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because, upon removal of H . H; returns M back to its original
orientation. (In ferrites, whose easy axes are along the cube di-
agonals, the maximum value that 6, may have while satisfying this
condition is 54.73°.) On the other hand, if M falls into a new pre-
ferred direction, then the rotation of magnetization is inelastic, as
is the case in Fig. 11-14,

Fig. 11-14.  Spiraling during rotation of
magnetization.

The Landau-Lifshitz and Gilbert equations are equivalent if
o? <1 (cf. Egs. (11-36) and (11-37)). In the limit, as « - 0 (that is,
no damping), both equations predict that 7 - « (that is, infinite
switching time) because of endless precession of M. On the other
hand, for « - ~ (that is, infinite damping), » - 0 according to the
Landau-Lifshitz equation, whereas r - ~ according to the Gilbert
equation, Since M cannot actually move if a - ~, the Landau-
Lifshitz equation is invalid for this condition. From the Gilbert
expression for 7 in Eq. (11-36), r isfound to be minimum fore = 1;
hence, r_, = 2/(yH),

Domain-Wall Displacements. (Stoner and Rhodes (1949); Tebble
(1955); Chikazumi (1964); Knowles (1960).) Consider a 180° Bloch
wall of area A in a ferromagnetic or ferrimagnetic crystallite.
Assume that the wall lies in the x-y plane and separates two do-
mains whose saturation-magnetization vectors are along the +x
and -x directions. Suppose that, under the influence of applied field
H,,, the wall moves slowly along the z direction toward a nonmag-
netic inclusion. Assuming that the wall remains rigidly planar, its
interaction with the inclusion is illustrated in Fig. 11-15. In (a),
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there is no interaction as yet. In (b), the wall touches the spiky
domains of closure, and there is a sudden change to the (c) con-
figuration because in (c) the walls bisect the angles between the
magnetization vectors and, as a result, the magnetic poles in (b)
are eliminated and the energy is reduced. The energy is further
reduced by decreasing the wall area and volume of the closure
domains, (d), until the state of minimum energy in (e) is reached.
As the wall departs from (e), the energy increases as domains of
closure stretch out, (f), with essentially no poles. However, as the
length of the closure domain increases from (g) to (h), it is ener-
getically more favorable for the closure domains to narrow down
in order to reduce their volume and their wall area, despite the
development of poles. As the closure domains become narrow
spikes, (h), the wall breaks free and the spiky domains snap back
to an optimal shape, (i).

|
f l_ | tB 10l
HopI b
=z
(a) (d) ()
' @ l T 1 f-t— bl
++

(f) (g) (i)

Fig. 11-15. Interaction between a 180° wall and a nonmagnetic inclusion.

The example in Fig. 11-15 illustrates how the total energy E
may vary with the wall position z as a result of inhomogeneities
in the material. In the absence of an applied field H,, the wall

settles where E is minimum, i.e., where dE/dz = 0 and d’E/dz® > 0.
With H_ applied along the fx axis, a force 2y, M_H, A, moves the
wall along the *z axis in a direction to expand the domain whose
magnetization vector points along H ap* This motion is opposed by a
restoring (or stiffness) force dE/dz .
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It is convenient to examine the net effect on the wall motion
by comparing the applied H with c(dE/dz) as a function of z, where
c=1/QuyM A ). Schematic plots of c(dE/dz) vs. z are shown in
Fig. 11-16 for two typical walls (in the same crystallite) whose
positions at Points R and R’, respectively, correspond to the
remanent state M = -M_ of the crystallite. By definition, as H,, is
applied, a wall is displaced elastically if, upon removal of H,,, the
restoring field c(dE/dz) returns the wall to its original position;
but if a new position is reached, the wall displacement is énelastic.

(a) (b)

Fig. 11-16. Schematic plots of energy gradient vs. wall position and elastic (dotted line) and
inelastic (dashed line) displacements of two domain walls. (a) Elastic and minor inelastic wall
displacements. (b) Elastic and major inelastic wall displacements.

