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Abstract: The critical requirements for a ferromagnetic memory core are 

reviewed. Domains of reverse magne,tization must form and grow 

within a core if its induotion is to be reversed. The nature of 

the nucleation centers for these reverse domains will affect the 

shape of the hysteresis loop and the switching time. Inclusions, 

grain boundaries, and c~stalline surfaces are analyzed as lattice 

imperfections which could act as nucleating centers. It is con

cluded that the grain boundaries are the most probable nucleation 

centers in most polycrystalline materials. It is shown that the 

criterion for a. square hysteresis loop is L(cos~, - cos ~1..)2 <-
,Const. CJw/I s 2 where L is the average grain diameter. ~ and ~are 
the respec1tive angles made by the 111agnetization vector of two 

neighboring grains with the normal to their common surface, cr w 
-

is the ~rface domain wall energy density, and Is is the saturation 

magnetization of the sample. This explains why loops can be 

squared by the alignment of a direction of easy magnetization from 

grain to grain. It also reveals that materials which are not so 

aligned may have square loops if I is sufficiently small. The , s 
switching time ~for cores which are driven at fields roughly twice 

the coercive force (optimum operating conditions for a memory core) 

is related to the coeroivity through the relation Hc 7: = Sw where 

the switching coefficient S' is a constant of the material. Experi-. w 
mental agreement with this model is found. 

1. Introduction 
1 

In order to construct a satisfactory magnetic memory array for 

1. Jay V.Forrester. Jour. Appl. Phys., zg. 44 (1951) 
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a high-speed digital computer, it is necessar,y to obtain a magnetic material 

for the,individual components whioh has: a) a small output signal ratio for 

a half to a full'input pulse (or a square hysteresis loop): b) a short switch

ing time; c) a low coercive force so that lo~ driving currents can be used; 

d) a high flux density so as to give good output voltages; e) insensitivity 

to disturb, or half-amplitude, input signals; f) high uniformity of character

istics from core to core; and g) simplicity of manufacture of the individual 

units since millions of units will be required. The last of these requirements. 

and perhaps the second also, rules out the possibility of using single crystals 

which are cut int~ window frames with edges along the~O~directions of the 

crystal •. These, althoughof academic interest, cannot be produced in sufficient 

quantities to be of practical use so that the strict requirements listed above 

must be found in a polycrystalline material. 

The squareness of a hysteresis loop, which is measured by the 

squareness ratio Rs = BttlBm (cf. Fig. 1), has been found in many materials to 

depend upon the degree of alignm~nt of the axes of easy magnetization in the 

individual grains. These materials show a marked increase in R • for instance, , s 
after a magnetic anneal, grain orientation. or application of a tensile stress 

when these treatments tend to align the directions of easy magnetization 

parallel to the applied field. 

The switching time, ~, of a magnetic core is defined ~s the time 

it takes to chanD'A the induct ions in a core from -Bto B , or from:B to -B , 
c..... 'r m r m 

when a driving force H is applied. Experimentally time is' measured from the 
In 

moment the square driving pulse has risen to 10% of its amplitude. The output 

signal from the sensing winding. when plotted as a function of the time, has a 

double maximum. The time at which the output voltage has decayed to 10% of 

the voltage at the second maximum, is ~ (cf. Fig. 2). The ini tial rise time of 

the first maximum is limited by the rise time of the input Pulse (~O.2 ~sec) 

whereas the second maximum. which occurs only for driving force s H >E • moves m c 
to shorter tj.mes as the driving force is increased. At large driving forces, 

the resolution between the first and second maximum is lost. The output 

voltage of the '"switching time curve" is a measure of the rate of change of 

£~ux in a magnetic core. According to magnetic domain theory t the flux 

change in a core is primarily a result of movement of domain or Bloch walls 

which are present in the material. When the flux in a magn~tic core is 

reversed, or the core is ·switched", walls must first be crea.ted within the 
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material, and then they must move through the core until they meet to 

annihilate one another or pass out of the material. The first maximum in the 

"switching time curveft appears to reflect the change of flux due to the 

creation of the domain walls/and to reversible wall motion. The second 

maximum occurs only when Hm> Hc so that irr~vsible wall motion is taking 

place. Since, the switch.ing time 7:. when Hm)Bc' is ,measured by the 

decay of the second maximum, it should be directly proportional to the dis

tance the individual irrevsibly moving walls must move before the core is 

switched and inversely proportional to their velocity. The elementa.ry walls 

do not all move the same distance when & core is switched. A distance toshall 

be defined as the distance a wall moving with the aver~e velocity 'of the 

irrevsibly moving walls would move in a time ~. The average velocity will 

be inve rsely proportional to a damping factor".s and directly proportiona.l 
o to the drj.ving pressure on the wa.ll. lor a. 180 wall the driving pressure is 

2(-mR - H)_l. I is the saturation magnetization of the core. H is an avera.ge 
-0 B ,S -0 

threshold field for the irrevsible motion of the irrevsibly moving walls whose 

motion causes the second maximum in the nswitching time curven •. If the motion 

of 1800 domain walls predominates, the switching time, when H )H , will be m c 

Because of the presence of eddy currents in metallic cores, thin ribbons of 

1/8 mil thickness are used to reduce the damping factor~. At optimum 

operating conditions(H - H )~H • The low value of the coercivity in metallic mac 
ribbon cores limits the driving pressures which can be applied to a domain 

wall. The switching times in these materials,are, consequently, long compared 

to those in the high-coercive force materials even though the satu.ra.tion ma.g

netization may be higher. There appear to be two possibilities of further 

reducing the switching time?: in the meta.llic ribbon cores. The first is to 

reduce the distance P by increasing the number of Bloch walls which move 

irreversibly in the ma.terial. The second. which is less desirable, is to in

crease the coercivity. The power restrictions on the driving currents 

impose an upper limit on the coercivity. 

,Disturb sensitivity of individual cores operating in a magnetic 

memory array appears to be the result of a coercivity which is small compared 

to that of the other cores in the array. Unless there is a high uniformity 

of coercivity among the cores, a core with lower coercive force than the 

others may have H < ,R 12. The pulsing currents are set for the array, not c 'nt. 
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for each individual core. If H < 2/H • however, the disturb pulse has c m 
sufficient amplitude to move the walls irrevsibly and destroy the informa-

tion stored in the core. 

The final requirement of high uniformity among the individual 

cores demands an understanding of the essential variables in a given material 

which effect its electro-magnetio properties and the preparation techniques 

which control these variables. At present the units are manufactured in 

large batches. Within each batch there is a statistical distribution of 

desired properties. The statisti9al mean varies from batch to batch. The 

testing and selection of millions of core~ which meet the strict requirements 

of uniformity from these statistical distributions is a formidable prospect. 

It is hoped that a fundamental understanding of the variables and their control 

will greatly reduce the cost and effort in obtaining uniform magnetic units. 

II. Nucleating Centers 

In order to reduce the distancef in Equation (1). it is 

necessary to inorease the number of domain walls which move irreversibly in 

the switching process; yet the remanence of the core should not be reduced 

any appreciable amount. This can be done only if the number of domain walls 

which are created at values of H < Hm is increased. .This increase, however. 

must not decrease the squareness ratio, R. When a ferromagnetic material 
s 

is magnetically saturated. all of the elementary magnetic moments are aligned 

by the magnetic field and the sample contains no Bloch walls. If there were 

no imperfections in the crystal to act as nucleating centers for domains of 

reverse magnetization, the material would remain supersaturated, with no 

Bloch walls present, and the elementary magnets would have to rotate through 

a direction of difficult magnetization before the induction could be reversed. 

