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which are subjected to field excitations of amplitude insufficient to 
cause a reversal of magnetization c The occurrence of such excitations 
(half-amplitude pulses) at any given core in almost any possible sequence 
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where tJ. is the incremeNtal permeability for AH = H /2 f~om remanence 
and Q i~ an irreversible contribution which is sho~ to be negligible in 
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tion and tne mechanism responsible for the permeability difference, 
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THE NOISE PROBLEM IN THE CODCl:IlI'm-CU'RRENT 
.:. . MEMORY MA'l'UX t 

James D:o Childress 
liDeoln: lab 0" Hasso !nato of Technolog)" 

Magnetic ferrites which have square qatere­
sis loops are being used as memory eleDlent. :l.D 
high-speed digital computerso 'l'he l1ldting tae­
tor· in memory reliabilit7 is the noise generated 
by the magnetic eores which are subjected to 
field excitations ot amplitude 1nsutt1cient to 
cause a reversal ot magnetizationo ,rhe occur­
rence or such exeitatioDs(halt-amplitude pulees) 
at an.ygiven core in almost ~pos8ible sequence 
is inherent in the tvo-to-one coineid.ent-current 
methodot register selection 0 Thenoi.8 voltage 
induced by a magnetic core wheRexc~tedby a 
halta:amplitude pulse ·\H/2l can be expressed. a8 

e(t) C 11-61 .. Q 

where PA 1s the increJel'ltal perEabUity tor 

AH •. ·HJ2 from x-emanenee and;ls an urever81-
.~ble·colftr1but1on which is shown to benegliglble 
in all cases or intenato The region of val1d1tT 
of the above equation!s discllssed' with reterence 
to particular ferrite _terial.86 ,The mcreMl1-
talpera~b1l1t1 is shown to .depend both ·OD' the 
ciireet1on(relative to thereanent 8ta~).t . 
the appliedp\1lse and on the. sequence of·excita­
t,ion ... l,!incflltllell0st rehnt magnetization re.,..r­
lal. '~:·partleular importance to the_tr1x­
D&ise ,problem ·i8 the d1t£erence betweeli~A_lthe 

1ncremabtalpermeabUity' for an exCitation in 
the 4ema.g'lHtt1:zing dire·et1~, and J.I.A .. , loran 
exc1t.tion in the magnetizing direction. .·Tbe 
contr1butienstoliLA frol1l rotation, domain-wall 

JIl()t1 .. , .and reverse=do_in _cleati. and the 
mechanism responsiblef. tbepermeability 
clitterenee g(JiA=-. "1\ .. ) are discussedo . Also 
data are· presented on the depelldenceot the 
various noise voltages on the ·anplitude and wave­
torm. Githa pulse ·ex~itation80 Th.e meaning ot 
theee data with regard to the noise problem 18 
dt1.CU.S8ed~· . " .. ... 

f' fte re~~ch iii.ba.' CIocument 'fIa~ wpported 
jointly by the .~, ,Ia."., andtir·Force . 
under centract ;,tt_ the:~Has8aehusett8 
Institute er·Teclmelou. 



10 ··INTRODUCTION 

Magnetic ferrites which have square ~".re­
sis loops are being used as ~mor;r elemeut ... 1q .. ' 
high-speed digital computerso ·Imf'or_~1. 
coded in binary numbers is stored one digit per 
coreJ the direction ot remanent magnetization of 
the core determines whether the digit storedia 
a binary ONE or ZERO~ Figo 20 In t~etwo,-toa.one 
selection coincident-current memory; the non­
linearity or squareness ot the hysteresis loa,p 
is utilized in the register-selection operation 
ot the memoryo ,The cores· are arranged as 
elements· ot a matrix; each core has· a rev-and 
a colllnrn=cooz;dinatewirepassing throUgh 1 ts 
cantero A particular core is-selected by the 
simultaneous application ot equal current pulses, 
called hal£=amplitude pulses,9 on its row and 
column wires; the coincident magnetic field at 
the selected core is sufficient to cause a 
complete induction reversalo The cores which 
,have the same row or column coordinate as the 
selected core receive haJ.fc4IDp1itude excitations 
and are called. ilhaltoselected II 0 Because ot the 
squareness of the hysteresis loop ot the eore 
materia13 the haU-amp1itude pulses cause rela­
tively little change of induction in the halt­
selected cores,; but in a large matrix" the total 
of these baH-select induction changes can be 
appreciable with re~ect to the induction change 
of the selected core 0 

