore.as one goes into the material from
the surface, there is a compositional change due to a change in the
amount of oxidation that has taken place; thus air sintering produces
inhomogeneous products., Homogeneity may be improved, however, by annéal-
ing the products in an inert atmosphere after sintering, This anneal

2 ions without appre-

appears to reduce most of the Mn""3 ions back to Mn®
ciably affecting the iron valencies,

Not only is it difficult to control the valence of the Mn and
Fe ions, but it is also difficult (impossible at present) to ascertain
the actual valence of these ions in the final product, This is again due
to the fact that both of these elements are multivalent, and present
methods of analysis do not permit determination of the v‘a]g’ncies when two
maltivalent ions are preéent, The total amount of each element can be
determined and agrees with the as-mixed components, Therefore, it is
only possible to express the compositions in a simplified formj it is
recognized that this simple case does not actually exist,

The first compositional system to be considered may be expressed
in terms of the following general formulasz

- (MeOFey03)(3 g)(aoy) * (HHOFeR03)5(1 ) *(M250)),

where the compositional parameters a and g can vary from O to 1, ‘.MgOFe203
is ma.gnes:.um ferrite, MnOFe2O3
i:ausmannite. Therefore, in this system MnBO,4 is being added to a mixed

is manganese ferrite and MnBOlL is called

stoichiometric mixture of Mg and Mn ferrite., Both Mg ferrite and Mn fer-
rite are magnetic and have a cubic spinel structure, On the other hand,
MnBOh is paramagnetic and has a tetragonal spinel structure,

The other compositional system is quite similar in its general

formula:A:(MgOFe203)(1_33)(1_?)%(21101%203)B(id‘Y)&(MnBOh) Y,where B and vy are
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compositional parameters which can vary between O and 1. This system

differs in that zinc ferrite, ,ZnOFe20 has replaced the manganese fer-

3%
rite and the parameter B has replaced a. Zinc ferrite is paramagnetic
and has a cubic spinel structure.

Maximum B-H loop squareness, Rs’ has been plotted in Figure 2-1
as a contour map with ¥ as the ordinate and with a and B as the abscissae
for the right and left sides,respectively; ‘It is apparent fro;n this
figure that Rs is mainly a function of the parameter y with an optimum
occurring for any fixed a or B at y < 0,15, Starting from the line a = 0,
an increase in a increases the magnitude of Rs and brdadens the influence
of y up to about a =0.,3. For0.3{a 1, the contour map is essentially
a broad plateau with a small singular peak for a X" 0.6 and 4 = 0,15, The
influence of B is very similar to the effect 6f a3 the paramagnetic
character of zinec ferrite, however, dilutes the magnetic exchange to
reduce the Curie point ‘1'c to room temperature ‘or below for B> 0.65.

;lihough the Mn ions of MnBO,4 have large magnetic moments, the
moments of some ions apparently do not interact with the other magnetie
moments in the crystal structure. Therefore, Tc and room-temperature BS
decrease as y increases beyond a critical value., 4s a is increased, Tc=
and the room=temperature BS both increase because of the large magnetic
moment of Mn ferrite., On the other hand, as B is increased, the para=-
magnetic Zn ferrite dilutes the magnetic-exchange forces and eventually
reduces -Tc below room temperature. .The saturation moment showever, is
increased as B increases to B = 0,45 because of a displacement of Fe*3
ions to different crystallographic positions,

Siﬁce B-H loop Squareness _is the main concernin this investigation,

it was decided to give first priority to a study of the effect of the
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parameter y; a study of the effect of the parameters @ and B was left

to later investigation, Therefore,the common boundary between the two
ternary systems digcussed, the binary system (MgOFe,‘,O3 .)l-Y(}mfh) v was
selected for study, Thirteen compositions were selected in which ¢ varies

from O to 0.6 in steps of 0,05,
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CHAPTER III

MAGNETOSTRICTION

A, Single-Crystal Phenomenon

The phenomenon of magnetostriction was first observed by Joule12

in 1842, Magnetostriction is phe name given to the change in size and
shape of a material as influenced by its mégnetization. A phenomeno-
logical expression for magnetostriction has been derived by Becker and
Dﬂiing%Bnevertheless,1itt1e is known concerning the actual physical
mechanism causing the phenomenon, However, calculations of Van Vlecklh.
concerning the crystalline anisotropy and those of Vbnsovskyls concern=
ing magnetostriction indicate that both of these phenomena depend strongly
onlthe spin-orbit coupling of the magnetic ions., The orbital angular
momentum of the electron configuration in each magnetic ion is usually
strongly related to the crystalline structure in which the ion is located.
The magnetic moment of an ion is determined almost entirely by its spin
angular momentum., Hence it is quite understandable that if there is a
spin-orbit coupling, the magnetization is influenced by the crystalline
.structure, and conversely the crystalline structure is influenced by the
magnetization,

A brief and simplified outline of the derivation of the single-
crystal-magnetostriction equation, as given by Kitte1;3 will be given to
acquaint the reader with the principles involved., Since the magnetg-»'v
striction is so closely associated with the crystalline anisotropy, it
can be formally considered as the strain dependence of the crystalline
anisotropy. The free energy in any physical system must be a minimum for
stable equilibrium, Therefore,for a material in zero effective field,

the total of the sum of the following three energy densities must be
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a minimums (1) elastic-energy density U_, (2) anisotropy-energy density Uys
and (3) magnetoelastic energy Uc' .

The elastic-energy density, Ué, is due to physical deformations
of the crystal lattice and the associated stresses involved. Ué can be
expressed generally as Ué =1/2 %%; Cmnemgn,where the Cmn are the moduli
of elasticity and the e, or e, are the strain coefficients describing the
distortion of the crystal 1attice%5 If the symmetry property of the Cmn
matrix elements and the symmetry properties of the cubic-crystal lattice

are used, the expression for Ué can be greatly simplified to the follow-

ing form:
1 2 2 2
U, =5 Cll(e + e e ) # 012(e e 4+e e 4e e ) #
1 2 2 2
,§'Chh(e te " +e ).

Because of the symmetry of the cubic lattice, the anisotropy-

energy density q&.can be expressed, to first order, in the following form:
UA =K (a12a22 » a12a32 4-a22a32),

where K is the anisotropy coefficient and the a; are the direction cosines

of the magnetization direction relative to the crystalline cubic axes,

The magnetoelastic energy expresses the coupling between the
magnetic and elastic phenomena and is therefore the energy term from
which the magnetostriction is derived., If the change in volume is
neglected, this energy can be expressed, to first order approximation, as

Ué = Bl(alzexx ‘bagzeyy - a32ezz) *»Bz(ala2exy + 32a3eyz + aB“lezx)’
where B1 and B2 are called magnetoelastic coupling cdefficients.

In an unconstrained system, the equilibrium value of the strain
components for any direction of magnetization can be determined from the
condition N [Ue+ U+ U _

3 o O,
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It should be noted that if constraints are present, the ai's are functions
of the strain components eik,and U, enters explicitly into the problem,

A
Thus éik is found as a function of the direction cosines Qo
The relative change in length 5% / ﬂ in a direction determined
by the direction cosines B can be expressed as a function of the strain

components.( 2) By = <<~;elkﬁ iPrce

in the expression for the relative chaqge in length, the equation for

Therefore, by substitution of e ik(ai)

first-order single=crystal magnetostriction is found:
£ _ 3 2 2,2 _1 (2.3\
> A O(a'lﬁl +a ;32 + ag [33 3 ) (3-2)

+ 3 ﬂlll(al‘IQBlB2 + a,a 3ﬁ153 +a, 33233)’
2B
1 s -—-L— the a, are the
direction cosines of the magnetization,and the ﬁi the direction cosines

where %100

of the measuring direction, By the insertion of a constant term, the
- 1/3 in the coefficient of AlOO s Equation 3-1 has arbitrarily been ex-
pressed so that % = 0 for a completely random distribution of the a;

and ﬁi. When the magnetization is along one of the cubic axes, the <100>

direction, then a = 1, a, = a, = 0 and Equation 3-1 reduces to

2 3
2 1
-+ Aoty - 3. (3-2)
Similarly when the magnetization is along a {111) direction
ai = a, = a3 = _V_—;';- and Equation 3-l reduces to - |
Y4 ' .
3 A1 (BB, + ByBy + BB (2-3)

Similar expressions for 3£ in terms of the a, are also found for the
cases where the direction of measurement is known and is along first the
<100>direction and then along the (ﬁ.ll)direction. Therefore, the reason
for the use of 7&00 and %.11 for the magnetostriction coefficients

becomes apparent.,
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The coefficients ;\100 and ;1111 vary considerably from one
material to another, both in magnitude and sign, A few typical examples

are given below:

6

Material A 100 x 10° A111 x 10
Iron . +19.5 -18.8
Nickel -6 28
Magnetite 2k =19.} +86,.0
Nickel ferrite®! 36 | -l
Cobalt ferritel’ =515 45

A positive sign indicates an expansion and the negative sign a contrac-
tion in the direction considered, For example, if iron was magnetized
along a <10d> direction the material would elongate in the direction of
magnetization and if magnetized along a <111> direction it would
contract in the direction of magnetization. Equation 3-~1 indicates that
the magnetostriction is a function only of the direction of magnetization.
This is true for most materials at low fields, but at high fields the
linear magnetostriction is effected through a volume change due to the
high fields, This effect due to high fields is usually so small that

it can be neglected,

- Be Polycrystalline Phenomena’

Since the square B-H loop ferrites are polycrystals, it is
desirable that a model be constructed which cén utilize the single-crystal
magnetostriction formalism., This would permit evaluation of polycrystale
line magnetostriction data in terms of the single=crystal phenomenon,

In the selected model a polycrystal is considered an ensemble of single
crystallites, and crystallites are assumed to possess single=crystal
magnetostriction characteristics and differ only in their relative crystal=-

lographic orientations, In order to construct a relationship between the
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polycrystalline behavior and that for the single crystal, the simplify=-

ing assumptions stated below are necessary.