This is· the type of supersaturation which exists in fine ferromagnetic 

powders2 which exhibit extremely high coercivities. In large. polycrystalline 

samples, however, there are many imperfections in the lattice which might 

act as nucleating centers for domains of reverse magnetization. When a 

domain of reverse magnetization is created, it is encompassed by a 1800 Bloch 

wall. The field strength at which a domain of reverse magnetization is created 

will be defined as Hn.The domain, once created, can grow to reverse the flux 

in the sample. The nucleating field strength, H , and the field strength 
, n 

which is neces·sary to move and expand the Bloch walls until the induction 

through the core vanishes, H • are smaller than that necessary to rotate all 
c 

2. C. Ki ttel, Phys. Rev • .2Q. 965 (1946). 
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of the elementary moments as a unit through a direction of difficult magnetiza-

tion. In most materials H < H. In square-loop materials with vertical loop . n c 
sides, however, it appears that H > H. Williams and Goertz3 have examined n c 
this effect in a magnetically annealed perminvar ring. In this specime~ Hn = 
2 H • c The exact mechanism of nucleation was not known. In order to reduce 

H , they notched the speciman.By introducing a nucleating center in the form n 
of a notch, Hn was nearly halved. (The presence of the notch nucleated a domain 

of reverse magnetiza.tion 1n the specimen even at zero field strength. Hn is 

here taken at the field required to move the domain of reverse magnetization 

aw~ from the imperfection which nucleated it. If a nucleation center is one 

to.which a small domain of reverse magnetization is closely bound, Hn will 

be defined as the field strength required to liberate the small domain from 

the crystalline imperfection.) Thus the shape of the hysteresis loop for a 

magnetic specimen is critically dependent upon the nature of the crystal 

imperfections which act as nucleating centers for domains of reverse magnetiza

tion. If domains of reverse magnetization exist in a ferromagnetic material 

when a saturating d.c. fieldis reduced to zero, then the remanent induction 

in the material will be determined not only by the rotation of the magnetiza

tion vector of the individual grains to a direction of easy magnetization,4 

but also by the volume of material consisting of domains of reverse magnetiza

tion. The further creation and expansion of the domains of reverse magnetiza

tion as the magnetizing field is reversed cause a rounding off of the shoulder 

of the hysteresis loop. Materials with a high anisotropy constant should have 

minor hysteresis loops whose shapes are little affected by the rotation of the 

magnet izat ion vector of the various individual grains'., . A principal influence 

on the remanent induction B and the squareness ratio R should be the domains 'r s 
of reverse magnetization. Square-loop materials (vertical sided dynamic loop) 

characteristically have a narrower static loop waist th8~ loop shoulder and 

base. If, on the other hand, H / H and the field required to create the 
n" c 

different domains is significantly smaller over the various nucleating centers 

than the field required to produce their irreversible growth, the squareness 

ratio should be very poor. 

3. H. J. Williams and M. Goertz, J. Appl. Phys. Zl. 316 (1952). 
4. R. M. Bozarth. Ferromagnetism, (D. Van Nostrand Company, Inc •• New York 

1951) p. 50.3. 
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Before the distance 'f and the nucleating field strength Hncan be 

controlled, it is neoessary to examine those imperfections which occur in 

ferromagnetic materials which might act as the nucleating centers for domains 

of reverse magnetization. 

~ Grain BoundarY 

In a polycrystalline specimen the many grain boundaries are imper

fections in the crystal lattice which could act as nucleating centers for 

domains of reverse magnetization. A crystal lattice is, in general, aniso

tropic with regard to ease of magnetization. If a crYE!~al is not under tensile 

stress, this anisotropy is determined by the crystallogtaphic configuration. 

As one goes across a grain boundary in a polycrystalline specimen, there 1s a 

change in crystallographic orientation and therefore _~ change in the directions 

of easy magnetization. Consequently at field strengths which are too low to 

rotate significantly the magnetization vectors out of a direction of easy 

magnetization, the component of the magnetization vector normal to the grain 

boundary will generally not be continuous across the grain boundary. S·urface 

poles exist on the grain boundaries. aijd ma.gnetic energy is associated with 

these surface poles. This magnetic energy would be reduced if domains of 

reverse magnetization existed to produce a surface pole distribution of alter

nating sign. Work must be done, however, in the formation of the domains of 

reverse magnetization. The grain boundaries will act as nucleating centers 

for domains of reverse magnetization only if the resulting reduction in energy 

associated with the grain boundary surface poles is large~ than the work 

required to form the new domains. 

In order to estimate the field strength Hn at which a grain boundary 

will act as a nucleating center for a domain of reverse magnetization, the 

problem is given definite specifications. Attention is focused on a section 

of grain boundary which can be considered planar and. therefore, to have a 

uniform distribution of surface pole density, w* = Is (cos6,- cos~), where 

B.and 8& are the angles made by the saturation magnetization vector I of the 
. s 

neighboring grains and tbe normal to their common boundary. It will be assumed 

that the applied field H is so small and the anisotropy constant K so large 

that-the magnetization in any domain is directed along an easy axis of magnetiz

ation. It is further assumed that the section of grain boundary under consider

ation is far enough removed from the other grain boundaries of the material 

that interaction between their surface poles and the surface poles either on 
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the section of grain boundary'under attention or associated with created Bloch 

walls are small compa.red <tJo' other energy eonsider~t ions. 1 t is a.lso assumed 

that when nucleation oc!"curs, it occurs periodically over the grain boundary 

plane with element'ary' area.'D2. The domains of reverse magnetization are taken 

to, be ovary ellipsoids of semi-major ;a~is 1, and semi-minor axis R(D such that 

);]~(/,and the eccentricity 1se:i!-'i'.,.1.' Then the demagnetization factor 

of the new domain is N~41r)~,r.~(l ).,J ' the volume of th,e new domain is 

V~ 'if ~ ~ ..L, and its surface area i'sA.:.t?r(~~ltJ~~~:t"al1. It should be 

,noted that 8, and ~ are assumed small so that, since A« I, the two halves of 

the domain of reverse ma;gl]pet1zat10n can be considered to have a common major 

axis in the estima~ion of I, V. and A. The change of internal energy of the w 
crystal due to nucleation is then given by 

where n is the num~er of domains of reverse magnetization nucleat~d on the 

area A of grain boundary under consideration. cr. is the surface energy density , w 
0' of the 180 Bloch! walls which are created, E is the interaction energy of the 

, , p 
grain boundary poles with the poles associat~dwith the new Bloch walls. and 

Enp is the interaction energy of the poles associa.ted with the Bloch walls of 

neighboring domains. The demagnetization energy of each new domain is given 

by- fNI1. V ':: 2 N~'LV since the surface poles associated with the Bloch walls 

are equivalent to those which would exist if the domains were in a vacuum with 

I ;: 21 s' (S 0 and O'"n are the surface energy densi ties of the grain boundary 

before and after nucleation has taken place. 0( 1 and ,0(2 are the angles the 

external field H makes with the directlons of easy magnetization in the two 

neighboring grains. 