The induction changes of all the cores in 
the matrix induce voltages on the sense winding, 
a wire which links all the cores in the matrix~ 
The original remanent state ot the selected core 
is determined from the sense signal; the halt­
select ·signalsa which tend to obscure the signal 
from the selected coreS) may be. characterized as 
nolseo 

. The total noise in the system' 11.Dd. ts the 
oVer=all reliability of the memory 0 AJ.though 
other· typesot noise are important in practical 
designS) the noise from the hal:f' .... selectsignals 
is _terial dependent and" theretores of funda­
mental interest in theevaluat10n 'ot magnetic 
materials tor memor,y applicationso 

10 1010.Papiilia ProcdEastern Joint Computer 
Conf'erence9 PPo 31=42,9 December" 1953 

20 JoWoForrester~ J o ApploPhyso" 229 44 (19,1) -
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The object of this paper is to show the .3 
dependence ot the hal.f~select signals upon the 
magnetic<=>field excitations and to relate thi8 
depend.enceto the parameters of themagnet1c 
material ° 

n& THEORY 

As will be shown from experiment, a half'­
select voltage e(t) can be expressed as 

where,.Q is an irreversible contribution and fL,A 

1s-' theliieremental permeability tor a halt.' 
amplitude field'Hm/21 applied from remanence. 
The field Hm is the maximum field amplitu4e tor 

the hysteresiS loop ot.maximum squarenesso For 
a'-field pulse defined as positive in the _ICD 
netizing direetion~ the incremental permea'bUit7 
is J.1.!,.l for a pulse in the negative or de.g-
netizing, directions tJoA .... oThe d1f'terenceg 

~ lIB 1p,~QIt .... ItA.,1 9 is important to the_mary-

noise problem because the sense winding links 
all the cores in the matr1:x: such that the halt­
select voltages tend to caneelo For-perteet 
unitorJl4.ty of the memory-cores» tbemaxillmm 
erro~'ot cancellation per pair of cores depends 
on 1'0 The incremental.permeability is con­
sidered experimentally to haTe both a"reversible 
and an irreversible part such that' "A depends 

upon the amplitude of the field pulse ·and the' 
exc~tati~n sequence 'since the most recent m$g­
netization reversaloTbe tactol' ~,181ntrocl_ed 
to accOUnt. for the devi.at.1~ f~'the dB/fit 
Nlationo . , 

A mode19 essentially.· the same as that ueed 
by Goodenou.~' is the hui41 hH c~ul.ait_ 'bhQ 
incremental. permeability at remanence 0 Consider 
a un1tvolume .,; of a domain whose direction of 
magnetization is at an angleQ with .respect to 
the direction of net magnetizationo Asswne that 
the unit volume contains fractional volumes v 
and T8 (averaged for the total sample at the 
square-loop remanence) of reverse and closure 
domains,9 respectively'C) The induction per unit 
volume in the direction of net magnetization is 
thu8 



(2) B • B (l-v l1 -2v) cos9 
"'t IS 

where :8.,i8 the saturation induction of the 
material. For an axially symmetric material 
With'uniform angular distribution trom 9 • 0 to 
0- 9 -g the net induction at reanence on the m , 
hysteresis loop of maximum squarenes's is 

B 1& B" (l-v l1 -2v) (l.co~ )/2 0 r IS, " m 

Goodenough3 has shown that the magnetic 
field necessary to cause closure domains to grow 
i8 large with respect to the coercive toree ot 
the "materialoSinee the fields here are less 
than ,the 'coercive forces vnis aSSWlBd to be 
constant 0 

, ' Induction changes occur by (1) the rotation 
of domain" directions ef magnetization.t,(~l the 
growth of existent reverse domain8,9 and'(3) the 
nucleation and -growth of reverse do_uso "With 
reference toEqo 3 ~ the, first mechanism causes 
a-variation ot ~m and the second ~ third 

mechanisms cause a variation or To 

The incremental permeability- per 'unit 
yolume for a field increment AH from remanence is 