Suppose that the wall of Fig. 11-16(a) is initially situated at
Point R. The threshold field imposed by the first energy hill is
marked by H, . Three types of elastic wall displacement are dis-
tinguished:

1, Displacement due to a negative Hap pulse; for example,
Displacement R-S

2. Displacement due to a positive H ap pulse, provided that
Ho, <Hy; for example, Displacement R-T

3. Displacement due to a positive H ap pulse whose amplitude
exceeds H,, provided that the pulse duration is short
enough to prevent z from reaching the position of maximum

energy z, at Point C; for example, Displacement R-U
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If Hop > Hyy and the pulse duration is not as short as in Case 3
above, the wall overcomes its energy barrier, and its displacement
is inelastic, (This is the source of the Barkhausen noise.) It is use-
ful to distinguish between minor and major wall displacements. A
minor inelastic wall displacement is relatively short or local;
hence, the wall area is essentially constant during the switching
time. On the other hand, a wall experiencing a major inelastic
displacement travels a relatively long distance and thus may
collide with other walls; its area will vary during the switching
time (usually increasing in the beginning and decreasing in the
end). A minor inelastic wall displacement results from the ob-
struction of the wall motion by an energy hill whose c(dE/dz2), > H_,
in the vicinity of the initial wall position. For example, Displace-
ment R-V in Fig., 11-16(a) is composed of a potentially elastic dis-
placement followed by a minor inelastic displacement. (In order to
avoid ambiguity, we might assume that the displacement is elastic
if z <z, and inelastic if z > z,. However, because of the effect of
the wall mass, the boundary value of zis actually somewhat smaller
than z,). Upon termination of the H,, pulse, the wall pulls back
(elastically) to Point W, and the net Az is the difference between
the z values at Points W and R. In contrast, a major inelastic wall
displacement is long because no obstructing energy hill is en-
countered by the wall in the vicinity of its original position, For
example, the larger of the positive Hap pulses of Fig. 11-16(a) may
force another wall in the same specimen to experience a major
inelastic displacement, such as Displacement R’-V’in Fig. 11-16(b).

A stable wall position can be achieved only in the range where
d’E/dz? > 0. Thus, the energy gradient in Fig, 11-16(b) is meta~-
stable, i.e., it includes a number of z regions where this condi-
tion is satisfied. For H, = 0, the wall may settle at the quiescent
point, where dE/dz = 0, in any of these regions.

To be exact, a distinction should be made between elasticity
and reversibility of a magnetic process, i.e., of wall motion or ro-
tation of magnetization, Reversibility is a thermodynamic prop-
erty: a magnetic process is reversible if it is performed quasi-
statically (i.e., infinitely slowly) with no energy dissipation; other-
wise, it is irreversible. The area enclosed between the transition
path and the plot of ¢ (dE/dz) is proportional to the dissipated energy.
Thus, all the elastic and inelastic wall displacements shown in
Fig. 11-16 (for which the rise time of the H,, pulse is short com-
pared to the switching time) are irreversible. Only if H,, were
changed quasi-statically would displacements R-S and R-T be
reversible, because only then would they follow the curve c(dE/dz)
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(which thermodynamically represents the equation of states of
equilibrium at a constant temperature), and would thus involve
no energy dissipation. But if H ap 18 increased very slightly beyond
H,,, the wall breaks free and moves irreversibly to a position be-
tween Points V and W, where c(dE/dz2) = H,;. (Note that reversible
tracking of H_  along c(dE/dz) in the region where d’E/dz? < 0 is
unrealizable because wall positioning in this region is unstable.)

If the magnetization M of a crystallite changes by the motion of
a single wall, then AM is proportional to Az, In Fig, 11-17, the
major static M(H) cuvve of such a crystallite is obtained by essen-
tially reversible and irreversible wall displacements as H, o is
changed quasi-statically in the negative and then in the positive
directions. The two extreme stable positions of the wall, designated
by R” and R'", correspond to the remanent values of magnetiza-
tion -M_ and +M,_, respectively. For Mbetween -M_ and M, H,; may be
smaller than H; near M = -M,. An example is shown in Fig. 11-17,
where a minor static M(H) loop is traversed. Furthermore, if the
peaks of c(dE/dz) near R~ are higher than the following ones in an
appreciably wide z region, then the major M(H) curve is said to be
re-entvant.