If the x~axis is normal to the grain boundary plane and if a pill 

box is constructed on the ,plane, Gauss' Theorem gives Hx = 2TT~ as the field 

associated with a uniform surface poledensityru*. To calculate the surface 

energy density 0-. it is ass~ed that the mean volume of a. grain is )} so o 
that an average value for:(T would be 

0"0 :: t J~~o I, (Ctr.J,e, - C4<2i~) t4 :: 7rw ..... L., 
o 

where account i staken -of both sides of the grain boundary. ,0- • on the other 
n 
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5 
'hand, can be calculated as outlined by Kittel. Then 

_ #JIO , 

~ X ". ~f f c ... " ( ... _~ t: 
fi:) ': lT~N'\"&.""N\\.'/D 
1fW,N\ Il]l". -i(-"1 + .. ~) J, C .. ..!- W~(lwh() e. J, 
"M.NI. "/" ~ ., o 

where 11::1 zrry/D and t· znz/~. tor a circle ot radius Ii • D/b ot surface 

pole density ~ imbedded in a square of side D of surface pole density 0)$, 

(j ::I f(b)~2 D. Therefore 
n 

L) f J i ... a. (cr. -IT.. ) A .,. '1\ [11' (~ - (4) 7) w. (J) 

In order to estimate I and B ,it is noted that. )«1. If, further, p np 
R«D, then the poles on the surface of the domains of reverse magnetization 

can be approximated by a line of poles along the major axis of the ovar,y 

ellipsoid of line density f>J-. The equation of: the ovar1 ellipsoid is 

1: t.+J1. _ 
Fe!.)I} l) :: J't. +- R\.. I = 0 

and the surface pole density is 

F". .2 ~ l ~ 
~.,. 1 ~r.'+~'+r.lr' = f)~- (H') x'; 1 h 

Since A<~ I , the equivalent pole strength in the region between x and 

x + dx is 

.. ('L)l .~ I N _'V 1.1.". L "l ,.,J')(. 
,I. 'WI. .,.~ ,I ')t .. .2 TI' l + '1:. eJ.t .. /' '. ;I A 

If it is further a.ssumed that the major axis of the OV9.17 ellipsoid is perpen

dicular to the grain boundary and that the primary contributions to E come 
p 

from that portion of ~he grain boundary which is in the immediate neighborhood 

of the intersect~.on of the domain of reverse magnetization, then if r is the 

radius vector from the foot of the major axis i~ the grain boundary plane. 

5. C. Kittel. Rev. Mod. ihys. ~. 541 (1949). 
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where { -/ w* :: Iw·' +, 
if ()~r~~ 

it ~ ~ r !: D . 

(4) 

To estima.te E ,the two ha.lves of the domain ot reverse magnetiza.. np 
tion are assumed to have a common. major axis •• ach domain of reverse magnetiza-

tion has four near neighbor domains a distance D away, and 

f. .:.2. ~1t-J.IJ,j) f,b. h. :... (~Jr ~ L l J. (,/ ). H 3 

~~ ~~J' L • T (5) 
-) _) ,1) .... + (')(1..1',) 

rf[J) -=- 2 k (2/J). f~(IIJ) - ~ +21.. + terms in higher powers of d 

where J ~ D/,(:= b~. 
Equation (2) can be writt~n, therefore, as 

(6) 

where the dimensionless parameters are 

~ ~ r. -y" -:: [rr (~) -1(4)] L
J (c.-.~ - """ ~ )~ 

r = 1ft f ¥= [L(t) -I] r a (f-I)((,QS, -",61 ... ) TN ~ (Ii 

and ~ is the distance between atoms whose magnetic moments give rise to the 

magnetization of the specimen. The loga.ri thmic terms in y should vary slowly 

with R compared to Rand J themselves.· Therefore since 1'1 oe '/~J- and L/j> ocl/~ 
J 

the relation ~(tl.E) /dR:.() gives, for the optimum value of R, 

lA, /'R - = Y1\l +- '-r )4. 
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If this relation is substituted into Equation (6), the condition that domains 

of reverse magnet~zation just form at the grain boundary is given by ~E = 0, 

H = H. ~hen n 

-~~4: ~ beoa.use t(b) ~ nL/D. ~quition (7) therefore 

gives 

H. .~ 
" 

:u;'f;::r - L ~IIJ 
J.f 41 (c.".. .. , +- W-o ol.a.) 

(8) 

It has-been pointed out that if the grain boundaries are to be 

nucleating centers in a square hysteresis loop material, then H ;. H. The n c 
requirement that H ~ 0, ~owever, gives the condition n 

The quantity L oan be varied by altering the grain size. More significant, 

however, is the quantity {cos ~- ~4)2 which ea.n be varied "by aligning the 

axes of ea.sy magnetization of the various grains. This is done by annealing 

the specimen in a magnetic field, orienting the individual grains, or apply

ing a tensile stress. It sho'Q,ld be possible, therefore, to square the 

hysteresis loop and increase the remanence of a po1ycrystal1ine material by 

creating a single axis of easy magnetization provided the grain boundaries 

act originally as nucleating centers. 68 Permalloy is a particularly 

striking example of a. polycrystalline material whose hysteresis loop is 

sensitive to tensile stress (cf. Fig. 4). In this material,the Curie 
4 ... 3 

tempera.ture is T = 87.:f.~the anisotropy constant is K"" 10 .ergs/em, the lattice 
0 83 parameter is a = 2.5 x 10- ODl.Ja.nd I "-' 10 so tha.t 

s 

(
OW.) _ 1. [RI. k ]Y2.. /0-7 ' 
~ J ~ 1;l,.. ~ 'V ~. 

The ra.tio A has been observed3 to be a.bout 0.04. Therefore if L'" 10-3 em, 

condition (9) becomes 

)
1. I. J. I -.t I - J 

( c..... S, - ~~ . c::: ~ () IV 0 • 
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This condition is fulfilled only if (I; - ,4 )~ ISo. The grain boundaries 

should, therefore, act as nucleating centers for domains of reverse magnetiza

tion in polycrystalline 68 permalloy. They can, however, be inhibited from 

becoming nucleating centers for low values of H by an alignment of the axes n 
of easy magnetization from grain to grain in the direction of the applied 

external'field. This can be done by the application of tensile stress cr. 
It is concluded, therefore, that grain boundaries can and, in the 

case of 68 permalloy, do act as nucleation centers for domains of reverse 

magnetization. A significant feature of these nucleation centers is that 

they may be inhibited by aligning the axes of easy magnetization of the 

various individual grains. They should, to alesser extent, also be sensitive 

to changes in the grain size of the material. More significantly, a small 

grain material should provide a larger area of grain boundary surface. This 

might provide a larger number of nucleated walls for a given H and reduce the 

distance f of Equation (1). 
The Inclusion 

In many lattices, especially in ferrites which are prepared by 

\ 

powder metallurgy techniques,there is a large density of inclusions present. 

These inclusions may be precipitates of a non-magnetic phase. impurity aggra~tes. 
~ 6 or voids. ~e~l predicted that in lattices with three axes of easy magnet-

ization, closure domains are formed around the inclusions in order to reduce 

the energy associated with the magnetic poles at their surfaces. Williams? 

has observed these clo,?ure domains in colloidal magnetite patterns on polished 

surfaces of metals. .He has also obsery-ed domains of reverse magnetization 

at large inclusions when there was only one axis of easy magnetization in the 

crystal.) One might therefore ask whether these small domains, which are 

known to form, can grow away from their nucleat~ng inclusion in a magnetic 

field. 

The principal resistance to the growth of a domain of r~verse 

magnetization which is nucleated by an inclusion in a material with but one 

axis of easy magnetization is the inclusion surface pole density whicn caused 

its nucleation. The nucleating field strength, Hnl , in such a cyrstal will 

6. L. N~el. Cahiers de Physique ~. 1 (1944). 

7. .H. J. Williams, Phys. Rev. 21, 646 (1947). 
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not. therefore, be defined as the field at which the domain forms. It is, 

rather, the field above which the doma~n can grow away from the nucleating 

inclusion. The domain will be free to grow away from the inclusion only 

when a second domain of reverse magnetization has been nucleated inside the 

fi.rst. [Cf. )'ig. 5(b)~ .The inner domain can grow to· balance the poles on the 

surface of the inclusion as the original domain grows aw~ from the inclusion. 