, B 

(4) (lJ..l)~ % CD -m- sinG bG 

- & 6v R~ }'+(~~ 
where the tractional Tolume v is assumed to con­
sist ot a number ot ellipsoidal. reverse.domaiRs 
of avera'ie radius r, and an eccentricity , 

~ 1 -A ~ the tir!t term on the right is the 
incremental permeabUity- due to the rotation ot 
the domain directioDs ot magnetisation through 
an angle ,lie; the second. term i8 due to the 
growth et the reverse domains by an averap 
radial increment' Ar _ A asswnedeonstant 0 Both 
these processes are considered' as completely' 
reversible o'l'he'irreversible part of the incre­
mental permea.bili t)" can be explained b,. varia­
tions in the number of reverse domains 



,(nucleation) and in r 0 Such variations would o 
cause corresponding changes in v and f.LA 0 

However~ tor field amplitudes sma+ler than the 
field value at the knee ot the square hysteresis 
loops there should Q8 little nucleation or irre­
versible growth at reverse domains o3 

rt 18 observed experimentally that the tirst 
field'pulse in a direction opposite totae 
previOus pulses causes a measurable irreversible 
change J succeeding pu.lses in the same direction 
cause o~ reversible changese Because of the 
difficulty in calculating the irreversible part, 
only the theor,rof the reversible part'ot the 
incremental permeabU1ty is eoneidered. 

Ao Inere.ntal permeability Dlt. to Rotation 

'rhe angle ·of rotation AQ. is determined b1 
the -'variatiOn'· or . the ·agnetic and.· anisotropT 
energy' den sit yo .For small values otA9g 

,.61£ ~ ICet:f'(A9)2 .... (AH)Iseos(~. Ae) a 

wh.~e Kert is theetfactive anisotropy and 918 

the original angle between the magnetization 
dlrectionandthe direction of the applied 
t1eldo --'-The minimization of AI with respect to 
,AQgives 

(5)AG lIB ... ClsinQ/(l •• eosG)!I 

where c = (AH)Bs/8n<Kerto 

Substituting Eqo' (5) into ,the tirst term ot 
EqQ(4) and averaging over the angular distribu­
tion, we obtain the incrementalpermeabU1ty at 
remanence due to rotation 

where higher-order terms in a and the harmonic 
value ot G <./2 in em are neglectedo ~h •. 

difference (iLA_ ""'1J.A .. > is given from ,Eq.(6) as 

( , ) BS(J2 sin' 0 

(7) . rot .,lIfT' T (i-eoS9., 



The substitution into Eqe (7) of the 

reasonablevalu.s --B- 3 x 103 gauss, 

K ~~. 104ergs-cm-3:1 9
8 

= 450
" and I::.H- 0., 

e...... m .2 
oersted -- gives (}J.A) t-- 1, ( J)' t-:=:::::' 10- • 

u ro ro 
These values are two orders of magnitude smaller 
than the values obtained from the d-ehysteresis 
loop and from pulse experiments. Therefore, we 
conclude that the rotation of domain directions 
of -.gnetization cannot account for·· the magni­
tud,of the incremental permeability at remanence. 

Jiccord:iJlg toEqo(6) a a decrease in Keff 

tends to increase ""A; however s a lower value of 

Ketf results in better ali~nt (by the internal 

field) of the directions of magnetizationeThe 
resultant decrease in 9 would cauee a decrease , ,m '. ," 
in 'll A~: " It is expected that the rotation 

mechanism could yield a large, value of loLA only 

for materials with very. low-effective anisotropy. 

To justify the assumpt10nthat9m i8 constant, 

we substitute the' numerical_ values into Eq. (5) 
and find, the maximum A9 as 49 < 0.1°. , ,....,: . . -::/ ,- max'" \. '. 
S1tlce this value 'is negligible, thE!' maximum angle 
Qm ot,the angular distribution'is not~hanged 

appreciably by fields 'smaller than the coercive 
force 0 

'y 

BoIneremental Permeability Due 
to Domain GNWth 

Ellipsoidal domains of reverse magnetisa­
tion'~re assumed to exiBtat:crystal impertec,­
tions:m the material. ,Possible sites tor the 
nucleation of such domains . are grain 'boundar1es, 
inclusions, etc o These domainS areassu.medto 
have an average radius r 0 in zero exteI1lal field 

and an eccentricity' ll- X21where ~<d..: and 
is assumed constant. Onlythe'reversibl._part, 
of the incremental permeability-will be calcu­
lated; hence r· is assumed to'be constant. o ". 