Tc(%ZE—);Hap

Major static M(H) curve

m—/\) . /\*ﬂvn /\ﬂn +
kA

Minor static M(H) loop

R(-)

t

Fig. 11-17. Schematic construction of static M(H) major
curve and minor loop due to reversible and irreversible
displacements of a single domain wall.

So far we have examined the displacements of a 180° domain
wall in a single crystallite. Consider now a polycrystalline
‘‘square-loop’’ specimen, e.g., a ferrite core used in memory or
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logic circuits. The specimen contains many 180° walls having
c(dE/dz) vs. z plots of different shapes whose features (including
the direction of z) vary randomly. Upon application of a step-H
field Ha , a number n of domainwalls will be displaced inelastically.
We assume that these displacements are classified into two groups:
np minor displacements (as in Fig. 11-16(a)) and n(1 - p) major
displacements (as in Fig, 11-16(b)), where p is the portion of the
inelastic displacements that are minor (0 < p < 1). The distribution
of H, (for both types of displacement) may be described by a
probability-density function f(H,) with a mean value in the neigh-
borhood of the threshold H,™" of the major static M(H) curve, as
shown in Fig. 11-18. On the basis of this description, » increases

Hap
with H, because n is proportional to _[ f(H,)dH,,. Assuming

that major inelastic wall displacements can occur only if H ap ~ H dmi“ ,

M
0
Hop—
_MI’
t
f(Hyp)
0 Hip —

p, minor displacements

Fraction

1-p, major displacements

0 H

ap

Fig. 11-18. Relations among a static M(H) curve for
positive H, a probability-density function of Hyy,, and
the portions of minor and major wall displacements
in a polycrystalline square-loop specimen.
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then p is essentially unity in the region 0 < Hy,p, SHy minbut as Hg,
increases beyond H “““, p decreases gradually, as shown sche-
matically in Fig. 11-18. The length of an irreversible wall dis-
placement is also a random variable with a similar probability~
density function. Due to these random distribution functions, the
static M(H) curve of the specimen may appear to be smooth, as
shown in Fig. 11-18, but actually consists of a large number of
relatively small Barkhausen jumps. In addition to elastic wall
displacements and elastic rotation of magnetization, this curve
results from minor inelastic wall displacements in the region
0 < H S HY min and from major and minor inelastic wall displace-
ments in the region H, min < H apr The contribution of the major
inelastic wall displacements to the total AM for H ap > H,™" is
predominant. The applied magnetic field H, at which M = 0 corre-
sponds to AM = M,, and is called the coercive force.

Elastic and inelastic changes in M due to a trapezoidal applied
H pulse of amplitude H ap and duration T are superimposed on a
static M (H) loop of a polycrystalline square-loop core in Fig, 11-19,
Let us examine these changes in the light of the wall displacement
in Fig. 11-16: Transition A-B is elastic regardless of the magni-
tudes of H,,and T. Transition C-D is elastic regardless of T, pro-
vided thatH,  is smaller than H,; of any of the walls corresponding
to Point C. Transition A-E is elastic (cf. Newhouse (1957)) even
though H,  is muchlarger thanH, at Point A, provided T is so short
that H_ is removed before any wall reaches the peak of its first

Slow Hg, fall

I Fast Hygp fall
D Static M(H) ap
C'/ L—Long
qu Hop pulse
/l’_LShort Happulse
— £
B ANy,

Fig. 11-19. Elastic and inelastic changes in magnetization of a polycrystalline
square-loop core.
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energy hill. On the other hand, Transition E-F is inelastic because,
for most of the walls, H, > H, and T is long enough. Transition
F-G for a long fall time of H ap is inelastic, but for Transition F-G,
elastic fallback predominates over any inelastic changes that may
occur during the short fall time of H, . (Referring to Fig. 11-16(b),
domains move more slowly wherec(dE/dz) > 0 than where c(dE/dz) < 0,
so that, statistically, more domains are expectedtofall back (elas-
tically) than to fall forward (inelastical}y) when H_ is suddenly re-
moved.) Finally, Transitions G-I and G-I" are both elastic.