1. A macroscopic strain measured on the polycrystal in a given
direction can be expressed as a simple summation of the strains in the
crystallites along that direction., Experimentally, it is known that this
is a reasonable assumption, It should be noted that the volume change
neglected in the single-crystal formalism still holds for this poly-

crystalline model,

2. The distribution of crystallite orientations within the poly-
crystal is usually not known, In sintered ferrites it is reasonable to

assume a random distribution of these crystallites,

3. ©Since the material as a whole is not mechanically constrained,
each crystallite can be considered as without constraints., This assump=-
tion can be Jjustified as a first approximation provided that the fraction
of the total magnetoelastic energy which influences the magnetic-moment
direction in crystallites is small, This condition can be reasonably
fulfilled when the total magnetoelastic energy is large with respect to
the crystalline anisotropy energy K. This condition can also be ful-
filled when the magnetic moments are aligned by a saturating external
field. However, when this condition is not fulfilled, the magnitude of
the macroscopic strain would be reduced,since constraints would then be
placed upon each crystallite of sufficient magnitude to inhibit strains

due to magnetostriction,

io The distribution of the magnetic moments within the polycryétal
is, in most cases, not known and must be assumed, It is this assumption

that must be given careful consideration for each situwation,
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One of the few caées for which the distribution of magnetic
m§ments is known is the case of magnetic saturation of the polycrystal,
Therefore,if the measurement is in a direction parallel to the satura-
tion direction, a; = Bi in each crystallite, and Equation 3=l can be

reduced to the following forms

’SZ& = ﬂlOOEL *3(e = 1) ()78, 878"+ BBy ()

where € = 7\111/ ?ELOO°

is measured in a polycrystal parallel to the direction of the saturating

The average macroscopic magnetostriction which

field, when the saturating field is applied, is obtainable from Equation
3=l by averaging the direction cosines Bi over all crystallographic
directions., Actually it is the direction of crystallite orientation
which should be averaged. Since a random distribution of crystallite
orientation has been assﬁmea, the avérage over-all single-crystal direc-

tions without a weighting function is justified. The averaged cosine

. . 2, 2 2, 2 2,2y _ 1
term of Equation 3=k is (bl Bo” * By 33 + B, 53 ) = 5 .
Equation 3=l may now be written as an averaged magnetostriction:

(%)= 7\II(S) - e *3_2)‘ A 100 (3-5)

The average magnetostriction coefficient A is an isotropic quantity

for a polycrystal regardless of the orientation of the sample., For the
case of an isotropic magnetostriction, a simple angular dependence ex=-

ists for the first-order change in length at any angle @ from the satura-

tion directions
SR 3 2, ( 2 1 (3-6)
23 cos? 0 - L) ,

Other simplifying cases of the distribution of magnetic moments within

a polycrystal are the cases when all the moments in the individual

crystallites are along either the <100> or (111) direction nearest to
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a specified direction in the polycrystal. In these cases Equation 3-1

reduces to Equations 3-2 and 3-3, respectively, for the individual crys-

tallitess
- = 3 AoBy” - 5 (3-2)
% = o PoolBrpy + PPy + Bpf3) (3-3)

The averaging of the direction cosines Bi in these equations should not
be taken over all crystailographic directionsAsince the distribution of
the direction of magnetization among the equivalent directions specified
"is not isotropic., Eguation 3=2 has been appropriately averaged by

13

Becker and Dbrings

A $4 A V§' '
~ (;—Q-) = Z“(].OO) e 2 = 0055 %OO ° (3"7)
where the symbol 5t|'( ) is the macroscopic magnetostriction of a poly-
100

crystal when the individual moments of the crystallites are along the
<10d>direction nearest to a reference direction in the polycrystal and
the direction of measurement is parallel to this reference direction,

Equation 3-3 has been appropriately averaged in Appendix Bs

) e Aoy =06k & A (3-8)

111 o -The symbol 7‘“
A100 | (111) (100)
except for the difference in the direction of magnetization of the in-

) -7

where € =

has the same meaning as ;\“

dividual crystallites,

;1111

A100
single~crystal magnetostriction., Therefore, the macroscopic magneto-

The parameter ¢ = is a measure of the anisotropy of the
striction of a polycrystal as a function of field is dependent on both
the angular distribution of the magnetic moment of the crystallites and

the parameter €, The isotropic case is that for which € = 1, In the
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isotropic' case the polycrystalline magnetéstriction is a function of
only the (coszg) where @ is the angular relationship between individual
magnetic moments and the direction of measurements, However, when
e#1, the magnetostriction of a polycrystal cannot have a simple inter-
pretation in terms of the directions of magnetization within the material,

Since in the general expression for the single-crystal case
two constants are involved, ;\100 and &, these constants can theoretically
be determined from polycrystalline data if two independent distributions
of the magnetic moments are actually known. Magnetic saturation is one
case where the distribution is known. For this case Equation 3-5 gives
the expression i“ ) for the magnetostriction parallel to the satura-
tion direction,

If the effective domain anisotropy Kd> 0 and large, then -7—t 1 (100)
could be measured parallel to the direction of saturation when the
saturating field has been removed, Similarly if K.d<0 and large, then
?\ I (111)cou1d be measured parallel to the direction of saturation when
the saturating field is removed., Therefore, if either of these cases
exists and the material can still be saturated so as to measure *K— I ) s

the constants A and & can be determined, However, in most

100
polycrystalline materials little is known about the actual domain

configuration at H = 0, Although A cannot, in general, be determined

100
from polycrystalline measurements s an analysis of the observed data in
terms of the idealized situations mentioned can be quite relevant cone

cerning the qualitative influence of 7\100 and €, An analysis of this

sort will be made in this paper concerning the experimental data,
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EXPERIMENTAL METHODS

A, Critique of Present Methods

The concepts expressed in Chapter III have been known for some
time, Hoﬁever, much magnetostriction data presently available should be
critically examined as to its meaning on the basis of the experimentai\
 technique employed, Most existing experimental data on ferrites has been
obtained on long-bar samples or long ellipsoids of revolution,18 and

19 In the case of

some data have been obtained from toroidal samples,
long-rod samples or ellipsoids, {he external magnetic field has been
applied in only one directiony along the long axis of the specimgﬁ;’andythe
magnetostrictive strain measured on only fhe long dimension. For the

case of toroidal samples a circumferential field is applied and the
magnetostrictive strain measured on a diameter of the toroid, These
methods are essentially the same.except that for the case of the toroid
there is not the demagnetizing field which is present for the rod and
ellipsoidal samples,

The magnetostrictive strain as measured by the techniques just
mentioned is plotted versus the applied field as the field is increased
from zero to a saturating value. The major criticism.that can be made
of this method is that it makes the arbitrary assumption of zero magneto-
striction at zero field, The zero for the derived magnetostriction for
a single crystal is arbitrary (see Chapter III); this arbitrary zero
reference is held throughout the derivation for polycrystalline magneto=

striction and cannot be assumed to occur at zero field: it must be

established experimentally before data can be meaningful,

-29=n
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As shown in Chapter III, the polycrystalline magnetostriction
is dependeni upon the distribution of magnetic moments thfoughout the
material, The zero reference at zero field for polycrystalline magneto-
striction corresponds to a completely random, or isotropic, distribution
of fhe magnetic moments, The assumption that a random distribution of
the magnetic moments exists at a zero field can be justified for some
materials, However, for the general case, and especially for materials

possessing a square hysteresis loop and therefore a high remanent-=flux

| -dunstty; this assumption is not valid,

If the assumption of an initially random distribution is not
valid, the magnetostriction at zero field along a measured direction
could be highly positive or negatives;depending on the actual distribﬁ-
tion of the moments and the values of the single-crystal constants ;\100
and €. Thereforesit is conceivable that a saturation magnetostriction
as determined by these methods could not only be incorrect in magnitude.
but also in sign,

Another point should be made concerning the way in which the
applied field is controlled., Some workers using long-rod samples have
reported the magnetostrictive strain as a function of the applied field
which is directed along the axis of the specimen and then reversed..zO
In general, the flux reversal of most materials at low fields is accom-
plished both by a rotation of the magnetic moments and by the mﬁtion of
domain walls, In fact, for most materials possessing a square hysteresis
loop, 180% domain-wall motion unquestionably plays a major role in the
flux reversal, Magnetostriction is dependent on the angular orientation
of the magnetic moment and not on the polarity of the moment., The

motion of 180% domain walls, however, serves just to change the polarity
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of the magnetic moment and does not produce any magnetostrictibn effects,
Although the maghetization goes through zero in a flﬁx reveréal due to
180°-wa11 motion, the magnetostriction does not. The assumption of zero
magnetostriction at zero field, or even at demagnetization, is clearly
not justified in these measurements,

It must be concluded that any assumptions concerning a zero
reference for the magnetostriction at zero field would not be valid for
the general case, and especially for materials possessing a square
hyéteresis loop. The zero reference must be experimentally established,

Be Technique Employed

In view of the criticism that can be made of the usual tech-
niques for obtaining magnetostriction in ferrite in genera%, and es~
pecially ferrites possessing square B-H loops, a somewhat different
method was used by the author, The technique;that 'was used employed
thin-disc samples approximating an oblate spheroid. The magnetostrictive
strain was measured along a fixed diameter as shown, and the saturating
field was applied in the plane of the disc.(Figure lj~1).