The total energy associated with a reverse 
domain in an external field H is 

(8) E atE • E. E...J. ·.E .. mw···· \.40" p'" 

6 



-"..,1107 
where the magnetic energy is Em • 2 H· I'8 v, the 

domain-wall- energy- is E.w • aw'r -and' th~ demag­

netization energy is -Ed lilt 2NIs 2V 0 In the above 

energy terms" crw is the domain-wall energy per 

unit area; the demagnetization constant for an 

ellipsoid isl • 4-, 'N 2
[ In( 2/'~) - 1 J 1 and 

V • 4n~ /3).. is the volume, of the ellipsoid with 

surface area, • ,,2r2/Ao The saturation 

magnetization 18 may be expresse~ in terms of 

saturation induction B as B '/4Ro e 8' 

The energy term Ep represents the magnetic­

pole~stributionenerg.r gained 'b7 the introduc. 
tion o:f reverse domains o ASsuming '~' to depend 

on the cross-sectional area of the reverse 
',' " 2 

domain, we take' \ lilt - pr where, p is independent 

of r 0- A-more exact calculation ~ shows \ to have 

a term in r 4 with a coefficient Sinall compared 
to PC) However" the expression used here for E , P 
is suffiCiently accurate fjor an order o~magni­
tude calculationo 

By minimizing the total domain energy with 
respect to r, we- obtain the-equilibrium value 
oirior an applied tield H, 

~p _ .2a 
(9) r 111 .... ' --. ' w 2 0-

-' 4n{Ho-Is ·- !lIs> 

Equation (9) shows clearly the importance 
ot Ep; reverse Q,omains exist at remanence onq 
it P >-ff?·U..! ). o-This means that the energy 

gain from the reduction ot the surface-pole­
distribution energy must be greater than the 
energy' required to torm the walls o£ the reverse 
domainc 

For H = 0 a r- := r 0 and p maybe expressed. in 
terms of roJ then, 

1 (10) r - r" ' .4.::S::: 2 
o 1 ... HoI AM' stJ!t.J.s 

t to be pubiiiheae 



For the domain 11'ing at an angle. with respect 
to the external field and tor ~H applied from 
remanence, the resultant change in radius 18 

(II) 

SUbstitution ot EQo (11) into the second. term of 
Eqo (4) and averaging over the angular d.1stribu­
tion gives the· incremental permeabUityat 
remanence due to domain growth, 

(12)(~4)dog • ~ . o2vofJhi:::~~) 

-Jt- (tk:tt~L 
wher~ higher order terms in f3 are neglected. 

From Eqo (12), 

(1,3) ( "dog- ,:;, o6vofJ2 

(i"COS9~ .. cos29m"CO;9m)· 

Taking v ~ (Bs-Br )/2B. ~ 1/6, Ali - 1 oersted, 

Be - 2 x l0.3gau8S, Gm -4$0, and -~- 1/30, we 

find '(IL')d. :::t:4. 200 and ( ')d ~ ·100. Exp .... eri-u og . og 
mental values are itA - ;0- 500 and ,- 10-1.00. 

In view of the siDq:>lifying assumptions made, the 
order=Of .... gnitude agreement is goodo Theretore, 
it appears that the incremental permeabUity at 
remanence is primarilY dne to the growth ot 
reverSe domains o 

IV~.. . mERl:MENTs AND mSCtJSSIQNS 
~-: .;. 

, .. ~ . 

--- - _.C PuJ.se '·measurements have been· made ot. the 
iiteremental permeability at remanence as a 
function ot (I) the magnetic-field-pulse . wave­
form: and (2) the sequence of excitations. 