11-5 Summary

Magnetic flux density B = y,(H + M) results from two components:
magnetic field H due to true currents, and magnetization M due to
orbital and spin moments of electrons in a small volume Av. Dif-
ferent electrons have different quantumnumbers =, [, m, and ¢ whose
values mayben =1,2,3,...;1=0,1,...,n - 1;m =-, -1l +1,...,1;
and o = +1/2, With the z components (along H) of the orbital and
spin angular momenta of an electron quantized, the corresponding
quantized magnetic moments may have the values m; , = mpp and
mg , = tpp, respectively, where pp is the Bohr magneton. For an
atom in its ground state, the electron spinand orbital moments add
vectorially to resultants of quantum numbers S = 3¢ and £ = =m,
which then add vectorially to a resultant of quantum number
J =18 -8| (or £ + 9) for a subshell less (or more) than half full.
The quantized component of the totalm alongH is m,;, = ¢Mup, where
M=-d,-J +1,...,Jand g=(3/2)+ [SS + D - L& + DI/[2JJ + DL In
most magnetic materials that contain iron-group elements, as a
result of the electrostatic crystal field, the orbital moment may
be ‘‘quenched,”” that is, £ ~ 0, and m is essentially the net spin
moment only.

The net magnetization M of materials having nonzero atomic
magnetic moments is affected by thermal disorder (which tends
to cause paramagnetism) and direct or indirect exchange inter-
actions, which tend to align neighboring spins parallel (causing
ferromagnetism) or antiparallel (causing antiferromagnetism if
spin moments exactly cancel or ferrimagnetism otherwise). Be-
low the Curie temperature T, a ferromagnetic or ferrimagnetic
material possesses a nonzero saturation magnetization M_, but
above T, it becomes paramagnetic and M, = 0. The cations in a
simple ferrite, whose unit cell consists of eight Me " Fe; 0,4
molecules in a spinel structure, are divided into A and B types
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(each comprising one or two sublattices) of oppositely aligned
spins due to a predominant negative A-B superexchange interaction,
but since mg # m,, the net My = |mg — m,| is nonzero. The M(H)
characteristics of magnetic materials vary between two extremes,
a linear M(H), M = xH, for which M, = 0, and a square-loop M(H), for
which M_ = M_, where M, is the maximum remanent M.

A partially demagnetized ferromagnetic (or ferrimagnetic)
specimen is divided into magnetic domains, each saturated along
a certain direction by exchange (or superexchange) interaction., A
domain structure corresponds to the minimum sum of four ener-
gies that are involved in creating the domains and the walls be-
tween them: exchange, magnetostatic, anisotropy, and magneto-
elastic energies.

An applied magnetic field may change the magnetization of a
specimen, elastically or inelastically, by rotation of magnetization
or domain~wall motion or both. Rotation of magnetization with low
viscous damping may be described by the phenomenological Landau-
Lifshitz or Gilbert equation, although for high viscous damping,
the latter should be used. A schematic plot of energy gradient
versus wall position may be used to illustrate the difference be-
tween elastic and inelastic (and between reversible and irreversible)
wall displacements. A distinction is made between minor and
major inelastic wall displacements, which involve constant and
varying wall areas, respectively. A random variation of such wall
displacements in a polycrystalline specimen results in relatively
smooth major and minor static M(H) loops.
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metallic cores if the effects of eddy currents are included. In
Sec. 12-1, relations are established for magnetomotive force (mmf)
and magnetic flux in single-leg and multileg cores. Experiments
for studying the switching properties of a core are presented in
Sec. 12~-2. Models for static properties are proposed in Sec. 12-3.
Elastic flux-switching models are developed in Sec. 12-4; it is
shown that two separate components of elastic switching may be
identified and modeled. Models for inelastic flux-switching, which
usually accounts for most of the flux switching, are developed in
Sec. 12-5; we similarly identify and model two different com~
ponents of inelastic switching, These models are applied in Sec.
12-6 to computation on a digital computer of flux switching in
magnetic circuits, and the results are compared with experimental
data.