It has been shown in Chapter IITI ﬁhat the magnetostriction for

a saturated polycrystal can be expressed in the following forms

% - —5- _in(s)(cos?'. e -1), (4-2)
where 68 is the angle between the direction of measurement and the direc-
tion of the saturation moment, Therefore, rotation of the sample in a
saturating field, as shown in Figure L-1 would produce just the magneto-
strictive strain in the measured directiqn which is given by Equation
L-1, Measurement of the strain for 8 = 0 and 6 = -’;— provides both a
measurement of Eih and a determination of the zero reference for addi=-

(s)

tional magnetostriction data., Essentially the same method has been used
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..18,21

by others for the determination of A for metals but is not

known to have been applied to ferrites,

‘Magnetostriction data has also been obtained as a function of
the applied field., Considerable care has been exercised in order to
obfain meaningful data, Most magnetostriction data is obtained by chang-
ing the field from 2zero to the desired value and recording the accompany-
ing strain in the direction of the applied field. However, for low
fields there is little possibility that the direction of measurement is
actually an axis of symmetry for the angular configuration of the magnetic
moments within the material, Therefore, in this paper magnetostriction
data has been obtained for the case of changing the field to the desired
value from the saturation value as a reference., Thus the direction of
the saturating field becomes an axis of symmetry for the angular con-
figuration of the magnetic moment regardless of the field applied. These
data in conjunction with the zero reference determined as above provide
data which can be given a fundamental interpretation.
C. Equipment

The magnetostrictive strain of most materials is extremely
small and is a relative change of the order of 10-6,, To measure this
strain, some workers have used a mechanical-optical syste‘m.l8 'G’:oldmanz1
and others have utilized resistance-wire strain gages for this purpose.
These strain gages are made by the Baldwin-Lima-Hamilton Corporationj
they have been found to be extremely reliable and do not require indi-
vidual calibration. Therefore; because of the ease of measurement,
resistance-wire strain gages were used for this investigation., A& typiecal
strain gage is shown in Figure h-2ar_The gage consists of a fine grid of

4
constantan wire which when placed in intimate contact with a material is
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expanded or contracted according to a strain of the sample. The expan-
sion or contraction of the wire grid produces a corresponding change in
the cross-sectional area of the wire; this in turn increases or reduces
the total resistance of the wire composing the grid, The relative change
in resistance of the strain gage is a linear function of the strain to

be measured, The constant of proportionality between the measured strain
and the change in resistance is of the order of unity and is called the
gage factor, The gages of a given manufacturing lot are calibrated by
the manufacturer. The ﬁire grid of the strain gage is mounted sandwich
style between two sheets of paper, thus providing a means of handling

the wire grid, This sandwich is then glued to the sample; the glue and
method used were those recommended by the manufacturer,

The relative change in length of the strain gage can be -
measured with comparative ease by means of a simple d-c bridge circuit
(Figure L4-3), It has been shown22 that maximum sensitivity of the
bridge will occur for the case when all bridge arms are approximately of
the same impedance, Therefore, each bridge afm consists of a strain gage,
and balan¢e is obtained by shunting one arm with a high-impedance decade
box, Thermal equilibrium for all wire junctions and components is
required to keep all thermal noise constant relative to the desired
sensitivity. Also the thermal-resistance change of the measuring gage
must be compensated by maintaining one of the other arms of the bridge
at the same temperature as the measuring gage. Therefore, the measuring
gage and the compensating gage are kept at the temperature of the sample.
The other two gages of the bridge are kept at room temperature.

The balance voltage of the bridge is detected by an ultra-

sensitive d-c breaker amplifier and recorded on a recording milliammeter,
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The amplifier used was a Liston-Becker Model 1l which has a sensitivity

of 10"8

volts with an input impedance of 100 ohms, A voltage is developed
across the amplifier when the bridge is perturbed from an initial state
of balance by a change in strain-gage resistance; this voltage can be
shown to be approximately -~ ¢ = E §r/r, where r ié the resistance of
the gage and E is the dr-c. potential applied to the bridge. For the
strain gages used §r/r= 1.6 $2/ £ , and the voltage was E <~ 3 volts,
Therefore. the amplifier sensitivity of 10-8 volts corresponded to a
strain of approximately 2 x 10-9, which was very adequate for the measure-
ments reported here, A sensitivity of 10-8 was found.experimentally,
The wiring of the experimental apparatus is shown in Figure lL=l.
K11 bridge components and connections, except for the decade box and the
compensating and measuring gages, are located within the copper box éhown.
The box provides both thermal and electrostatic shielding‘for the
components within, The two gages within the box were thermally stabilized
by clamping them between two large copper blocks., Each wiring connection
was also made on a copper block for thermal stability,
An exploded view of the sample holder is shown in Figure L-5.
The problem was to
l. Suspend the disc sample in a magnetic field at an equilibrium
temperature;
2. Permit rotation of the sample in a field;
3. Provide for a measuring and compensating strain gage; and
i, Permit a measurement of sample temperature.
The cémpensating gage was glued to the gage plate, and the thermocouple
was clamped to this plate, The sample plate containing the disc sample

with strain gage glued on one side was made easily replaceable, Thermal
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insulation was accomplished by a nylon thermal insulator. All parts are
brass except where noted. Hence a satisfactory thermal stability was
established for sample and strain gages. ‘The protecting cap and neopreﬁe
gasket permit emersion of the sample holder into any desired coolant.

Rotation of the sample holder is provided by the rotating head
shown in Figure L-6. The dial plate was engine divided, and the vernier
permits an accuraéj of 0.1 degree, The worm drive is mour;ﬁed in a :"‘ock-‘
ding arm which permits the worm to be disengaged from the worm gear with
relative ease, This feature permits a rapid rotation of the sample
through any large angle,

Suspension of the sample in a magnetic field was provided by
a yoke which rested on the magnet, The sample holder, rotating head,
and yoke are shown assembled in Figure L4-7., The entire experimental set-
- up for magnetostriction measurements is shown in Figure L-8; the sample
holder is inside of a Dewar flask in the magnet, A Varian V-}007
magnet was used with a Varian V-2200 regulated powei' supply. The pole
pieces were 6 inches in diameter and L inches apart; the maximm field
available at the center was 3,500 oersteds,
De 'Ifrocedtlre

At each sample temperature the following steps were taken to
determine the saturation magnetostriction constant —i i (S):

1. After thermal transients due to the setup of equipment had
sufficiently subsided, the bridge was balanced,

| 2. The maximum field was applied and the sample rotated. The

amplifier gain was adjusted to produce a maximum deflection of about 0,5
milljiampere on the recording milliammeter, This technique results in an accu~

racy in the strain measurements as a finction of the applied field of about
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3 percent of fi“ o
(s)
3. By noting the dial readings on the rotating head for
maximam deflections, it was possible to determine when the measured
-direction was parallel or perpendicular to the applied field since

3 7F 2 1.
%4 = —2- ;l“(s (COS 6 - —3—)0

)

L. The sample was next placed so that the measuripg direction
was parallel to the applied field, then perpendicular to the field,and

then parallel to the field., The excursion recorded on the meter was a

3 (¢
measure of > ( ﬂ‘[g) isotropic for this field., This process was

repeated for successively lower fields. This procedure provided data for
an isotropic relative change in length, (f,f[g) isotropic® 25 2 function

of the external field, When the material is saturated, (5£/p)

A ) (s)

determines whether, at the maximum field used, (szlg)

isotropic =
o Therefore,examination of the data as a function of field
isotropic =

A (s

The equipment was calibrated for each temperature and for each

sample. This was necessary because the sensitivity of the equipment was
adjusted to suit the saturation magnetostriction for each case, Cali-
bration was carried out in the following manneri With the initial state
that for bridge balance, the decade box was varied a sufficient extent
to produce a deflection of thenﬁ]ljanmmﬁer of the same order as the
measufements being made. The relative change in resistance of a bridge
arm due to a change AR in the decade resistance R can be shown to be
Ar/r = (r gage) AR/RZ. Therefore, the deflection of the meter can be
. calibrated for the chénge in resistance of the strain gage. For the
conditions and over the range of measurementg_specified, it was found
‘experiméntally that the meter deflection was a linear function of the

Ar/r of a bridge arm, The calibration of the measurement, as derived
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in Appendix C, is given by
s _( AR T 1 1114 deflecti
=(—F > o) per milliampere deflec 1en,

R
" where d is the deflection of the meter in milliamperes corresponding to

the change in decade resistance AR, r is the gage resistance, and G is
the gage factor. |
‘The magnetostrictiou parallel to the saturating fie;d was

measured as a function of field as followsz the field was deereased
from the maximum value to the field under consideration, and:the
corresponding strain parallel to the field measured. ’Return to a maximum
field between measurements at louer fields permits any thermal drift
present to be eliminateu from the measurement, The measured value of
' ;\ y (S)Was then added to the above data to obtain ;\|| as a function

of field.