8 



~ Definitions 

Definitions of the parameters of the pulse 
measurements are given 1n Fig. 10 fige 2 shows, 
the method of information storage (discussed in 
Section I) and defines the terms used in this 
application 0 

Fig. 1 goes here 

F1go I. Definitions of Pulse Measurements 

Fig. 2e goes here 

Figo 2o Storage of Binary Information in a 
Magnetic Core 

During the READ operation, afield pUlse 
.Iim is applied to the, selected core: It the 'core 

were in the ONE state" the resultant change ot 
induction is relati vel,. large and induces a 
large vo1tage on the sense windinglit the core 
were in theZlmO state, the induction change and 
iildu.cec1 voltage are small. . The ha.l.t-sel.ected 
cores are excited by a field pulse' .Hm!2, and 

the SUDl of their induction changes' induces a 
noise vol tageN( t} on thesehse winding. Tl1is 
noise voltage has been expre'ssed by Freeman4 in 
terms of the peak signal voltages. His expres­
sion can be written in the form of'Eq. (1) as 

(14) N(t) O\~Aefr dR/Cit, 

where 9' as will be shawn later, the irreversible 
termQ may be neglected in a practical memory" 
and the effective incremental permeability- may 
be defined in terms of the parameters ILA,6 , 
and" as . 

The parameter ... ~. is the dimension,' or number of 
rOWS,. in the square memory matru.· It· is 
assumed that th,re is perfect l1l,'liformity of the 

lie. J. Roc Freeman, Proeo!~RoEe Wescon Computer 
Sessions, pp eo 50-61" August, 1954. 
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cores in the matrix and that the sense winding 
links the cores diagonally through the matrix 
so as to achieve noise-signal cancellation t'"" 
between the di8.gonalrovs e For "4 - 1OO~ lJ· 50, 
and n • 64, tJ.Aeff .. 3.300~ an appreciable value. 

It can be seen from these values and Eq. (15) 
that the material-dependent contributions to the 
matrix noise is of great iDportanee in large 
matr1cestJ 

Information is extracted from the memolT 
only' during the READ operation; therefore only 
the half-select signals caused byhalt~l1tude 
READ pulses contribute to the noise. Expert­
mental~ it is found that these signals depend 
upon the remanent state of the core as determined 
only by (1) the digit· stored and (2) the nature 
of the previous pulse 0 If . Freeman.8 nomenclature 
for 'Voltage signals is used; the lettersVh . 
indicate that the 'Voltage signal 1s caused b7 
the application of a half-READ (+Hn!2) pUlse. 

~:lower-caseletter preceding the Vb indicates 
whether the previous pulse was the tull pulLse 
which determines the digit stored, a half­
amplitude WRITE pulse (-Hm/2), or a . halt-

amplitude READ: pulse· ( .. H.!2); these are indicated 

by u l WI and r, respeetive17.Finally the letter 
z or the number 1 followingihindicate whethe,r 
the digit stored is a ZERO or aOU·. 

For ex.a.nple, lIVhs means the· output signal 
from a half-select ~pulseapplied to a eo" 
which contains. a ZERO· and was last subject to a 
halt -amplitude WRlTE pulse ,or from Fig. ~, the 
signal from·a eore previous.q driven by a half­
anpl1tude pulse in the demagnetising direction 
but now driven by a. hal.f-amplitude pulse in the 
magnetizing directiono 

Bo.· ,EXperimental Materials 

The pulse measurements have been taken on 
two .ferrite materials: Ferramio 8-1 made by 
General Ceramics and a material (identified as 
the DeL ferrite) prepared at :Lincoln.Laboratory. 
Tbese two were ehosenbecause they are being 
used in theeoincident-eurrent memory applica­
tion; theY compare as shown in Table I. 

10 



Table I: Comparative Properties of 1Wo Memory­
Core Ferrites 

8-1(I-8.3 )* , DCL(2~S3HR-lt 

Composition as . 
fit'$d (mole percent) j 
Fe203 40 
H~ 38 

'!DO 22 

Saturation induotion, , 
B (gauss) -- 200() .-2200 
'S 

Remanent induction on 
tile 'l06p'- ot, ma.:x:1iu'am 
equarenesl, Br(~U8S)~13~ ~18eo 

SquArenes$ raiiiOille+ 0.82 0.86 

He (oerated) .,.... l~k ~ 1.11. 