12-1 MMF and Flux in Magnetic Cores

The basic properties of magnetic materials are described in
Chap. 11 in terms of the magnetization M and the magnetic field H.
The magnitudes of M and H, which are point quantities, cannot be
measured directly in magnetic circuits. Instead, their values may
be deduced under simple geometrical conditions from measure-~
ments of certain bulk properities of a magnetic core.

Magnetic Field and Magnetomotive Force. Consider a closed-
path magnetic core of uniform material and uniform cross section,
as shown in Fig. 12-1. Currents i, iy, and i3, Which are applied to

Fig. 12-1. Application of magneto-
motive force to a closed-path mag-
netic core.
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three windings of N;, N,, and N, turns, respectively, generate a
magnetic field H along the core. By definition, the mmf (magneto-
motive force) along a path / is

F = [ H-d (12-1)

Following Ampere’s circuital law, the line integral of H - dl over a
closed path is equal to the ampere~turns of the current linkage en-
closed, that is

fﬂ.dl = 2ON,i, (12-2)
k

For reference, we assume that N,i, is positive if i, inside the
closed path comes out of the paper (generating H in the counter-
clockwise direction by the right-hand rule) and vice versa. Thus,
the mmf acting on the core of Fig. 12-1, for example, is
; . : 12-3
F = Nyi; = Nyig + Ngig ( )
If the component of H along the path of integration is constant,
then Eq. (12-2) reduces to

H - %Ewk i, (12-4)
k

where / also designates the length of Path /. A constant circum-
ferential H along the core of Fig. 12-1 may be realized by using a
large number of turns uniformly distributed along the core. With a
toroidal core, a constant circumferential H may also be achieved
with a single~turn central conductor. (The current returns via
a remote wire or via a concentric tube outside the core,) In most
practical magnetic circuits, neither of these winding conditions is
met; nevertheless, Eq. (12-4) is still applicable because the vari-
ations in the circumferential H along the core are negligible,
Hammond (1955) explained this phenomenon by considering a coil
of N turns that carries a step current I, as shown in Fig. 12~2(a).
The magnetic field H, at Point A (the middle of the coil) is much
larger than the magnetic field Hy at Point B (far from the coil).
Suppose that the same coll is now wrapped around a switchable
ferromagnetic (or ferrimagnetic) core, as shown in Fig. 12~2(b).
At the instant that a step I is applied, we have H, > Hp as in
Fig. 12-2(a), and, assuming that H, and Hy are in a direction to
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switch M. inelastically, then M at Point A changes much more than M
at Point B. This results in a large build-up of magnetic poles
(V.M throughout the core and especially on the core surface, as
shown in Fig. 12-2(b). These poles generate a magnetic field that
subtracts from the H due to NI at Point A and adds to the H due to
NI at Point B. As a result, the initial difference between the mag-
nitudes of M at Points A and B is reduced, and the pole density is
decreased until H, ~ Hgp (H, is finally only slightly larger than Hyg).
In other words, the presence of magnetic poles in a switchable
core tends to equalize H along the core, and therefore Eq. (12-4)
is applicable to inelastic switching of practical (not too thin) cores
even if the winding is not applied symmetrically.

Fig. 12-2. Effect of magnetic poles on equalization of H (Hammond,
1955).

Magnetic Flux. The magnetic flux through a surface of area A
is, by definition,

- . 12-5
¢[BdA ( )

where B = y;M + ) (Eq. (11-5)). If the normal component of the
flux density, B, , is constant over A, then Eq. (12-5) reduces to

n?