Hnl will be defined, therefore, as that field strength at which a second 

domain of reverse magnetiza.tion is nuclea.ted inside the first. In order to 

estimat, i n1 , it will be assumed that, the inner domain forma with a base 

radiusrlwhich 1s equal to the base radius of the domain which forms on a 

spherical inclusion of critical ,radius ~c. The, critical radius is the 

smallest radius a spherical inclusion can have and nucleate a domain of 

reverse magnetization. 

The energy associated with a spherical inclusion alone imbedded in 

a material of saturation ma.gnetization I is given by 'its demagnetization . s . 
energy 

The critical radius is that for which this energy just equals the energy of 

the configuration with a domain of reverse magnetization present. Since the 

energy of the new polar configuration about the inclusion will be to the old 

as a quadrupole term to a dipole term • it can. in first approximat ion, be 

neglected· so that 

172.. l. 3 T ~ ~~ :: o;Aw + Ert (10) 

where as before a'.. is the surface energy dens1 ty and A the area of the w w 
created Bloch walls. E. is the demagnetization energy of the domain of 

reverse magnetization. If the nucleated domain is an ovary ellipsoid of 

semi-minor axis r 1 ~d semi-major axis )1' then 

~ '" 3~1T~ [t... (1: ) - I ] ~'-) r/ 
if A= 1';/) • .c<. , • The value of r which gives an equal amount of positive 

and negative pole strength over an inclusion of radius R is r :;, B;I~ 

Therefore 
£,j = :;;'L fl.-H) -I) Is\. A l3 

Aw :: iT '2-~ 1, = 7T1. 'R..1. / J.. ~ 
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and Equation (10) gives 

(11) 

If the minimum semi-minor axis of the inner nucleated domain in 

Fig. 8(b) is r1~and the corresponding semi-minor axis of the outer nucleated 

domain is r 2 whereas it was rO when there was no field present, then Hn1 

can be derived from the energy balanoe 

where Ep is the interaction energy between the poles associated with the Bloch 

walls and those on the inclusion surface and E is the interaction energy of np 
the poles associated with the inner and outer Bloch walls. Attention is 

restricted to the case where the applied field Hnl is parallel to the direction 

of easy magnetization in the crystal. The increase in the volume of material 

magnetized parallel to Hnl is 

AV % tr {~3_ r,;l- r,11. 
Since the estimates are necessarily of orders of magnitude only, it is 

assumed foi simplicity that the parameter ~': Ii 11.: ~/AD -."i 1).2. The change 
in demagnetization energy is 

A ~:¥ 3~"''- [t..(t) -/J I~~ H r;l -I-l'il- 1';/ f. 
The change in Bloch wall energy is 

'-

Ll (o;.Aw ) Z" T;aw ( ~\,. -r; '- +-Ij '-/ = ~ l.;(l) r. f r,.'-- r. > + 'it 
and the change in ener~ associated with the interaction of the poles on 

the surface of the inclusion is considered negligible compared to the other 

terms. If R is tb:e radfus of the inclusion, then rO = R/{2'. If the integrated 

pole strength over the inclusion is zero, then .... 'l.:: r.1. +- R", .2 • r l is 'gi ven 
. ,l I 

by Equation (11). r; lit « I. Therefore 

AV~ fr,~R{-li' -~(~)l 
A) 2 n ~ I,~ r. '2 

A (<t'w w ~ ) F ()) • 

6. ~ Z ~7r'- [t,.. It) -I] I~). r,l 'R fa -I- f (t) 1. 
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Since ) ~< I • the poles associated with the Bloch walls will be 

approximated by lines of linear pole density fJ.~' ~.,,1; ll.~ • The inclusion 

surface poles can be approximated by a plane with concentric circles circum

scribing regions of uniform surface pole density ~ I s.Then 

where 

Integration yields 

/). ~, = ~(').I Ii /1.) r: t;3 . 

r: 

_.!.. Jt[~"'t(')JSf: J~ 
4 i ~~ +- rJ. » 

!LS 
-) 

If the poles associated with the Bloch walls of the inner domain 

are approximated by a line charge and the outer is taken as a cone, then 
ttl) 

l r =.!.. I f ~: J.~l i..J~ J~~ . 
J "".t "\f ... : ~ • 

t 0 ,(r;. -~'" '}) +{1fI .. ~.J 

where w~ "'J. -= IJ l·.2Tr (~-?ca, )) .,(~ l.. . '/ ,Since ')~, I. this gives 

f",,. :£pOllj/1()~"1j3. 
The nucleating field strength defined by Equation (12) is, therefore, 

H~I ~z:{~, +(~)OJllt)} 
where, if rl/R~< 1, ~ = Ql(). Williams and Goertz) have observed .A~ '/3Q 
in a perminvar ring which was magnetically annealed. If this is taken as a 

representative value, then 

~ is a positive quantity. 

6 -2 and H l~ 7.· x 10 • I • n s 

(14) 

When rl/R = 1/30 and ) = 1/,)0. r l ~/R ~ 3.3 x 10-
2 

I t is apparent, therefore, that if I "..; 103 • a.s s 
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in 68 permalloy. Hnl~ 70 Oe. This is a large field compared to the usual 

coercivities in metals. Although domains of reverse magnetization are 

associated with inclusions of radius R or greater, it is conoluded that 
o 

these domains remain bound to the inclusion and are not responsible for the 

reversal of flux in a core with high I .when it is switched at low field ,s 
strengths. In materials of low I , suoh as the ferrites, however. these 

s 
might be a contributing meohanism in the switching of the flux in a core 

with coercivities of the order of five oersteds. 

In orystals with three axes of easy magnetization an inolusion, 

when there is no external field present, has olosure domains assooiated 

with it as shown in Fig. 9(a).6.7 In order for an inclusion with closure 

domains to act as a nucleating oenter for a domain of reverse magnetization, 
. , 

it is necessary for an external field, Hn3 , to be applied whioh is strong 

enough to rotate the olosure domains through forty-five degrees. The domain 

of reverse magnetization oan then grow as shown in Figure 9. The field 

strength which is required to rotate a olosure domain through an angle 8, is 

given bY' 8, jf') Hfl. ! r/"fAJ 6) -t~('f_~)JJ;,8 ~ Is V":" ~8, ~ -= f k....:..~¥~ .,.~t;( .,.LI(~A.,) 
~J (f) ., 1 

where K is the anisotropy-constant. V =' if ir-J B, is the volume of the domain 

after rotation through ~, ~ and J are the semi-minor and semi-major axes 

of the original closure domain, and A ~ tVA is a.ssumed to remain constant. 

The change in demagnetization energy is 

t1 E4 0= ffl, '-) [L.(t )-IJt.3 {(i .,. • .:. 2',)\ .. " 29, - 11.J 

and the change in wa.ll energy is 

) 

".'1.l..l . ( aw (~.) 1.1 _I ) 
L\{a;,Aw = -ret a: ~. V. 

w 

Although the volume of the closure domain deoreases as it is rotated to form 

a domain of reverse magnetization, it is assumed that no spins are' rotated 

against the field direction. The change in volume is assumed to be absorbed 

in the increase in Bloch wall thickness. As the wall thickness increases, 

the surface wall density increases from t:r. to r:f.. ( ~, ). w w 
In order to calculate the torque exerted by the interaction of 

the field with the poles associated with the Bloch walls, the surface poles 

are approximated by a linear pole density along the major axis of 

I)~ -: J7r4l2. (I+..:....~')J. . 