Hm(oersted) N 2 ~ 2 

,.:jlden:a1ieation ,iitii\)~:t-s .' o"ffhelots from which 
samples were taken., , ~ 

, +1'he8quarenes8 ratio i8 detined with reference 
to Fig.' 1 aaR.- B t IBm"' 

~e two m.ater:tal.s are fo~ to similarJ 
this 18 not Stlrprilimg since the two have approxi­
ma tely' the same composi tiol1. Roweverl the, DOL 
ferrite haS a sig:ni.tica.ntly higher remanent in­
duotion on the h,..teresis loop of max:1mum squ.are­
ness. On the basi,,' of the theory developed ill 
Section II,' this dif'ferencs" i8 expeoted to give 
a similar dif'ference in thef'ractional vo1um.e of 
rev-eree dOmain. and to- predict the relati'ft 
propertieau 1able II.' !he experlJnental values 
are p. A.. 8: 25 and J < 10 tor the DeL terri ts, and. 

f.l. 15 .... 8: 55 and S 8:, 22 for Ferramic 8-1.' !hese 
riiulus:re*!n agreement 'with, the theoretical 
predictiou. 

11 



Table II: Predicted Relative P.roperttel of 
!Yo Hemory-Core 'Ferrite. 

FunctiODal. volume of reverse 
doma1.u,v 

li.eremental pe:rmeab1li t.r at 
remanence, Il A 

~ -Ill A _ - "A ,+ r 
Squarene88 ratio)Ra 

Fig.' 3 goes here 

DOL 

Fig. 30 Reversible Voltage Signal 
(a), Field Pulse 
(b) Vol tageSignal 

Co' nte time Dependence of the 
HaJ..t-Select S1gnala 

larger 

larger 

larger 

Figul;'e ',3 shows a haU-ae1ect signal which 
is tatenfor a large number of pulses in the 
magnet1singdirection and thus is', complete~ 
reversible •• ," ~ applied-fi,ld pUles, have a 
rieet1me less than 7 xl0~ second and a peak 
amplitude approximatel,.. one oersted. The -rise 
time of tile oscilloscope used is about 7 x 10-9 
IeconcL· 

Thewl tage signal (b) ;1.1 shcnm.superimposed 
on the field pul~e waveform <.). Both are seen 
to nate as rapid,1.,. as t.b.e oacill()scope could 
tollOW$ iwlen dB/ dt ~ -~ the vol age ',signal,.falls 
'With the 'same rapidi t.,.. There 1. nolOllg .. ntaU" 
correepondingte a relatively slaw induo1d.tul 
ehange.- em. the actual photograph, the "ring" 
following the initial pulse iSleen to be 
l*elated to the' 'ripple OD the field pul.se.' 

Fig~" 4 'goes here 

Fig. 4. Reversible Half-Select'Signal Peak 
.A:mpli tude va Field Pulse Rise Time 

12 



, From Eq ~ (1); the peak ampJi tude of' the 
hal.t-aelect signal ea:n be expressed in volte &II 

(1 1) e( 1I)p .. Ii A (A x 10-8) l)/'tr 

where Q is neglected;. "J. is the oro8s-s~ctional 
area. ?t the core in squa:re centimeters, and ~ 

and 1: r are the peak ~li tude in o$rsteds and 

riee" time in s~conds, respectively, of the.field . 
pulse~ Fig.u, which is a plot of e(t), V8 1/7' r' 
shows that Eq .. (1') is valid tor reversible halt ... 
select signal.s whe~ 'tr < 0.1 microsecond and 

II),I < I (Hd)~J· 1 (Hd)max." is defined in Fig. 2 
as the field value at the knee ot· the. square 
hysteresis loop" For I~ I < /(Hd)toax.' , each 
field pulse in the demagnetizing direction causes 
an irreversible inchtction change, a long series 
of such pulses causee an allnost complete induction 
reversal and thus destroys the iDtorm.ation stored 
by the core. 