Data have been obtained from each sample in three coolanisg

(1) 00;<¢’Acetone,ﬁixture‘(-78 ¢), (2) ice water (0 C), and (3) room
temperature water;(QO C)e .It had been hoped to obtain data at liquid-
nitrogen temperature (=200 C)° However, at these temperatures the Duco
glue recommended by the straln-gage manufacturer for fastenlng the gage
to ‘the sample apparently froza; Since the glue has a dlfferent thermal
coeff1c1ent of expansion than the sample, the bond waé broken, Some :n B
experlmentation was made with Teflon cement without success, If a satis-
factory glue had ‘been found, an exten81Ve calibration experiment u51ng
this new adh331ve at these temperatures would have been necessary.,‘h& :
eB?Q???? gfft;nm 11m1tat10ns, further_eﬁtegpus to obtaln magnetgsprrct}ou
daua at this temperature W'ere-ndt'medeo |

‘B, Sample Preparatlon

As dlscussed in Chapter- II a comp051tional series of the general

formnla {MgOFe 03)1 (Mh Oh) was prepared. Thirteen comp031tlons were
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made for 0Ky 0.6 in steps of 0,05, For each value of y both toroidal
and disc samples were fired. Because of the complex chemistry involved,
the firing cycle that produces optimum square-hysteresis characteristics
would not, in general, be constant over a compositional series, 'There_
foréQ'for each value of ¥ eight different firing conditions were used to
fifé.both toroids and disc samples, To provide ten discs and tﬁo toroids
for each compositional and firing condition, it was necessarj ‘o initially
fire 1300 samples for this compositional series,

The toroids were all given a hysteresis test to ascertain the
méximum B=H loop squareness Ré, ‘Analysis of these data made it possible
to determine the optimum firing condition for each value of}ro It was
fouﬁd that, except for y = 0, a sihtering temperature of 1450 C and a
later amneal at 1100 C in a nitrogen atmosphere was the optimum firing
condition, In the case of y‘= 0, tﬁe és=mixed composition is completely

?MgOF3203° Since there are no Mn ions present which are éxidized in an

air firing, there is no need for a nitrogen anneal to make the sample

homogeneous, "In fact a nitrogen anneal tends to reduce some of the'FeBt

ions to Fezﬁ and therefore to make this composition less homogeneous,
For y = 0 the best firing condition was an air fire only at 1350 C; there
was no subsequent anneal in nitrogen,

Discs, sintered acCprding to the optimm firing conditions for
the toroids, were then prepared for magnetostriction measurements. To
-evaluate these measurements, it is necessary to know the demagnetizing
fields within the samples, Demagnetizing fields produced by samples not
having a closed magnetic path are known only for the case of the
ellipsoido To permit.a‘calculation of the demagnetizing field, it is

necessary to approximate an ellipsoid by using a thin discj the demagnetiz-

ing field is practically a linear function of the thickness of an oblate



Report R=236
7=

spheroid of the dimensions used; After firing, the disc sample was
approximately 0075' cm in diameter and 0.2 cm thick, For the oblate
spheroid of the same over-all dimension, the demagnetizing field along
a diameter would be about300 cersteds. To reduce the thickmess of the
disc both to approach the true ellipsoidal shape and to reduce the de-
magnetizing field, the fired discs ﬁere ground to about 0,02 t;m, a thick-
ness corresponding to a demagnetizing field of about 8 oersted‘ér.

AThe' grinding operation was also necessary from another aspect,
A few compositions, notably those for ¥ = 0,1, 0,15, and 0.2, were con=-
sistently found containing large easily seen circumferential cracks inside
the dise with radial cracks proceeding inward toward the center of the
sample. ‘,It was therefore necessary to fire a new series; great pains
were taken to insure a uniform temperature distribution throughout the
sample while firing, Some difficulties with cracks were still found,
but samples were fipally obtained which showed no sign of cracks under a
m"icfos’cope. -The difficulty has been narrowed doﬁn to effects caused by -
a varied density in the pressed samples before sintering, Mé.gnetostric-
tion data was then obtained on the ground-disc samples, Afterwards the
central iportions of the discs were cut out; hysteresis and switching-—
coefficieﬁt data were obtained on the cut toroids thus formed. The
several stages of sample preparation are shown in Figure L-9. The
centers cut from some of the discs were also used fpr further tests,
. These small, cut discs were used to obtain saturation moments of some of
these materials at very high field strengths, H & 10,000 oersteds, for
comparison with hysteresis dataj the centers we.fe also ysed for micro-

structure examination to ascertain if a second phase wag present.
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 EXPERIMENTAL RESULTS

A, .ISotrcpig"MAgne£OStriction'

:Thevisotropic magnetostriction was obtained as described in
 Chapter IV, .The sample was held so that the direction of measurement
was first parallel to the applied field and then perpendicular to the
applied field, the difference in strain for these two cases Being
-—g—(%) isotropic and —%—i I
- These data were obtained for each sanq(a?g at =78 C, 0 C, and 20 C and are

at saturating field strengths.

shown in Figures 5-1 through 5-13,

>Th‘le most significant part of these curves is the approach to
sa‘buratioh and the value at saturation, A I (S)° "At low fields the
material is not satxir_ated, and the change in. magnetization as the sampi
is rotated in the external field is due to domain-wall motion as well as
domain-moment rotation. - It is not possible to interpret the magneto=
striction data in a meaningful way if an unknown amount of domain-wall
motion is taking placeo

The way that these data approach saturation is ‘indicative of
the strength of the effective anisotropy fields which tend to pull the
magnetiql moments within 't;he material away from the the direction of the
applied 5i'ield; For all samples the magnhitude of 7\.

_ ' S)
5/2 times (at ¥ = 0) to about 10 times (at y = 0.6) greater than its value

at =78 C is about

at room temperature. The most significant point of these data is the
variation of 9 "(s) with composition (see Figure 5-14), The irregular
features of this plot are quite understandable as due to slight differ=-
ences in the effective flrn.ng cycle received by each individual sample,
The‘ general trend is unmistakableg 7 “’(S) is negative and rélatively

=} 9w
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low in magnitude for values of y below y = 0,13, Above y = 0,13 the
?{’lr ~ increases to positive values for O C and 20 C; at =78 C it in-
creases to the relatively high value of 30 x 10"’6 for 4 = 0.6, It should

be noted thatJYez 0,15 was the critical value for squareness found in the

compositional survey discussed in Chapter IT,

‘Bo ¥Maghetostfictibn'Parallél to Sgturation”Field

| A>The$e daﬁa are obtained by measuring the change in strain
parallel to field as the magnetic moments relax when the field is reduced
from a saturation value; the 3{]'(3) obtained from the previously |
discussed data is added to obtain the correct zero reference. The
individual data obtained for the 13 samples are shown in Figures 5=15 to
5-27.,

SinCé the saturation value of these data have been determined
from previously discussed data, the remaining significant feature is
the field dependence relatize to the value at saturation fields, The
characteristic field dependencé, with very few exceptions, is that the
‘value of the magnetostriction goes thréugh zero and reverses in sign as
the field is reduced from saturating values; This reversal phenomenon
hés.been observed on iron and other materials. It is called the~Yillari.
reversal after E. Villari who first observed the effect in 1865023

The Villari reversal remains when the saturation value changes
sign from that for 0y € 0,13 to that for 0,13 £ vy 0.6 Also the

reversal generally beecomes more marked at lower temperatures,

'C. B-H and’S Data
- - v
These data were obtained to supplement the magnetostriction
data, Data were obtained on fired toroids at 20 C and on toroids cut from
discs at =78 C, 0 C and 20 Co
fIn'Figuré 5=28 the maximum squareness for the hysteresis loop

is plotted versus the compositional parameter ¥. - The hysteresis charac=-
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teristics are very sensitive to the chemical homogeneity, grain size,
and void density, Therefore , the rather wide dispersion found for the
cut toroids is quite understandable owing to difficulties in controlling
the firing conditions for the disc samples. The data shown for the fired
toroids is much more indicative for the optimum squareness for each value
of v, but even for these samples slight variations in the crystalline
structure are very apparent in the maximum-squareness data. In general,
however, there exists a broad maximmm of'Réﬂ 0.8 from 7 = 0,05 to
"y = 0,45; this is consistent with the data of Figure 2-1 which was ob=
tained on a general compositional survey,
“The saturation flux density _Bs that is shcﬂiwn in Figure 5=29

is that measured for fields of about 20 oersteds in the cut toroidal
samples. These data are less sensitive to chemical homogeneity, grain
size, and void density than Ré,ov The general variation of "BS with ¢ is
in complete a’gﬁeement with the data obtained on a general compositional
survey; A saturation-moment measurement has also been made, at H =
10,000 oersteds, on the disc center of samples No, 3, 6, and 11, The

room-temperature flux densities calculated for these samples are:

Sample ' By (H=10,000 oe.) | Bé(HE—- 20 oe.)
\ Woeo)
3 0.1 .| 2.9 kilogauss 0,86
6 025 | 2.9 L o
11 05 2,1 C 0.81

The switching coefficient Sﬁ was obtained from 'dynamical
measurements in the following ways By definition Slﬁ = (H-HO) » Where
T is the time for a complete flu;: reversalg H is the applied field, and

Ho is the average threshold field for domain-wall motion., Therefore, 1;/’!:
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is plotted versus H as shown in Figure 5-30. The switching coefficien,'b
S;r therefore is the reciprocal slope of the linear portion of this plot.