é = B A (12-6)

n

Multileg Magnetic Cove, Equations (12-1) through (12-6) are
applicable to multileg cores as well as to single-leg cores. As
expressed by Eq. (5-4), and also following Egs. (12-1) and (12-2),
for every closed magnetic path composed of ¢ legs and linked by m
windings, we have

[4
YF; = 2N, (12-7)
j=1 k=1
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where F; is the mmf along the jth leg. Neglecting air flux, follow-

ing Eq. (12-5) and Maxwell's equation B -dA = 0, then in every
A
core junction of n legs

é; = 0 (12-8)

i=1

where b, is the flux of the jth leg, and hence also

Db =0 (12-9)
=1

Consider, for example, the saturable core and its mmf drives
in Fig. 12-3. The core consists of three legs, 1, 2, and 3, and two
junctions, A and B, Assume that the positive direction of F in each
leg is the same as that shown for ¢, that is, counterclockwise
around the large aperture. AppIying Eqgs. (12-7) and (12-9) to this
case, we obtain

Fi +Fy = Nyjiy - Nyi, - Ny iy (12-10)
Fg —Fy = Nygi, - Nygiy + Nygiy + N gi, (12-11)

and
by — by — g = 0 (12-12)

Note that there are two independent loop (path) equations and one
independent node (junction) equation. These three equationsinclude
six unknowns, i.e., the ¢ and F' of each of the three legs. The other

Fig. 12-3. Current drives and flux closure in a
three-leg core.
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three equations that are necessary to solve for these six unknowns
are based on the functional relationship

by = bW, Fpy ) (12-13)

for each leg (j =1, 2,3 . Derivation of the functional form of this
relationship, which describes the magnetic flux~switching proper-
ties of a leg, is the main topic of this chapter.

In general, if a core has n, legs and n; junctions, there are
(ny = n; + 1) independent loop equations and (r; - 1) independent
node equations (Guilleman (1953)), i.e., a total of r, independent
network equations. (For a single~leg core, such as a toroid,
n, = n; = 1 since the leg closes on itself.) These n, equations are
supplemented by additional n, flux-switching equations, each of the
form of Eq. (12-13), providing a total of 2r, equations for the solu-
tion of the 2 n, unknowns, i.e., the ¢ and F of each of the n, legs.

The magnetic properties of each leg in a multileg core are
similar to the properties of a single-leg core of the same mate-
rial and of the same cross section and length, However, the
measurement of these properties in a multileg core is difficult
because the F and ¢ of each leg depend on the F and ¢ of all the
other legs (as is illustrated in the example above). Consequently,
whenever possible, these properties are measured on a single~leg
core with the simplest geometry, namely, a toroid.

12-2 Flux-Switching Experiments

Flux-switching models to be developed here are based on the
results of fundamental flux~switching experiments performed on a
thin toroidal ferrite core. Two arrangements of the core and the
drive and sense windings are shown in Fig.12-4, The arrangement
in Fig. 12-4(a) may be used if the rise time of the fest mmf (which
sets the core or drives it further into saturation) is not too short
(e.g., about 20 nanoseconds or longer). However, for shorter rise
times, an arrangement such as in Fig., 12-4(b) should be used
in order to minimize the ringing and distortion due to the capaci-
tance of the sense and drive windings.

In Fig. 12-4(a), the core is driven by two mmf drives: (1) A
clear mmf F,;, generated by a current pulse of amplitude I,
through a distributed winding of N, turns,which switches the core
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to negative saturation, and (2) a test mmf F', generated by a current
pulse of amplitude I through a single-turn, central-conductor wind-
ing, which switches the core to any level between saturation flux
levels -¢, and +¢,. The resulting &(:) is sensed by a sense wind-
ing of N, turns, and the voltage Nv<2>(t) is applied to an oscilloscope,
or to an integrator if we wish to measure the change in flux,
Ad .

From
Test mercury-relay

winding pulser

~_~To oscilloscope
Ny~ or
A¢-measurement
instrument
Sense winding

(1.1cm long, Awg. no.48 wire)

(a) For medium-rise-time test pulses (b) For short-rise-time test pulses

Fig. 12-4. A thin core and windings in flux-switching experiments (Nitzan ez al., 1966).

The arrangement of Fig.12-4(b) is similar to that of Fig. 12-4(a)
except for the following: First, both the clear and test mmf are
generated by applying currents of opposite polarities to a single~
turn, central-conductor winding. Second, ¢ is sensed by a single-
turn winding made of as short and fine a wire as practical in order
to minimize its capacitance. Third, the short-rise-time clear and
test current pulses are generated by discharging a coaxial trans-
mission line into a matched termination via a mercury-relay
switch. We shall refer to this arrangement later in this chapter
when dealing with fast~-rising drive pulses.