Fig. 5. goes here 

Halt-seleet Signal.s <a> ZERO (b) ONE 
(Freeman) 

Figure 5. shows the ha.J...t~elect signals 
1lipor~~ to the study of memory-..core p1llse 
rejporiie ;_.... .~ pulse sequences bY' which these 
sighal. areobtairied are . shawn in the inSErts or 
Frgs.' 6 and 7. ' Iri 'the iriseter, the large pulges 
are full amplitudeJ the imJall .. haJ.t .... plitud.eJ 
the'REAl) direction-is UPJ WRITE,dow:n. b 
arrolfliidicates the pulse at which the signal is 
oD8erved~ Theampl1tude and riset1me of the 
hilf~litu.d8'·' field 'pulse- are appreximate17 .. 
one oersted 'ind 0.,2' miCi-osecon<i;rejpectivelyl' 
\lie -r:tie tilie ot the Q8cilloscope is about 0.03 
microssconcb; 

TlierVlll signal.is eomplete17 reversible. 
the smalltaU1s ca:u.sed by the shape (cm/dt) 
crt . the "field pulse,. By comparing the other 
Signals to rVhl, we see- that only the uVhl 
hu an appreciable tail. However, theuVhl i8 
rea ti te1.7 ~o:rta.n.tto the ma tr1x noi.e 
problem.. -In. th.ememon"J a. WRI 1E opera tiD 
alwayrJ follows the Jl1W)' opera tionso that onl7 



the obrebeing selected can bain the virgin ONE 
a tate. '!lherelcre" ohly one uVhl Signal at most 
can occur during an,. tmAD opera. ticL 

Fig., 6 goes he%'e 

Fig. 6. IilcrementalPermeab1lity at Remanen.ee 
Ve'Fiel.d-Pnlse »ara tion (from ONE 
sipalB) 

Fig. 7 goes here 

Fig. 7 I:n.crementaJ. Permeab1l1 vat Remanence 
VI Fiel~8e Duration (trom ZERO 
si~) . 

D. Ex:pe:rimentaJ.Study of the hcremental 
Permeability at Remanence 

The ,incremental,' :penneabili ties corresponding 
to the Hlf'-aele'c'l; 8igDals b-omwhich they are 
calculated are shawn in Figs. 6 and 7 as fllltctiou 
of 7: d - 7: r ' .. 't t,the time interval during' which 

thetleldmttpl1tudets equal. to "Or gx-eate,t~ 
ninety percent of the peak value, ,see, Figf,'4 
Dte da ta~, are averaged troll meaStJrements' taken at 
I~I -= 1.8 "oersted alldlV2/ ,- 0.9 oeJ'sted.ud 

tor ~e value. of rise time'!'!i -= 0.2,0.5. and 
0.8 micros8condi' 

!he ilicremental'perm.eabili ties at remanence 
ino;t?Ej8.sc:t as T 4- T r .. '( f decrease'.' b Sid tch 

tiM", 7:.. and peak time '( p (defined in Fig. a.) 'are 
tOtq1d:bo, decrease as 1'd'" Tr .. r f' decreases, see 
Fig., 8; "!hese varia tioIlf areex,p1.&ined Q 

follows: As 1d - "r- 1:'.r beCOIn:eB less than the 

switch time (as,mptotic value), the duration or 
the peak amplitude 'of the driving field'i. less 
than'the tme necessary for the magnetization to 
traverse "the ,hysteresis loop of mu:iJrnmJ." sq1.1Are.ii. 
ne8$~ Therefore, the magnetization follows 
smallerandle,us square hl'steresis ,loOp. as the 
peak-field du:ratioB decreasesj, , 

Fig~ 8 goe.here 

Fig~ '8. Bw:ttch T:i:meand Peake time VII Field 
Pti.lse Duration (Ferramie, 8-1 Material) 



For·"thee hystire.u·loopii of _creasing iilqd.re. 
ness; ti.i incremental pemeil>i%ities-'at ~ .. 
nence'are expected' to ':increasel' hence, the d$­
pendence on 'C

d
- t .. 'tf ehoWn in Fig. 6 and 7. 