Engineering Note E-532 Page 16 of 31 

If it is assumed that the anisotropy of the crystal offers the 

greatest resistance to rotation of the closure domain in the external field 

H, then the minimum nucleating field Hn3 would be that which rotated the 

domain Tr/8 radius. When ~ • Tr/8 and ~. 1/30. 

where R is the mean radius of the inclusion. 

small HnJ is given by setting iBn';- Is = o. 

~(of) ~ [7 J<. t r r a-IJ I'RJ ~a. 
J 

The optimum value of I for a s 
This g1 ves 

(16) 

2 For small K and large R a material might have Is(or.)NlO _ The lowest value 

of Hn3 is, therefore. about 10 Oe. This is larger than the usual coercive 

force H. Inclusions imbedded in lattices with three axes of easy magnetiza-c 
tion will not act as nucleating centers fo~ domains of reverse magnetization. 

Domains of closure will form and remain about the inclusions. 

If a tensile stress of sufficient magnitude is applied to a ferro

magnetic material whose gr~ins originally posses three axes of easy magnetiza

tion. the resulting magnetostrictive forces will produce a single axis of 

easy magnetization either parallel or perpendicular to the applied stress. 

If inclusions are imbedded in the lattice matrix, their nucleating field 

strength for domains of reverse· magnetization will change from Hn3 to Hnl-

The domains of closure will be rotated to become domains of reverse magnetiza

tion which can become free of the inclusion if a field H>Hnl is applied 

parallel to the direction of easy magnetization. Since Hn3~ Hnl , the appli

cation of a tensile stress will lower the field strength at which domains 

of reverse magnetization can be nucleated by an external field. If the 

nucleating centers are grain boundaries, however, Equation (8) shows that 

a tensile stress will raise the nucleating field strength. It appears, 

therefore, that if the hYsteresis loop of a ferromagnetic specimen is 

squared by the application of a tensile stress, the nucleating centers in 

this material are grain boundaries. 
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The Crystal Surfage 

Every ferromagnetic lattice is bounded by its surface. If there 

were no internal defects to act as nucleating centers for a domain of reverse 

magnetization, the lattice would nevertheless not reverse its magnetization 

by a simultaneous rotation of all of its elementary magnetic moments unless 

it were so fine a particle that its diameter was equal to or less than the 

Bloch wall thickness. Instead, a Bloch wall would enter from the surface 

of the crystal and move across the specimen. Tbe crystal surface is a 

third possible nucleating center for a domain of reverse magnetization. 

Both beoause the surface is irregular and because it is not t i.n general, 

para.llel to the direction of easy magnetization in the adjacent grains, 

magnetic poles will exist along the surface of the specimen. These will 

act as nucleating centers in a manner analogous to the poles on the grain 

boundary surfaces. When the direction of easy"magnetization in the various 

grains become perfectly aligned, the grain boundary surface poles disappear. 

A pole density will remain at the specimen surface, however, unless the 

surface is everywhere parallel to the easy magnetization direction. 

In summary, of the three lattice defects which might be expected 

to nucleate domains of reverse magnetization, the grain boundaries and the 

su:r;faee of the specimen are the most likely. If the grain boundaries 

are responsible for nucleating domains of reverse magnetization, then the 

hysteresis loop squareness ratio R . can be .increased by aligning the axes s 
of easy magnetization of the various individual grains. This is done in 

metals with a magnetic anneal or grain orientation. Neither of these methods 

is appropriate for ~he ferrites. If a·:ferrite has a. large magnetostrictive 

constant, however, a tensile stress can align the axes of easy magnetization. 

Because Is'" 102 in the ferrites, condition (9) may be fulfilled even wi thout 

the application of a tensile stress. If condition (9) is fulfilled. it will 

be possible to obtain relatively square hysteresis loops even without the 

application of an external stress provided H ~ H. H can be increased by n c n 
decreasing L, or by de.creasing the average grain size of the material. Hc 

can be reduced by greatly reducing the number of void inclusions. H can 
n 

also be increased by increasing the anisotropy constant K and decreasing I 
s 

with a variation of the alloying components of the ferrite. Since, according 

to Equation (1), the switching time is inversely proportional to I , it is 
s 
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better to keep this Cluantityas large as possible, however. Of the ferrites 

currently under investigation, the nickel-zinc ferrites have low coercive 

force and poor squareness ratio. Thesquareness ratio can be greatly 

improved by the application of tensile, stress which renders Hn> O. The 

magnesium-manganese ferrites, on the other hand, have good squa.reness ratios 

without alignment of the axes of easy magnetization from grain to grain. 

The coeroiveforce is large. 

In a Sixtus-fonks e~per1ment the speed of propaga.tion of the wave

front of reverse magnetization along a long rod of square-looped material is 

measured. Williams, Shookley, andK1ttel12 have suggested that the high values 

(~ ; x 104 em/ see/Os.) for-Y/H in these experiments are a. result of the small 

glancing angle which the moving wall makes with the propagation direction. If 

domains of reverse magnetization are nuoleated as envisaged in this note, the 

small glancing! angle is given by 9 ~ tan (; = A. The Sixtus-Tonks experiment 

measures the rate of travel of a wave-front which oonsists of the apices of 

many domains of reverse magnetization which have been nuoleated in one seo

tion of the speoimen and grown until they collided with one another. The 
I 

intercepted domains bounda.riesare BJlIlihilated; a jagged wave-front remains 

which travels down the· length of the bar. The rate of travel of the wave

front is v/ ~ ,where v is thevelooity of the individual domain walls along 

their normal. The velocities from the Sixtus-Tonks measurements are greater 

than the domain wall velocity by the faotor 1/" • When this factor is taken 

into account, the Sixtus~Tonks measurements are in good agreement with the 

theoretical wall velocity caloulations.and the direct measurements of wall 

velocity using colloidal magnetite teohniques. 
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III. Switching Time 

If the anisotropy constant in a material is large, the rotation of 

the elementary magnetic moments from a direction.of easy magnetization will 

vary slowly' with applied field I;Itrength. If the JD8.'Ximum field strength on a 

minor hysteresis loop is less than 2 O8;e, the contribution of these rotations 

to the shape of the ~steresis loop will be small. The principal source of 

flux change must be domain creation and Bloch wall motion. The flux change 

due to either of these mechanisms mq be. reversible or irreversible. A sche

matic illustration of the four possibilities is given in Fig. 7. A potential 

curve for a 1800 Bloch wall at zero field strength is indicated as af'unction 

of the position of the wall from the nucleating center along a normal to the 

wall. Jig. 7 (a) represents the Bloch wall potential when reversible nucleation 

takes place. If the material is placed in a field of sufficient strength to 

nucleate a wall, but not of sufficient strength to move the wall irreversib17 

through the crystal, Hn<H<Ji, where Hc~Bb is the field required to move the 

wall over the first potential maximum, the wall will come to rest at some po

sition x!. There will be a change in the induction of the sample due to the 

reversal of the magnetization vector in the volume enclosed by the created 

domain walls.. When the field is removed, the wall returns to the nearest 

potential minimum. In this instance the created domain disappears and the 

material -is in the same condition as before B was applied. Fig. 7 (b) repre

sents the Bloch wall potential when irreversible nucleation takes place. If 

a field B, Bn< B<~, is applied,a domain of reverse magnetization will be 

nucleated and the domain wall will move to some position ~ e When H is removed, 
o the wall will return to the position;,. The nucleated domain does not disap-

pear. The induction in the sample at zero field before and after the field H 

is applied differs because of the reversal of magnetization in the irreversibly 

nucleated domain. There are various mechanisms which could be responsible for 

irreversible nucleation. !wo of these are (1) the enclosure of an inclusion 

by the nucleated domain and (2) the meeting of two domains growing in opposite 

directions. The Bloch wall potential curves of Fig. 7 represent the case where 

H< H. If' H .= 11 , the wall potential at the nucleating center (:x.=O) would be n c n c 
the maximwn point on the potential curve. .An B ~H would nucleate a wall which 

n 
would move irreversibly across the sample. 
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o If a wall is already present at a position like ~ before a field 