Typical waveforms of trapezoidal clear and fest pulses used in
Fig. 12-4(a) are shown in Fig. 12-5(a). The clear pulse has a
duration T, , and the fest pulse has a 10-percent to 90-percent
rise time T, and a duration T. The resulting ¢ (1) waveforms are
shown in Fig. 12-5(b). The corresponding variations of ¢ versus F
and ¢ versus ¢ are shown in Fig. 12-5(c) and (d), respectively.

In order to assure a reproducible remanent state of ¢ = -¢,
the amplitude N, I,; and the duration T,; must be large enough
to switch the core far into negative saturation. In some cases it is
desirable to switch the core first into positive saturation, before
switching it into negative saturation, in order to wipe out possible
360° Bloch walls (see Hewitt and Overn (1963)).
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$ialt) [decoying minor ¢, (1)]

(d) ¢ vs. ¢

Fig. 12-5. Waveforms of F'(¢) and g.b( t) and variations of ¢ (F') and <}5(¢) during
a full cycle in a flux-switching experiment.

The resulting &(¢) waveform (Fig. 12-5(b)) is composed of an
elastic & (0 spike, denoted by &_(1), and a bell-shaped inelastic & (1),
denoted by ¢,(t). We shall show later that ¢_(#) has two components,
é., (0 due to elastic rotation of magnetization and &, (1) due to
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elastic domain-wall motion, and, if F is too low to cause inelastic
rotation of magnetization, that (;?)i(t) also has two components, a
decaying component ¢;,(t) due to minor domain-wall displace-
ments, and a bell-shaped main component ¢, (f) due to major
domain-wall displacements. The smaller the values of T, and F,
the more distinguishable are tlfe components q’ss(t) and <}5id(t).
Masking of these components by ¢, (f) during the clearing time in
Fig. 12-5(b) is caused by the relatively long rise time and high
amplitude of the clear mmf pulse.

With a long test pulse (ideally, T - « ), flux switching is com-
pleted during the pulse, that is, ¢ reaches a static value, ¢, .
(See Fig. 12-5(c) and compare with Figs. 11-17 and 11-18.)
The measurement of the flux change A¢ needed to determine
¢, is performed by applying the sensed voltage qu'S(t) (Fig.
12-4(a)) to an R-C integrator. Due to integrator decay, however,
the measured A¢ has an error which is smaller the smaller the
switching time. For this reason, the set flux A¢ = ¢, + ¢, is
determined by measuring the flux change A¢; during the clear-
ing time and subtracting the elastic component, that is, A¢,,
corresponding to F = 0 (see Fig. 12-5(c)). By repeating the mea-
surement of ¢, for various positive and negative values of F,
one obtains the major static ¢(F) curve. If F is large enough to
saturate the core, then ¢,(+F) = -¢,(-F). On the basis of this
antisymmetry, the reference ¢ = 0 is established by letting F =
Nepler = -F¢p and dividing the corresponding [Aé.; | by two,
that is, ¢, at F = N, I, is equal to |A¢,, |/2. Once the ref-
erence ¢ =0 is established, the remanent flux ¢  is determined
by equating -4 to ¢, corresponding to F =0. The static ¢(F)
curve intersects the F axis (¢; = 0) at the coevcive mmf F . If
we now add a second curve antisymmetric to the static ¢ (F) curve,
we obtain the overall static ¢(F) loop, which is shown dotted in
Fig. 12-5(c).