'. r 
SiJ:i.oeEqs& (12) and (13) show po ~ and I to 

h&vei.pproximate~ the samedep,ndace on para­
meters 'Qt" t1Iiemapetic ma\eriil,,·'· Uexpectecl 

. to V&r7w:lth··t'r T.,- 1't . uc:k>es ~ A .• ' , figure' 
shows thepredic.ted dependSnq Q~J' on '( 4- 7~" 't i lY; 

Fig.' 9 go., he~ 
Fig. 9. Delta va Field-Pul. Duration 

.. 
I'n Figs. 6 and 7,IlA L~1 and p. A [r.hz] 

correspond app:rox:tmate17 to p. A' .. and p. A +' 
respectivelY_ Because the f,otal"P\llse- sequence 
is d:1.fferent tor fJ.A [rhl1and Ilf) [rhzJ,· the,. 

au-eme~d a'&slightl3d1tferent remanent 
eta tea which implies a dUterenee .in Tj,·;the. . 
fraction vol'Wrle. of :reverSe doma:i.lis ill··,· Jiji (J.2). 
Since the' wVhl signal ha.s .·,small·irreVersible 
part, J as . "holm. in Fig.' 9 is the max:i.lmlm .. udel taft 
OCetirring :in the·'111& trixandaho'llld. be larger than 
the theoretical J' o'bta.ined inSec'ticm. n. 

Note- that the inorementaJ. perm.eabUitie8 at 
remanence, J j T .,and t p aJJ.rel.cb. theiru,mp.. 

. tetic values at af'ieJ.d1>uletepeakduratioD 
'i d~' Tr - T f. appro:x:i.lDatel:requal to the ... ~totic 

valu.eat'ts4t Th.is ob"ervatiOl'l isreasou.bly 

valid·" for all t( .. <. 't • For alow.-.rise-.tdme field r p .. : ' 
pUlse., theaepartures of the above paramete:ra 
from their 8Ql1lPtotievalUe8 are lea" a'brtlPt. 

!he dependence ot the incremental. permaa­
oili.tj':-upon the sequence otexcit&tioD has .'btteD 
discUljed'with re.f'erenee to F1gs •. ,,6,and 7'6' 
Il1.Fig.' 10,. the incremental permeabili tiesil A.-

and'.l£ IS +.are 'plotted versu 11, the .tmmber Qf 

. ~ld' pUlses" applied' in the ·demagnetizing dirac­
iionprenous' to the ·measuremen"t.the field 
amp~ tudes :;r~ J ~ I -;t.9 oersteda and 

\~~J{';2' -.. 0.96 oersteds. P-A .. is thecemplete17 
. rev_r$1b!e (tor n > 1) incremental permeahili V 



Fige ·lO goes here 

Fig 0 10 6 Incremental Permeability at Remanence· 
va Number of Halt-Amplitude Demagneti­
zation Field Pulses 

tor ·pulses· applied in the demagnetizing direc­
tion) P,1 .. 9 which corresponds to JJ.A[ ¥bs] , is 

measured on the first pulse applied in the 
magnet iSing direction atter n pulses in the de­
magnetizing direction and thus has an irrevers­
ible parto The incremental per_ability- tor the 
second pulse in the magnet ising direction is' 
completely reversible and corresponds to PA.o 

Note that for n greater than one" IlA_ and~. 
reach equilibrium. val.ues 0 

Figure II shows the dependence ot PoA-and 
~ . ~-
~A. upon the field-pulse amplitude. ~ the 

amplitude ot the field pulse for which the 
measurement is made is varied; thus all 'measure .. 
menta are taken on the same square hysteresis 
loop 0 The data show that ·asAH Ulcreases, the 
incrementalpermeabilityil'lcreases. The rate 
of increase is less than linear and indicates 

16 

the existence of the second-order term in Eqe(12). 

Fig. ll.goes here 

Figo no Incremental Permeability at Remanence' 
VB Field-Pdse . .Amplitude 

The theory or the incremental permeability 
at remanence as developed in. Section. II iain 
reasonable agreement with the experiments re­
ported i.ti Section IIIc. The meebarlism of growth 
of ellipsoidal reverse domains seems to be 
primarily responsible. for the incremental permea­
bility of materials which have large effective 
anisotropieso 

The halt-select voltages are shown -in 
section III to, be proportional to P:AdH/dt; henee, 

the material-dependent contribution to memory-



mat~1x noise can be reduced by decreasing "'A and 

S; 0 According to the theo:t')" of $eetionn,· such 
a decrease can be achieved by a reduction ot·the 
fractional volume of reverse domains; this 
results in an increase in the B /B . ratio, . r 8 . 
where Br ~s the remanence of. the maxi mum square-

ness loop. 
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