H <~ is applied, the applied field will move the wall to some position x1b. 
o When the field is removed, the wall returns to ". ,There is no difference 

in induction at zero field before and after the field is applied. There is, 

however, a changing flux in the sample when the wall is moving reversibly one 

wq or the other. If an H>Hc~t;, is applied, both the nucleated walls and 

those already present will move irreversibly through the sample. If the driving 

field is cut off while the wall is moving through the crystal, the wall will 

settle into the nearest potential minimum. If the wall is at a position like 

x" when the field is shut off, the wall will stop and move backwards to its a , 
nearest minimum.. If the wall is at a position like x"b' it will continue 

moving forward to its potential minimum. It will ver" nearly reach this mini

mum within the fall-time of the driving pulse whereas walls caught at positions 

like x" will take a longer time to reverse their direction of motion to move a 
back to a potential minimum. If, therefore, the same number of irreversibly 

moving walls are caught at x"a positions as at x"b positi~ns whe~ the driving 

field is shut off, their net contribution to the flux change after.:',eut--off will 

be negative. The larger the area of irreversibly moving Bloch w~ii,the greater 

will be the negative change of flux associated with cut off.. There will, of 

course, also be a negative change of flux associated with all reversible domain 

creations and wall movements when the driving field is cut off. 

The "switching time curve" can be readily analysed on the basis of 

this model. Since the rise-time of the first max~ in this curve is the 

same as that for the input pulse, it is apparent that the walls are created 

and accelerated to their equilibrium velocity in less than the rise-time 

( 0.2 J,Lsec.). After the square driving pulse has risen to its maximum value, 

all the reversible motions will quickly stop. The loss of this contribution 

to the flux change will cause a decrease in the rate of change of flux in the 

sample.. There should, therefore, be a maximum in the "switching time curve" at 

the time the input pulse reaches its full amplitude. This corresponds to the 

first maximum in the "switching time curve." The irreversibly moving walls 

will continue to move through the sample. These will have an average velocitY' 

which, for a constant driving field, should remain nearly constant once they 

have passed over their first potential maximumo If the average velocity of 

the walls which are contributing to the flux change is constant, the area of 
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wall whiCh is moving must increase with time to a maximum and then decrease to 

zero if the rise to a second maximum with subsequent decrease to zero in the 

rate of change of flux curve, 'switching time curvet', is to be explained. This 

. ch~e in wall area, h~wever, is just what is predicted by the picture of domain 

nucleation and growth. As the domains of reverse magnetization grow, the area 

of 1800 domain wall increases until the separately nucleated domains begin to, 

collide with one another. When a collision takes place, the common !loch wallrl 

disappear. Collisions eventually reduce the area of the moving Bloch walls to 

zero. The second maximum in the "switching time curve", therefore, corresponds 

to the moment when the area of irreversibly moving Bloch wall is largest. It 

should be noted that this conclusion rests on the simple assumption that the 

large majority of irreversibly moving walls continne to move at a nearly con

stant average velocity until they are annihilatedo 

Qaantitative Formulation 
o The equation of motion for a 180 domain wall moving perpendicular to 

an applied external field H is 8 

"'"' y. + ~ y + ot fifJ t :: J. Ie f! . (17) 

Galt9has found that in magnetite the inertial term ~ is small compared to the 

viscous term~. Since the rise to the first maximum in the "switching time 

curve" is determined by the rise-time of the input pulse in all materials tested, 

wall acceleration to an equilibrium veloci t1 appears to oceur in less than 

10-7 see. The inertial term is, therefore, neglected. A growing domain of 

reverse magnetization has a wall velocity 

''1'= i4J+~~/~~; 
where ~is the ratio of the minor to major axis of the growing domain. R 1s 

the component of the semi-minor axis on a cross-sectional plane through the 

magnetic sample and ~i is the angle the direction of magnetization within the 

domain makes with the normal to this plane. Since ":>"'«', Eq. (17) can be 

written 

(lS) 

~he parameter·_ is a measure of the potential hills and valleys over which a 

Eloch wall moves. This elastic coefficient can be averaged over the various 

g~ R. !ecker,J.Phys.et Radium, 12,332 (1951) -9. J. K. Galt, Plays • Rev • !2., 664 (1952) 
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ind! vidual walls. If d <.B. > Itt is the rate of change of the mean. R for all of 

the areas of reverse magnetization which are nucleated by the field H on a m 
eross-seotional plane through the speeiman during the reversal of flux through 

the core, then an Bo ean be defined as that field for which < d <B.? Id~~o. 
This field will not be very different from the coereivity of the material when 

driven by an H = Hm>Hc. Iq. (18) becomes 

,t<R> ) 
(J.l i ... 2.I, (H"", - H. < .... '-~.I'. (19) 

When the switching time is measured, /[ is defined as the time it takes 

for the flux change to reach l~ of its value at the second maximum of the 

""swi tch1ng time curve". The time is measured from the moment the input pulse 

has risen to l~ of its maximum amplitu.de. Since Iq. (19) is valid only when 

H = H , . the calculated value of .,,;- will differ slightly from the measured value 
m 

because of the.finite rise':'time of the inpu.t pulse. This effect will be more 

noticeable at high values of B, or small "'C, since the rise time will be an m 
appreciable fraction of 1[". Also if ~ SHe' Iq.(19) will break down. In 

the range of optimum operat ing conditions, however, Iq. (19) is a good fin.t 

approximation. The rate of change of flux in the material 1s 

.li J !A.J~ JA 
J:i = ~ # = l<c..-o~i> ~$ Tt · 

The two enters because the flux change 1s the result of a reversal of mag

netization in the speelman •. The total area of reversed magnetization in the 

cross-sectional plane is A =~ 4A where the Ai. represents the contributions 

from the individual domains. These areas originate on the cross-sectional 

plane at different times and grow at different rates. If n is the total number 

of Ai which appear and grow on the cross-sectional plane when the core is 

"switched", then A (t) = n f «R» where<R~ is a function of time~ If a 

distribution. function ]I «!.?') = 11 ~fl'd < R> is defined, then 

(20) 
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There are two factors which contribute to the viscous damping factor 

~ = ~r + ~e· The first of these is the relaxation contribution, ~r' which arises 
from the sluggish response of the spins to a force which would change their di-

rection. The second, ~e' is the edd7 current contribution. Kittel10 has indi

cated the essential features in the calculation of the viscous parameter ~r. 