-:The switching coeffic:}ent SW versus the compositional para-
meter y is shown in Figu:r'e 5=31, Sw does not vary sj.gni.ficantly with
composition; there is only a gradual increase with ¥, However, .a very
strong variation is found as the temperature is changed to = 200 Cj
Sw increases to about three times its room-température value for most
values of ¥, | |

’The Curie temperature Tc is that temperature at which the
thermal energy overcomes the magnetic-exchange energy. ‘At this point
the material becomes paramagnetic as the temperature is increased further;
Therefore, the value of Tc is indicative of the magnitude of the magnetic=-
exchange energy in the material, The permeability of square-loop fer-
rites has a sharp discontinuity at T cvo' Therefore, Tc was determined
using a 1000=cycle permeammeter. A typical output plot from the permeam-
meter is shown in Figure 5-32, The arithmetic average between the dis-
continuity found for increasing temperature and that for decrea;singb
temperature was used for the value of Tc" In Figure 5=33 Tc is plotted
versus the compositiqnal parameter ¥, A monotonic decrease in-Tc is

found as g increases.-
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CHAPTER VI

INTERPRETATION OF RESULTS.

4, Effective Anisotropy

The mgxietostriction data in Figures 5-=1} to 5=27, inclusive,
pei'mit a qualitative interpretation of the fundamental mechanismsin-
volved in producing the observed effects, These interpretations must
then be compatible with the supplementary B-H, S, and T measurements.

The éffective domain anisotropy energy K 4 deseribes the
energy potential prodﬁcing the actual angular dependence of the magneti-
zation of any domain relative to the externally appiied field. ~A1though '
X 4 is affected by the local demagnetizing fields and the shape effects
of the individual crystallites , in polycrystals it is mainly the result
of the crystalline anisotropy energy K and the magnetoelastic energy due
to magnetostrictive effects; the magnetié poles associated with the
gfain boundaries are relatively weak, and the grains are approximately
spherical, Ilhéh the applied field just equals the demagnetizing field
H+= 100 oerseteds, the effective field is zero. When the effective
field ’is zero, the crystall:‘i.te moments are along eciui],ibrium directions
‘determined by K.

The sign of K., will be considered to have the same generaln

d
meaning as that given the sign of the erystalline anisotropy K. If

K d::;K the directions of easy magnetization would be the <1007 or the

411D directions for K,>0 or K < 0, respectively, For the more

d
general case in which ,'K d:# K, the direction of the crystallite moments
will be near the <100> or the <111>directions for K,> 0 or K, & 0,

respectively. ;When K a4 = 0, the crystallit.e moments will not turn from

-86-
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the direction of saturation when the effective field is zero.
If a saturation field is applied and removed, the magnetostric-

tion measured parallel to the saturation field in-a zero effective field

is defined as A, . Examination of the data shows that A |
(H=0) (H=0)

changes sign from positive to negative values as ¥ increases through 0,13,

while Er“ also changes sign from negative to positive for the same

compositional variation, This indicates an appafent change iﬁ“the sign

of Kd as will be shown., First, however, these data will be analyzed for

three assumed values of Kd as ¥ increases through the critical value

vy = 0,13,
Case Iz Kd = K and is large and\negativeo For this condition
o) = A = 0,6le A, o Therefore,to satisfy the data,

either & or A mist go through O, from positive to negative,

100
Case 2: Kd = K and is large and positive, For this condition

—
—

A (H=0) Al (100)

must go through O from a positive to a negative value,

= 0,55 ;K100° Therefore, in this case 7\100

Case 3: K; =0 at y = 0,13, For this case Ei" = :lll =
3 # 2 ;\ . . . (H =0) (8)
=z A0 O, For this relation to hold, either 7\100 mst go
through O or €. go through the value € = - § at y = 0,13,

The results of this analysis must now be compared with inter-
pretations of other features of the magnetostriction data,

B, The Villari Reversal

A Villari reversal in the magnetostriction is observed for all
compositions whether y is greater or less than its critical value y = 0,13,
This reversal is the result of an anisotropy in the magnetostriction of

the crystallites and may be analyzed in terms of the ratio:

x= A Ay e
lewoof Mgy
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Since the actual angular configuration of the crystallite moments is

‘responsible for producing l il ), angular con.figuratibns mst be
(H=0
assumed corresponding to the three cases of K q considered above,
Case 1z K g = X and is large and negative, For this condition
= il o Therefore,
I = 0) It111)
) 1!1(111) _ 1o s (6-1)
X T (3c # 2)
I(s)

where ¢ = 1111/ lloo"
Expressing & in terms of X, one obtains

_ 2n X o

Since the experimental data has, in general, shown ¥ < 05 it follows from

Equation 6-2 that - 2/34 ¢ £ 0,

Case _2_2 K qa° K and is large and positive, For this case
)l = o Therefore,
'tg=0) "Nl (200)
n(3e + 2)°

j.‘ll('S)

‘Expressing € in terms of X, one obtains

Lo 2 «J_g'n-xzn X (6-0)

Since the experimental data has, in general, shown Y < 0, it follows

from Equation 6=l that -co™4 ¢ £ « 2/3,

—

Case 2: : Kd = 0, In this case ;l“ = )” =0, and ¥ is
(H=0) (8)
undefined,

C. Summary _ci Magnetostriction Data

- 3 2
)”(s) == '*'5’ - ;(100’

goes through zero as the compositional parameter 4 increases through the

The saturation magnetostriction,

critical value ¥4 = 0,13, Therefore, the final condition that must be fule
filled is that either & must go through the value & = = —2/3 or 2100 go
through, zero for the same compositional variation, The nece"%sary condi=

tions for fulfllllng the observed data for the three assumed valués of
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‘K q are summarized for the composition y = 0,13 in the chart below.

Cases Condition o =0 | Villari A, =0
on K, (g =0) Reversal h(s)
1 K, = k<0 €=0or 7\100= 0| -2/3¢e€0 | e=-2/3
and large A or= 0
100
2 K, = K>0 ?\100 -0 —enge-2/3 | & = - 2/3
and large K_lor=
00
3 Kd=0 € ==2/3 or e=-2/3
7\_100= 0 —_— 2 or_ o
100

Since the conditions imposed on € and 7\100 for each assumed variation
must be entirely compatible, the data on the chart can be reduced to the
following four cases for y = 0.13.
I. K=o, Ay = O
II. K;>0, -oc e £~ 2/3, 7\100 =0
Im. K;<0, -2/3€e£0, A =0

Iv. Kd=0,a=-2[3

Cases I through IV are the conditions necessary at y = 0.13.
If ¥ # 0.13, however, some of these cases must be further divided into

different conditions, This has been done in Table 6-I,
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Table6- I. Physical conditions.necessary‘ to explain
observed magnetostriction data
 Case y < 0,13 v = 0,13 ¥ 20,13 '
Ia Kd>/o,-ao\<e<- 2/3, K; = 0, K,<0,- 2/3<e <0,
A100” 0 A= O 2100 ©
100 100" f.
Ib K 0,=- 2/3<e <o, Ky =0, K420, - e£-2/3,
A100<0 Aqen= 0 <o
100 100" A100
Ic K. 20,-00<e <= 2/3, | K, =0, K20, —oe<e<-2/3, |
A100>0 A. =0 <0
100 A 100 A100
1d k,€0,- 2/3<e<0, K, =0, K,€0; - 2/3€< <0,
A100< © A100= © A100° ©
II K> 0, —oeeg-2/3,| K 30, Ky> 0, = el -2/3,
2100> 0 - o0 <& < =2/3 A100%0
A100°
1 | <0, - 2/3¢ &0 ¥3<0, - 2/3€eK0,| k<0, -2/3¢ =0,
A100€0 - A00= 0 21007 ©
IVa Kd;:’ -omgeg-2/3,| Kg=0, | Kd<o,-§/3 <eL0,
00> 0 E = = 2/3, ; 2 0 Y
| A 1007 © 10
Ivb Kd(o, -2/3¢e£0, Ky =0 Kd>0,- e {~2/3,
2100 <o e == 2/3, 2100<O
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In all cases considered € {0, Therefore, the cases where

;\100= 0at y = 0;13 (Cases Ia,Ib,Ic,Id, II,and III) require also that
;\111= 0 and that ;Klll be of opposite sign to ;1100 when y# 0.13. It
should be noted at this point that the formalism involving & does not
of itself force both.;lloo and ;illl to go to zero together, It is the
additional requirement due to the Villari reversal which forces :ﬁlll
to go simltaneously to zero with ;1100;

The way in which A and ;Rlll go through zero would be

100
determined by the crystal structure and the magnetic configuration in
the structure, Ferrites possess a spinel structure in which there are
two types of crystallographib sites occupied by magnetic ions, One type
of site has tetrahedral cobrdination, and the other has octahedral
coordination, It hasalready been pointed out that magnetostriction may
be caused by'the spin-orbit coupling; it was also noted that the orbital
angular moﬁentum should be closely associated with.the crystal structure,
The sites having tetrahedral coordination have crystallographig~bonds in
<111>directions, and the sites with octahedral coordination have bonds
in <10@>directions. Therefore :the magnetostriction coefficients for the
<ﬁll>and.<10d> directions may well be associated with the ions in the
tetrahedral or octahedral crystallographic sites, respectively, If this
is the case, although the moments in the two types of sites are coupled
together, it would be a very special case for both ;lloo and ;alll to
go through zero together,

In Cases Ia through Id,‘both the anisotropy K& and magneto-
striction ;lloo are zero at y = 0,13, It is conceivable that this could
happen at some critical composition, However, it is well known that for

this case the initial permeability of a material is extremely high,
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Since this is not the éase with a square B-H loop, Cases Ia through Id
do not exist, |

In Cases IT and III, Kd remains of the same sign over the
compositional variation whereas 7(100 and ;\111 must go through zero
simultaneously and in an oppdsite sense, The unlikelihood that’?\loo
and ;\111

were the case, however, one would expect a similar effect on the crystal-

approach zero simultaneously was discussed above, If such

line anisotropy K near 4 = 0,13, since K also depends on the spin-lattice
coupling, Hoﬁever, Cases II and IIT require ﬁhat Kd remain of the same
sign while 7\.100 and 7\111 reverse their sign, It is felt that this
situation is unlikely to exist. |

In Cases IVa and IVb the effective domain anisotropy,Kd must
change sign, going through zero at 4 = 0,13, while the parameter
g = ;\111/ ;\100 must‘go thrdugh € = = 2/3 for the same value of yo In
these cases 5\100 and ;\111 are not required to go through zero simule
taneously, nor are they limited in magnitude., The requirement that
€ = = 2/3 at some critical value puts no restrictive constraints on the;%'s,
since ¢ may be expected to take any value less tha'n‘zero° The require=
ment that-Kd = 0 at the critical composition for which & = = 2/3 is more
severe; however, it is shown in Sec, D, below that this requirement is
entirely feasible provided the A 's are large, It is to be noted that
VKdyé K so that the requirement Ky = 0 at & = - 2/3 does not necessarily
place restrictions on K, It is concluded that Case IV represents the
most likely physical situation, It will be shown in Sec, D. that this
case not only explains the magnetostrictive data but, more important,
that it also correlates these data with hysteresis=loop squareness,

Finally, the single-crystal magnetostrictive data for the fer=-

rites (see page 2l) indicates that A 100< O for most ferrites, This
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indicates that Case'iVb is more likely to hold for the syétem studied
than Case IVa.

There are independent, supplementary data whiéh confirm the
possibility that ;&100 and 7\111 may be very high at ¥ = 0,13 even -
though"3{||(s) =0, ' »

1, Mechanical properties indicate that high local stresses, such

and A..., are present, -causing

as would be the case for large 7\100 111
exceésive cracking and brittleness for ¢ = 0,13,

‘2, The data for fhe switcﬂing coefficient Sw are relatively inde-
pendent of composition, indicating that, other factors remaining constant,
the domainfwall anisotropy energy Kw does not vary with composition, \
_In.gengral,;Kw;# Kdé'Kw depends on local magnetdstriction effects, as
shown in-Chapter IB, and could be large and relatively independent of
gomposition if ;\100 and ;\111 were large and reasonably constant over
- the same compositional variation.

_ There are alsé independent supplementary data which confirm

that 4 = 0 at the critical compositionoﬂ

o 1, The relative magnitude of the flux density at H = 20 oersteds
with respect to thefvélue at H = 10,000 oersteds was obtainedvfor samples
numbered 3,.6 and 11 as shown on page 76, For all of these samples the
ratio was above 0.8 and in one case was 0,96, These data indicate that
even at low fields there is a high degree of alignment of the moments
with respect to the direction of the applied field; this implies a low

d

- 2, Measurements of‘prem/hi have been made by others11 on square=

value of_Kle

looped ferrites, where'grem'is the reversible permeability at remanence

and By is the initial permeability. The value of'prem/bi is very low
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for materials possessing high loop squareness, whereas nonsquare loops
. [P A . ' g © Ay 2 o

have a urem/hi“'_1° A low value of urem/pi is shown in Appendix D to indi

cate high alignment of the magnetic moments so that the major contribu=-

tions to the permeability aré due to domain=wall motion,

D. Proposed Alignment Mechanism

In order to justify the conclusion that Case IV of Chapter
VIC is the most likely physical situation in the square=looped ferrites,
it is necessary to show that the effective anisotropy energy K& goes
~ through zero at the critical composition.q = 0,13 for which
€ = 7\111/2100 = - 2/‘3; If K, = 0, the individual magnetic moments
remain in the same direction after a saturating field is removed; the
alignment of the magnetic moments by the saturating field is maintained,
’Thé existence of a grain-to~grain'giignment is a major factor responsible
for the square hysteresis loops which have been observed in.other'materials.
The discussion of the mechanism which forces Kd through zero at ¢ = 2/3
gives further insight into the alignment effects due to magnetostriction,

The influence of magnetostriction on the equilibrium direction
of the magnetic moment of a cnystaliite is the result of constraints
which are placed on the physical dimensions of a erystallite by its en=
vironment, The value .3i|| 8 = O, which is observed at ¥ = 0,13,
indicates that the environment seen by each crystallite in this case tends
towinhibit any distortion dﬁe to magnetostriction, .This inhibition of
crystalline distortion means that if the A 's are not zero, the crystal-
lites are under stress; The resulting magnetoelastic anisotropy energy
must be added to K to give the effective anisotropy energy K., It should
be noted that although the resultant stresses and strains over the entire

material are zero, internal stresses and strains can be present precisely

because the magnetostriction is not isotropic,
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The magnetoelastic energy is proportional to E 2‘ ai,j 7\1 kj’
where E is Young's modulus andl the ;Li are the magnetostrilgtion
_c::oe:li;fic:'Len'l:s° If 2\100 = 0 and 2.111¢ 0, the magnetoelastic energy
would, with the constraint of zero distortion, produce minimum-energy
positions for the magnetic moment along <100> directions, ,Thereforé, if
the crystalline anisotropy energy K is small compared to the magnetoelastic- )
ar_ﬁ.sotropy energy, the result would be K d> 0 regardless of the sign of K, i
100% 0 and Agqy

magnitude of K and the magnetoelastic-anisotropy energy.

Similarly if A =0 ,‘ Kd < O for the same relative
Since € = ?\111'/ 7Lloo, the above cases for Kd> 0 and.Kd< 0
correspond to ¢ é-é‘,g-_ o< and ¢ = 0, respectively, These values of -Kd and

€ are compatible with the conditions required for Cases IVa and IVb‘-whén

v# 0,13,

o Since these extreme relationships between K 4 and & may exist,
there is some value of & <0 which will cause the magnetoelastic anisotropy
energy 't;q' be equal and opposi‘bé to the crystalline anisotropy energy K,
thusr'mking‘ K g = 0O, The magnitude of the ‘magnetoelastic anisotropy energy
wduld depend both on the magnitude of 2100 and -¢3 whereas the sign
would depend only on the magnitude of ¢ for <0, & formal theory has
not been developed, However, since there are six <100 directions and
éight‘ <111> directions, zero magnetoelastic anisotropy would occur for
e - 1/3, For the case where the crystalliné anisotropy energy K < 0,
the magnetoelastic anisotropy must be positive., The condition necessary
for K

d
The values K q = 0 and ¢ = = 2/3 are compatible with this proposed

= 0 could thus be established if Aqgo is large and & £~ 1/3,

alignment because the experimental magnetostriction data do not require

a low A if 6 = = 2/3,

100
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E, Critique of 3.Recent Publication

‘A paper on the same general subject as this investigation
has recently been published by others,11 ‘These workers invéstigated the
correlation between magnetostriction and B-H loop squareness for the fer-
rite system (NiOFeZOB)l_xﬂ¢ (FeBOh)x° Klthough their conclusions and
arguments are in cbmplete oppositiqn with those of this paper, their
experimental data can be shown to be completely compatible with the
ideas outlined above, Hence a critique of their work is necessary.
They concluded that the necessary conditions for B=H loop
squarenesé are as followsg
“  1. The magnetostriction in the preferred direction must be zero,.
Therefore, since K {0, it is nec‘essary.to have 7&111 = 0,
2. -The crystalline anisotropy energy must be large compared to
the magnetoelastic energy,.
These conclusions were based on arguments which do not appear
to be valid for the case under consideration,
The heart of their argument is that magnetostriction in poly-
crystalline materials causes a random distribution of strains so that

the magnetoelastic energy is minimized by a disorientation of the moments,.

-If the magnetoelastic energy predominates the effective anisotropy; the

crystalline anisotropy has no orienting influence; and'the moments relax

y to a completely random distribution at remanence., Since magnetostriction

can only have a disorienting effect, according to their model; a necéssary,

but not sufficient, condition for a square B=H loop is that the magneto=

elastic energy be much smaller than the crystalline anisotropy energy.
The difficulty ﬁith this argument is their assumption of a

random distribution of strains as a result of magnetostriction, The
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magnetostriction effects can only alter the direction of easy magnetiza-
tion in a grain if that grain is physically constrained, These con=-
straints are presumably those which are imposed by the neighboring grains;
but this paper has attempted to show that these are just the constraints
which have an orienting, not a disorienting, effect on the magnetic
moments, Consequently this paper argues that the observed condition
between loop squareness and Ei“(s) = 0 is due to a magnetoelastic
apisotropy energy which is equal in magnitude but opposite in sign to the
crystalline anisbtropy energy so that‘Kd = O3 their argument, on the other
hand,‘requires that the‘magnetoelastic anisotropy energy is much smaller
~than the crystalline anisotropy energy in a material with a square B-H
loop, To show that this assumption of a random distribution of strains
is open to serious question, the following hypothetical situation is
citeds If the magnetostriction in each of the grains of a polycrystal

is isotropic, a saturation field will produce an alignment of magneto=
strictive strains as well as of the magnetic moments, If the saturation
fiqld is‘removed'and the magnetoelastic energy is greater than the
crystalline anisotropy energy, the moments should remain aligned as any
disorientation would require work against the elastic energy of the
crystal which is minimized by the orientation of the strains, Since the
magnetostrictive strain(is not random and has an orienting rather than

a randomizing influencé on the moments in this example, the assumption

of random magnetostrictive strains is not generally wvalid.