$ince ;A <-< " the velocity of the Bloch wa.lls will be essentially that of a 

cylindrical wall ever,ywhere parallel to the direction of magnetization. Although 

Kittel's calculation is for a plane wall perpendicular to the z-axis moving in 

the I-direction, his formalism holds equally well for a cylindrical wall pro

vided the variable Rlcos 8i replaces the variable z, and the integrations are 

taken from zero to infinity. The rate of change of < R'? which is l1mi ted by 

e becomes 
'r 

If A [It .. 1. '-y'1( H .. -H.) <,-">1~ ~ 
IsA Q'"IrI 

where 1\ is the intrinsic relaxation frequency whiCh can be estimated from the 

line width in a microwave experiment. H is defined by the phenomen~logical 

equation of motion for the magnetization !, 

1! ~rbt!-/l[OH)III~ -ttl· 
t= ge/2mc is the gyromagnetic ratio~ ~w is the rest energy of the 1800 Bloch 

wall, and A is the usual exchange factor5. If the value of d<! 7/dt from 

Eq. (19) is used, the relaxation contribution to the viscous parameter is given 

by 

(21) 

The calculation of 6 w for a cylindrical wall is Similar to that given 

by Kitte15 for a plane wall. If only interactions between nearest neighbors are 

considered, and if these interact,ions are all equal, the change in exchange 

energy due to the presence of a wall in which neighboring spins make a small 

angle ¢~J' <: I is . 

~..,~ ~ JS:~ rt,~ 
10. C. Kittel, Pbys. Rev. 80, 918 (1950) -
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where J is the exchange integral and S is the total spin quantum number. J is 

so defined that for two spins 1/2 the e~ergy for parallel orientation is lower 

than that for anti-parallel orientation by an amount 2J. If the crystal has only 

one axis of easy magnetization, the small angle can be expanded as 

where ~, is the component of the near-neighbor distance along the radius from 
q 'fl) 

the axis of· the cylindrical domain to the ~ atom. If the axis of the cylin-

dr1cal domain is along a cubic axis, and if $-is the angle between the radius to 

the ithatom and a radius parallel to a cubic axis in a b.c.c. lattice, the'J~th 
atom has four near neighbors with J r;'i J' =!:f. cos (~- 9) and four with {" 
. , a ~ 11 /) '\'is' I = -r- cos (lr + 8-) where a is the length of a cube edge. Higher powers 

of the expansion can be neglected. Then 

There are two atoms per unit cell, and interactions must not be counted twice. 

T·he exchange energy density, therefore, i8 

where the exchange parameter is A =iJi)!ti.. Since a single axis of easy magne

tization has 'been assumed, the anisotropy energy density is f'k'l:' Il, sin2 tJ= G(f>, 
where Xl is the anisotropy constant. The surface energy density of a cylindrical 

wall of radius R is, therefore, 

.. ~ 

~ '" ~ /[4 +' ~}Jr- ~ fi ~(f) ~ A (~t] Jr 
r) 

The assumption has been made that R is much greater than the wal~ thickness 

over which f f'k + t~xJ ~ O. Minimization of the integral gives fk = fex 
and therefore ~ iT ., 

cr., ;l: .l.(k. A) • .. I.I';'+I.I~ = ~ (1<1 A) l, 
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The relaxation contribution to the viscous parameter can now be expressed as 

(22) 

where Tc is the CUrie tempera~ur., and k is the !oltzmaDn gas constant. In 

first approximation. is the number of nearest neighbors with which exchange 

interaction oceurs ~ Weislll he.. calculated 1:: for various lattices by an ex

tension of the !ethe-Pe1erlB:'.etilJoiL It should be noted that although cry was 

calculated for a b.e.e. lattice, the wall energy density for the more comp1i~ 

cated spinel.· lattice will only introduce a different numerical factor. Iq. (22) 

will, in first approximation, give a good value for ~ for all lattices pro-
r 10 

vided the phenomenological equation defining ~in Kittel's . calculation 1s 

valid. 

A studT of the velocity of a collapsing cylindrical domain wall in 
12 a cylindrical metal in which ~ = ~. has already been mad.e. The anal7sis for 

a cylindrical wall of radius R in a cylindrical speciman of radius Rm which is . .. 
expanding with a radial velocity It in a material of electrical resistivity f& 
and saturation magnetization I. 1s completely analogous. Since these authors 

were oo~idering the case for high driving fields only, they equated the power 

dissipated by eddy cnrrents, A, to the power generated by the alignment of flux 

with the driving field,:B. For low field-stre.ngth 1t is neceBsary to include 

the power dissipated in overcoming the potential barrier to wall movement, Co 

The relation A + e = B giTeS 

In a rectangular speeiMn, such as. a metallie ribbon core, 2.l\n aAould be taken 

as the smaller dimension in the cross-sectional plane perpendicular to the flux 

path. Although there are IIl&ll1' nucleated domains which are expanding so tbat 

the eddy currents between mOving wal.ls tend to cancel one another, there is no 

cancellation of the ed~ currents near the s_riaee of the core. Elimination of 

11. P. R. We~ss, Phys. Rev. ~, 1>493 (1948) 

12. Williams, ShocldeT, Kittel, Pqs. Rev. !2" 1090 (1950) 
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d(B. >/dt from Iqs. (23) and (19) gives 

(24) 

If the finite rise time of the square driving pulse is neglected, (H - H ) is m ·0 

time independent. Integration of Eq. (19) gives 

's<L. :: w 

S is defined as the switching coefficient, It is a constant which w 
depends upon the properties of the material in the core. The fraction 

< cos (If)1 < oos2 ';) 1s taken as <cos f:)t>-l since small angles are involved. 

Galt9 ~ found fJe/fJr -;( 1/6 in a single cr7Stal of magneti tee !hil ratio 1s 

made small in the metallic t~pe cores by rolling them to l/S mil thickness. In 

the.ferrite. which have resistivities of a factor of 109 greater than magnetite 

the ratio will be extremely small. The switChing time is, therefore, determined 

almost exclusively by the relaxation contribution and 

(26) 

The value of fJr from Iq. (22) has been used. If fast switching ·cores 
wi th low coercive force are to be found, S must be made smaller than 10-7 Oe:- sec. 

w 
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Comparison with Experiment. 

H. K. Rising of this laboratory drove a 4-79 Ko-Permalloy ribbon core 

rolled to a thickness of l/S mil with a series of square pulses. The pulse am

plitudes were all equal and of sufficient magnitude to switch the core. The 

first pulse was long enough for the core to switch completely. The succeed~ 

series of palses were 0.7 ~ sec. long in the opposite direction. The core 

switched partially during each short pulse. It became fully switched only atter 

the total time represented by the sum of several short pulses just exceeded the 

time for switching when driven by one long pulse. The oscilloscope trace is 

reproduced in Fig. 8. The "switching time curve" for the first lol'lg pulse shows 

the usual double maximum. The rise to the first maximum occurs during the rise 

of the input pulse. The interestil'lg feature of this experiment is that the 

second maximum of the "switching time curve" is almost completely dependent 

upon the state of magnetization of the specimeIk The small "bits" from the 

successive 0.7 ~ sec. pulses, if pieced together, nearly trace out the curve 

resulting from one long pulse. This follows directly from the model of nu

cleated domains which grow mreversibly to switch the core. If the second 

maximum were the result of an increase in velocity of domain walls with fixed 

area, there would not be this dependence on the state of magnetization of the 

core. According to the model of this paper, the rate of change of flux which 

contributes to that part of the curve which is due to irreversible wall mot ion 

is) 'by Eq. (20), proportional to F «(..:a > ). ., « 11 » represents the change of 

flux in the sample with respect to the change in position of the walls. It 

increases to a maximum when the wall area encompassing the growing domains 1s 

a maximum. Jecause of the random distribution of the nucleated domains through

out the speeiman, F «11» decreases to zero with a Gaussian-like tail. The 

"bits" from the successive 0.7 ~ sec. pulses are not perfectly additive because 

the walls, at cut-off, settle into the nearest position of minimum energy. This 

experiment confirms the idea that the shape of the second maximum in the "switching 

time curve" is determined by the distribution of nUCleation centers through the 

function F «11~). 
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The sharp peaks which occur at rise-time and cnt-off are, like the 