The magnetostriction data that were reported is shown in

Figure 6-1, They were obtained on polycrystalline rods in a manner
similar to those techniques discussed in Chapter IVﬂ*énd are therefore

open to the criticisms made in Chapter IV, The zero reference was

% These ékpérimsntal detalls were kindly provided the author by Dre
Gorter in a private communication,
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arbitrarily taken at H = 0 and may not be valid, However, with this
reservation, their data will be given an interpretation in terms of the
conclusions of this paper,

The compositidnalvseries which they have investigated can be
expressed in the following,general formulas (N10F3203>1_x + (FeBOh)X’
where the compositional parameter x may be 0 € x €1, Since single=-
crystal magnetostriction éﬁd ahisotropy data exiét for both of these
components (see Page 2L), it is much easier to interpret the poly-
crystalline magnetostriction déta for a mixed series of these components,

The shape of the magnetostriction versus field data; which were
obtained for several compositions for which the compositional parameter x
was increased from O to 0.3, is very similar to that observed in the
compositional series studied in this paper for 0 €4 € 0.1, A Villari
reversal is observed for O £ x.\< 0o3. There is a reversal of the satura-
tion ma'gnétdstrviétibn for 0,36 < x < Oolk. However, for Ookh £ x; a
Villari reversal is‘not observed, The magnetostriction increases in
magnitude as the fieiéi is reduced for x> Oollie

The corresponding hysteresis data for these series indicate
an increase in squareness with an increase in x for x £ 0,36, For
x D O.lly hysteresis data were not presenteds it is implied that the loop
squareness is low_in this region of x,

The single=crystal data show that ¢ > = 2/3 and ¢ <= 2/3 for
x =0 and x = 1, respectively, Since there is a reversal of the satura-
tion magnetostriction in the region 0,36 <x <0.hl while s Jjudging from
its vaiues at x = 0 and x = 1, ;lIDO does not change sign, it is
concluded that & must pass through ¢ = = 2/3, This variation of & with

X would produce a magnetoelastic anisotropy energy which would be negative
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and positive for low and high values of x, respec’c.ively° However, since
the crystalline anisotropy energy K ié x:<fo and large, the composition
for which Kd = 0 may never be obtained, The fact that a Villari reversal
is not found‘for high x is indicative of the fact that K& does not go
through zero., - In this case the increase in squareness is attributed

to a minimization of Kd; whereas in the case of the series investigated
in this paper_Kd was made to change sign,

The minimum effective domain anisotropy Kd will occur at a
value of ¢ which is not necessarily & = = 2/3, Therefore, the maximum
squareness does not necessarily occur for .3{|| = 0,

Since their data can be explained by(fge same arguments as
were developed in this paper for the other compositional series, further
weight is given to the conclusions of this study which were drawn with-

out the aid of single-crystal data for any compositions in the composi-

tional series,.



CHAFTER VII

SUMMARY

A Experlmental Results

Magnetostrlctlon data have bean obtained for the compositional

series (MhOFe ) + These data were obtained at three
: - - h

)1
”differeht temperatures as a function of field by using a new technique,

A definite correlation was found between the hysteresis and
the magnetostriction data. A fundamental mechanism has been proposed
: ﬁhi&h not only interprets the magnetostriction data observed but also -
its correlatlon w1th the B-H loop data,

The positive isotropic saturation magnetostrlctlon which was
found for samples with large Mh3oh content is significant since magne-
tite.is the only other known ferrite to possess this property.

' B.  Conclusions

| it is concluded from this investigation that magnetostriction
plays a ma jor role in square B-H loop ferrites, Although the saturation
pblycrystalline magnetostriction may be small, large single-crystal
magnetostriction ;ay be responsible for an internal'orientation mechanism,
This 6rientation mechanism would produce the high sqﬁéreness obtained fér
these'méterials. |

The orientation mechanism produces a very low effective domain
- anisotropy without reducing the effective anisotropy for a domain wall,.

'This-meéns that domain walls can exist in these materials even though

the macroscopic anisotropy is zeroe.

Ces Further Investigation
| As indicated in the compositional survey, other compositional
series must be investigated in much the same manner as that in this work,

=101~



Report R¥236
-102=-

This will confirm any extrapolatién of the information obtained in this
series into more complicated ternary systems. The sharp variation in
squareness observed in other‘éystems indicates that the effects notéd
hé;elﬁay be even more pronounced in otﬁer compositional series.
| Lowéﬁemperature studies of magnetostriction should also be

very informative, éince there are apparently important changes in
hysteresis data'ét -200 C; at -~200 C the squareness for someacompoSi-
tidns decreases, for others increases, felative to its valuelat room
tempefaturg and =78 C.

fSingle crystals are still not availablé for most ferrite
compositions,. However,buntil,ging;e-crystal.measurements arevmade, it
. and A ‘

will not be known whether A go simultaneously through

) v 111 100
zero at optimum-squareness compositions, or whether they are large with

& ==-2/3 and K, =0.
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APPENDIX A
DERIVATION OF THE EQUATION OF MOTION FOR A CYLINDRICAL 180° DOMAIN WALL

The motion of planar-180°-domin walls has been investigated
by J. K. Galt .h The equation of planar-lBOgdoma:iJl-wall motion is
nz 4 Bﬁ' 4 az = 2IsH for a unit area of 180° Block wall; m is equivalent
mass per unit area, B is the damping coefficient, a is the stiffness
coefficient, and z is the linear displacement of the wall, IS ié the
saturation magnetization, and H is the applied field,

To‘ derive the equation of motion for a cylindrical wall, the
Lagrangian formulation is used. The Lagrangian = =T -V where T is
the kinetic energy of the system and V is the total potential energy,
The dissipation function is G(p) where p is the radial displacement of
the wall, From the Lagrangian formulation the equation of motion is:

Ly, 6 AL,
}t ‘<5)* aﬁ. Qp °

|__—180° domain wall

Cross Section of a Unit'_Arg-.:a.bf Material

Note: Saturation magnetization of shédeci domain is perpendiculai"to
paper and toward reader, and that for thé unshaded domain is away from

reader,



A =2

Wall motion is considered for a wall of the configuration shown
where the domain enclosed by the wall is magnetized in opposition to that
outside. and is‘j?units long. The applied field will be parallel to the
domains, favoring one of the two directions, thus causing the wall to
move radially in such a direction as to enlarge the domain magnetized in
the direction of the applied field,

The kinetic energy ig
7o (enpl)mp
2

The total potential energy is

V= Emutual * Ewall * Emagnetostatic

: 2
= (1=‘]’(p2)£2HIS + (21191 ) ‘7&) + (21'[-91;)(19

and the dissipative function is

a(p) = (2np f ) 352

where o is the wall energy per unit area, all other constants being the
same as those in the equation of motion used for a planar wall,

Hence substituting these values in the equation of motion,

2 2L, oL,

t o o
ot "3 96 dp
one obtains for the motion of a cylindrical 180° Bloch wall (per unit

wall area),

0?2
AR I S I Lo o
mp 4+ 5o + Bp + 5~ 0P & 5 2 HIs

5
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the equation of motion for a planar wall being
m 4 Pz +az =2 HI,

In general, since m&lo-lo

s the normal inertial term can be
neglected, For low fields where P would not be excessively large, the

additional inertial term can also be neglected. However, the additional
s

nonlinear term, s is of the same order as the driving force and
cannot be neglected in calculations involving the motion of a cylindrical
wall., This term enters here since the total wall area, and thus also the

total wall energy, varies as the wall moves,



APPENDIX B

DERTVATION OF POLYCRYSTALLINE MAGNETOSTRICTION WHEN
CRYSTALLITE MOMENTS ARE ALONG <111 DIRECTIONS

A polycrystalline model has been defined in Chapter III: ﬁ,which
enables the polycrystalline phenomena to be derived from the single—cﬁs-
tal formalism. Polycrystalline effects are derived by averaging the
single  crystal effects. However, the angular distribution of crystallite
magnetic moments must be known or assumed before the averaging process
can be properly done.

| It is desired to derive the polycrystal magnetostriction for
the following angular configuration, The magnetostriction is measured
parallel to the axis of symmetry for the magnetic moments, which lie
along the_ crystallite {111) direction nearest to the axis of Symetry,

and is called A I in the text,
' (111)
The single-crystal phenomenon can be expressed bys

—

S0 3/ 2 2. 22 22 1
% - ?‘100[‘:‘2‘<°1 B * oy By oy By - )

3o (ayasfyBy + ayasfyBy + “2“3‘32533’
where € = ?llll/ 2100 and the g, 's are the direction cosines of the {.
magnetization and the Bi's are the direction cosines of the measuring direc-
tion, When the moment is along a <111)direction al =a, = _a3 = —il_-"'—_ and
this equation reduces to .
é 2 _ . .
zZ " ° Aoo (BaBp + ByBy * Boby)- ;
The Bi will be expressed in the angular polar coordinates -
6 and ¢ to facilitate calculationsz

Bl=cosg, 52=sinesin4>, [33=sin9cos¢.