first maximnm in the .switching time curve", due primarily to reversible flux 

changes. There is a considerable contribution, however, from the creation or 

acceleration ot the irreversibly moving walls during rise-time and the return 

of these walls to their nearest potential minimum at cut-otf. This latter con

tribution will be larger the larger the area of irreversibly moving wall. The 

sharp peaks which occur at rise-time should reaCh, therefore, a maximum when 

the irreversibly moving wall area is a maximum, or J' «R » is a maximum. In 

agreement with this model, the rise-time peaks have a maximum in the same 0.7 ~ 
sec. pulse in which the nbit" ~orresponding to irreversible wall motion is a 

maximum. The maximum in the cut-off peak occurs somewhat earlier. This is 

attributed to the fact that irreversibly growing walls collide with both re

versibly and irreversibly moving walls. Collisions of the former type hold the 

~eversibly moving wall so that at cut-off it can no longer move to contribute 

a flux Change. The number of reversiblY created and growing domains is signi

ficantly reduced before the irreversibly moving wall area is a maximum, and 

1h81,r. proportional contribution to the peak is larger at n eut off' than "rise

time". Only those irreversibly moving walls which move back to a potential 

minimum contribute to the "cut off" peak. 

Eq. (25) can be written in the form H = S /~ - H. A measurement m W 0 
of a. VB. lit( should yield a straight line relationship with intercept Ho~~c 

and slope S. This relationship will hold only for H > H but not so large as w m c 
to make the rise-time of the input pulse a large fraction of the switching time. 

Measurements of Hm vs. 1kare shown in Jigs. 9 and 10, respectively, for a 4-79 
Mo-Permalloy, l/S mil, grain oriented ribbon core and a General Ceramic MF 1326 :B 

magnesium-manganese Arrite (-'\.. 20-20-90) bodT. The measurements of Jig. 10 were 

taken by R. Freeman of Group 63. :Both curves are straight lines in agreement 

with theory. 

The measured values of'lI. are' 0.14 Oe. and 1.0 Oe. respectivelY' as 

compared with saturation coercivities of-.0.15 Oe.and ~.1.5 Oe. A quantitative 

calculation of S cannot be made sinee not all of the material parameters have 
w 

been directly measured. However, an order of mag~itude can be obtained for com-

parison with the slope of the curves in Figs. 9 and 10. 
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lor 1/8 mil metal tapes r<cos[~'>~Rm. The switching coefficient is, 

by Iqs. (22), (24), and (25), 

+ .... 
(27) 

Jor 4-79 Mo-Permalloy I~700 gau~s and' = 730
o

X. Since 1t is a grain oriented 
,s c ~ ~ 

material, <cos '9 t)~~ The tape thickness is 3.2 x 10 om so that Rm = 1.6 x 10 em 

The resistivity is r.. ~6 x 10-17 e.s.u.-cmso that Se w1tlO.3 x 10-7 Oe~-seo.' The 

anisotropy oonstant for 80-20 nickel-iron is IE-l'~ x 103 ergs/cm3• This valu.e 

is taken for 4-79 MO-Permalloy. !he exchange factor is A~lO-6 ergs/em and 

{r"1:t /A/V 105 em-l • Although the relaxation frequ.ency A is not known for '-1-79 
Mo-Permalloy, it has been measured as A~ x 108 sec -1 in Supermalloyl3. The 

gyromagnetic ratio is r~2 x 107 (gauss-sec. )-1,,' Since fis the distance a domain 

wall travels in the tSile "1:, and since it wbe11eved that some grain boundaries 

will nucleate at most one domain of reverse magnetization, the distance f should 

be approximately an anrage grain diameter Or t,..; 5 x 10-3 em. Then 

.. 7 
tAilkll/i'/r~J:'" If X/II O".-~. 

whioh is larger than the edd1' current contribution by a factor of 10. The eddy' 

currents are not, apparent~, what limits'the rapidity with which a metallic 

ribbon core can swit'ch. The calculated switching parameter is, therefore, Sw (calc) 

,,-,,4 x 10-7 Oe .• -seo. as compared with a measured value Sw (expt.) = 5.5 x 10-70e:-sec 

The olose agreement between theo~ and experiment depends, of course, on the some

what arbitrary choice of f "",5 x 10-3 em. This is as reasonable a figure as could 

be chosen for f. 
!he General Ceramic ferrite MF 1326 :s has an I -= 140 gauss. The s 

distance f/ < cos ~> ~ 5 x 10-3.01' a typical dimension of a grain. Preliminary 

c. Xltte1, J. Phys. et Radium, 12, 291 (1951) -



Engineering Note ~-532 Page 30 of 31 

reports by D. Epstein of the L.I.R.laboratories ot M.I."'. indicate that the 

anisotropy constant for the magnesium-manganese ferrites is low. The value 

1~145 x 103 ergs/r:m.3 is taken. The excha.rJge parameter is """'10-6 ergs/C14 and 

J(r.ll/A~7 x 104 cm-l • The relaxation frequency is not known. The value 

.I\~og s8c-1 is again taken. The ed~ current effeot is ignored and sinoe 

A2<"<rir2, Sw(Calc.)~ A~(X;I/A /Isr2~6xlo-70e.-seo. The 

value of Sw as measured from the slope of the line in Fig. 10 is Sw(expt) = 
5.7 x 10-7 O •• -seo. Again it should be emphasized that the excellent agree

lDent between theory and experiment result from the somewhat arbitrary selection 

of f""""5 x lO-3cm• The agreement does show, however, that the theory is 

reasonable. 

Summarz· 
A model of nucleation of domains of reverse magnetization at grain 

boundaries with sUDsequent growth to saturate the sample has been proposed for 

the "switching" meohanism in magnetio oores. This model predicts square hys

teresis loops for polyc178talline materials with aligned directions of easl' 

magnetization from grain to grain. I't further prediots that reasonably square 

minor loops mar be obtained in materials of low saturation magnetization and 

small grain size without an alignment of the directions of easy magnetization. 

The shape of the "switching time curve" is explained on the basis of 

this model. The switching time .. " is caloulated in terms of measurable para

meters. The relationship BC~'~Sw for optimum operating oonditions shows that 

a oompromise mus t be made between lIo and. 7:. In order to lower the parameter 

Sw' three lines of attack suggest themselves. The first is to decrease f by 
decreasing the grain size of the material so as to inorease the grain bound8.17 

surface area. The seoond is to study what faotors affect the relaxation fre

quency A. This parameter appears to vary by a factor of 102 between different 

materials at room temperature. A third would be to obtain as low an anisotropy 

constant 11 as is consistent with the requirements of hysteresis loop squareness. 

Finally the eddy current effects have been shown to be small com

pared to the relaxation effect in determining the switching time in both metal

tape and territecQrea. 
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Figure :3 
Figure h 
Figure 5 
Figure 6 
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Figure 8 
Figure 9 
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SCHEMATIC NUCLEATION OF A 
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FIG.5 

SCHEMATIC REPRESENTATION OF GROWTH 

OF A DOMAIN OF REVERSE MAGNETIZATION 

AWAY FROM AN INCLUSION IN A PARALLEL 

EXTERNAL FIELD H. THE CRYSTAL HAS BUT 

ONE AXIS OF EASY MAGNETIZATION 
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CREATION AND GROWTH OF A DOMAIN OF REVERSE MAGNETIZATION 
BY THE ROTATION OF A CLOSURE DOMAIN AT AN INCLUSION 
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SCHEMATIC POTENTIAL ENERGY CURVES 
AS A FUNCTION OF POSITION OF THE DOMAIN WALL 

IN THE CRYSTAL LATTICE WHEN HN < He 
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