B=1
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Since the crystallites can be considered to be randomly oriented, an
average over Single-crystai directions is equivalent to an average over
the crystallite orientations,
Since the moment is along a {111) direction this can be

' -
expressed as 8 = cos 1 s b = -ﬁ- in spherical coordinates.

L
\E)

The direction cosines Bi need only be averaged over the octant, defined

n/2

Magnetization
Direction of

Measurement

Octant of Integration

by the planes ¢ = 0, ¢ = n/2, and 8 = n/2 since all the moments are
along the {111) direction nearest to the measuring direction. The

octant of integration is a solid angle of n/2] therefore,the polycrystal

_ 73 2¢ A100 i
= = — (BB, + BB, * B,B,)sin & d6 do
7\‘“'(111) (7) i of of ve Ee e

magnetostriction can be expressed as: n/2 n/?
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Each term integrated separately is:

n/2 n/2 ‘1!//_2 n/2 5
4 31[32 sin 6 de d¢ = cos ¢ d¢ sin” © cos © de
[ [ /

0 0
- n/2 3 n/2
. sin“@ _ 1
= [s:m ¢ :, . [ 3 ] = 5
0 , 0
n/2 =n/2 n/2 n/2
J j’ B)B; sind de d¢ = f sin ¢ db f sin° cos 6 do
0 0] 0] 0
- n/2 3 n/2
= . |sin’® _ 1
-[ cos 9] [ 3 ] —5—
0 0
ﬂ/2 !r/2 ﬂ/2 n/z
f f 3233 sind de d$ = f sin ¢ cos ¢ d¢ f sin’e de
0 0 0 0
» n/2 _ n/2
. 2 3
= [Sm2¢ J ¢ cog 8 - cos Q._] = -——;'
_ 0 0

Therefore, when the Separately integrated terms. are added together the
polycrystal magnetostriction for the specified conditions is determined:

= 2 .
A I - a— 6"7"100 = 6l e ?‘100°
'(111) '



APPENDIX G

DERTVATION OF CALIBRATION FORMULA

The magnetostriction measurements were made with resistance -
wire strain gages which are an active arm of a sensitive Wheatstone :
bridge. It is therefore desirable to derive a simple calibration

formula for determining strain measurements from null detector outpufs.

e E—

In the bridge circuit above Tys Tos r3 and rh are resistanqe~'
wire strain gages; T, is the input resistance of the’det'.ector and R is
- the resistance of the high impedance decade box used for obtaining
~ bridge balance.

As an initial condition,the bridge will be considered at
balance. To obtain a calibration it is only necessary to introducé a
known change of resistance into one bridge arm for a null detector indi-
cation of the same order as that observed for the measurements. ThlS is -
easily done by introducing a small cha.nge AR to the 'baJ.ancing»de_cadefr-

box resistance, The parallel combination of r, and R will be called r '.

2 2
r, R (r,)2R

r,' = 2 and Ar ' = 2

, s v T e o - T35 -

2 R + Ar2 < (R + r2)2
Therefore,

1
| Ar2 ) r, AR
rz' R(R + r2) !
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e -
) Ar'2 Ar 1t r2AR
However, since r,/R22107", — may be written as —f— ¥ ——,
o7 Ty ) 5
The proportionality between a relative change in resistance -

and the relative change in length of a strain gage is called the gage

. factor, G = S;. /<—§£— . The relative change in length is therefore
.
.§¥.= _Sr / Ge

The change in decade~box resisténce AR is equivalent to a

corresponding change in length of one of the strain gages, That is,
X (%g)equivalent - ,réAR/RzG. ‘
: Ih order to obtain a calibration it is only necessary to divide the
equivalent change in length by the deflection d milliamperes of the null-

indicating output meter corresponding to the change AR, Hence the
calibration formula is S = r2AR/aR2G per milliammeter déflection, where
T, is the strain-gage resistance, R is the decade-box resistance, AR is

the change in R, d is the output-meter deflection corresponding to the

change AR, and G is the gage factor.
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APPENDIX D

A QUALITATIVE ANALYSIS OF REVERSIBLE PERMEABILITY AS A
FUNCTION OF REMANENT STATE

The‘reversible permeability observed aﬁ different remanent
states is due to two distinct mechanisms which have additive effects but
-are essentially independent phenomena, The two mechanisms are Domain
Rotation and Reversible Domainwﬁall Motion., The effect of the remanent
‘state on these mechanisms will be considered and experimental data
" examined in the light of this analysis,

Domain rotation is the result of the torque-ﬁ.x ﬁ: which is
proportional to the sin 8 where 6 is the angle between the moment'ﬁ&and
the field'ﬁ: " The magnetic moment M of a doﬁain, in the absence of an
applied field, is along a direction determined by the effective domain
~anisotropy K.. The first- order restoring torque supplied by the
crystalline anisotropy for a smalliangular displacement A8 of the
- magnetic moment would be proportional to A8, Therefore the displacement
A6 due to the application of a small field AH would be proportional to
the applied torquez A o¢AH sin @, The change in the magnetic moment
AB of this domain, in the direction of field, is proportional to the
change in the cos 8, Hence ABe? sin @ A8, Therefore since AG°CAH sin 6

we may express the permeability p entirely in terms of the angle 6=
rot

Poot, = ﬁg = A_sinze, where A is a constant involving the saturation

moment . and the effective domain anisotropy constant Kd'

D-1
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Since sin2(G + 180) = singe, only a change in the distribution
of the angle @ throughout the miterial will affect the average over-all
permeability of a sample, Therefore, between 90° and 180° domain walls,
only the positioﬁ of 90° walls will afiect the permeability., The

average permeability Bpot €2 be expressed in terms of an integral

QQ_dQ, where f(8) is the angular dis-

relationship, vize p . = 4 ﬁfﬁ £(8) sin
tribution of the domain magnetization about the direction of the applied
field and ‘fg £ (8) d@ = 1. The p, will therefore be small if the
magnetizatgon of‘the domains are closely aligned to the field. since

f(8) would be very narrow.

Reversible domain-wall motion will also cause reversible per-
.meability)pwall. This contribution to permeability will be proportional
to the domain wall area. The relative 180° doméin-wall area present at
any remanent state, Br’ as compared to that at the‘demagnétized state
will be calculated on the basis of the following simple model., For a

unit cross-section of the material a single domain of reverse magnetiza-

tion will be considered with a cylindrical 180° domain wall,

Domain Wall “ ¢ _—Unit Cross Section

Note: Moment in
shaded area toward
reader and that in
plain area away from
reader.

The remanent state can be calculated on the basis of this model:

Br = Bs(l-nrz), where B is the saturation.flux density. Solving for r

we obtain the following relationshipg r = fi - §£;;fn. Since the wall

_ s
area is proportional to r and the u is propoytional to the domain wall
—
area we may obtain p‘wail =B \/1 - _gz__ for the reversible permea-
s

bility at remanence, where B is a constant involving the saturation
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moment and the domain-wall energy surfacesdensity.

| For the above discussion it had been tacitly assumed that the
field was aligned parallel to thé;magnetic moments in the domains, A
first -order correction for the effect of an angular displacement © of
the magnetic moment from the applied field can be made. The small
reversible displacement of a domain wall is proportional to the applied
force which in turn is a linear function of the cos @, Since the
change in magnetization due to the wall displacement is also proportional
to the cos 6, the permeability will vary with the c032 8. An average
permeability can be obtained by integrating cos2 6 throughout the

‘matérial*-

wall V jﬂ £.(e) cos’ & do

for any remanent state.

The ratio of the total permeability, Mot = Ppot. * uwall’

at remanence over that for the demagnetized state, Br = 0, gives the

p,'rem

ratio reported in the literature for materials of various
. i '
remanent states.ll Therefore, using the derived expressions for the

average contribution of Brot and Hug11 OR€ obtainss

Hrem Amfk (O) sin°de + B \/ f’f (O)cos 6 do

T
;’1 AJ’f (6) sin %46 + B J’ £,(8) cos® do

where fr(G) and fo(O) are the angg}arudistribution functions of domain
magnetization about the direction éf the applied field for the remanent
and démagnetized states, respectively.

This equation readilj shows that if there is not a significant

change in f(©) between the remanent and demagnetized state the only
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p"rem

dependence of - on the remanent state would come from the coefficient
m whi:h is due to wall motion, Since in general for most fer-
-ritgs_ & is 1a;‘ge compared to B, the term containing ‘VI-—Br/_BS‘ can enter
only when f (@) is very narrow, because of an extreme grain-to-grain
alignment of the crystallite moments, making sin29 very small, In this

cése Merall predominates .

n
: ‘ 2 ‘
TR s B, offr(G) cos“e de s B,
Be B M. (o 2 = B
i - s 5(' fi(O) cos © de s
14
since f f(e) c0329 de ¥ 1. R
o) . T
Thereforg , as Br/Bs—>- 1, l”‘rem/ui should .app-:r'oa,?]{l' a very low
' v\?.lue.

When a high grain-to-grain alignment does not exist, the

"~ would be very low; the

will predominate and
cos‘e rot : :

1[

2

_'p'rem . brfr(g) sin ‘G de

kg 7 f"'f'i(e) sin% do
[o]

which for fr(Q) 2 fi.(Q) would approach the limit of 1.
Therefore, the low value of “‘rem/ui obtained in square B-H
loop ferrites ﬁould be indicative of a high alignment and 180° domain
wall motion, On the other hand, the high prem/ﬁi!_‘ 1 obtained in nonsquare-

looped ferrites would indicate just the opposite, being caused by domain

rotation or 90° domain-wall motion,