Flux-switching properties from a remanent state ¢ = -¢,,
such as is shown in Fig. 12-5, are classified into three cate-
gories:

1. static ¢ (F) curve
2. elastic ¢(0: (0 = d_ (0 + d_, (O
3. inelastic ¢(0: ¢,(0) = ¢,, () + &, (D

Flux~-switching models describing each of these properties are
presented in the following three sections.
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12-3 Static ¢(F) Models

Hyperbolic Model for Static M(H). Consider a toroidal core
of dimensions r; (inside radius), r, (outside radius), and k (height).
If the core is thin (that is, r /r; is close to unity) and driven cen-
trally, as in Fig. 12-4, then M and H may be assumed to be uniform
across the core. Inthiscase,the static M(H) curve may be obtained
directly from the static #(F) curve in Fig. 12-5(c) by using the
relations

b = M+ Hughlry 1) = MpghGr, ~ 1) (12-14)

and
F = Ha(r, + 1) (12-15)

It is found empirically that the static M(H) curve of a ferrite core
may be described quite closely by two hyperbolas, one for the sat-
uration region and the other for the nonsaturation region, which
intersect at H = H,;™", as shownin Fig. 12-6. Denoting the static M
value for a given H value by M, , we find that

p H
-M_-M_ -M)
S r S r H—Ha

for H < H,™"  (12-16a)
My = <

¢ H-H
( ~M, + M, + M) ¢ forH>H/™M  (12-16b)
: H-H,

where M 1s the saturation magnetization and H,, H, , and H are
empirical material parameters. Note that the asymptotes of the
hyperbola describing M,(H) for H < Hdmin are M = -M_ and H = H
and that the asymptotes of the hyperbola describing M (H) for
H>2H,/" are M =M, and H = H .

For either a thin or a thick core, M /M, = ¢./¢_ , where ¢ =
Mgpoh(r, - r) is the saturation flux. Equating Eqs. (12-16a) and
(12-16b) in order to find their intersection point, and replacing
M/M, by ¢ /¢, the following expression is found for the static
threshold field

Hminle’- H'2—81+leH :
d &, a’q (12-17)

, b,
H =Ha+Hq+Hn+__(Ha+Hq-Hn) (12-18)

s

[N

where
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By equating Eq. (12-16b) first to zero and then to M_, and again
replacing M /M, by ¢ /¢, we obtain expressions for the coercive

force H, and the field H_ at which M; = M_ (see Fig. 12-6)

é
H, = H, + _(H, - H) (12-19)
b,
and
H +(H_ -2H)(p /d)
H -2 a rrre (12-20)
1 - (/9

The squaveness of the static M(H) curve for H > H d“‘i“ may be
described by the ratio H /H,, where H /H > 1. The closer H /H, is
to unity, the sharper is the upper knee of the static M(H) curve. In
the limit, as Hq/Hn -1, the static M(H) region expressed by Eq.
(12-16b) becomes ideally square.

Asymptote

T
Asymptotes

Fig. 12-6. Hyperbolic model for the static M(H) curve of a ferrite core.

A Model for the Static ¢(F) Curve., The hyperbolic functions in
Egs. (12-16a) and (12-16b) describe the static M(H) curve of the
core material and also, in conjunction with Egs. (12-14) and (12-15),
the static #(F) curve of a thin toroid. This hyperbolic model will
now be used to calculate the static ¢(F) curve of a constant-width
leg of more general shape.

Fig. 12-7 shows the top view of a leg of constant width w, con-
stant height h, angle «, length of the short edge I,, and length of
the long edge [,. (For a toroid, « =27, I; = 2ar;, and [ = 2q7 .)
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A curve of length ! is drawn at a distance x from the short edge.
Let R be the radius of curvature of the short edge (R varies along
the leg). A segment of angle df is drawn perpendicular to the leg
edges. The difference between the segment elements d! and di; is
dl - 1) = (R + x)df - Rdf = xdf, which, upon integration along the
leg, yields (I - 1) = xa. Hence,

I =1, +ax (12-21)

where, since [ = [, for x = w,

« = ' (12-22)

The angle @ may vary between two extremes: o =0 (for a leg
whose ends are parallel and, therefore, /. = 1)) and « = 27 (for a
single-leg core, such as in Fig, 12~1, or a toroid).

Fig. 12-7. A constant-width leg.

Assuming that H = F/l, that is, H is constant along a path
of constant x in Fig, 12-7, application of Eq. (12-21) gives

H = (12-23)

Substitution of Eq. (12-23) into the hyperbolic model for static
M(H (Egs. (12-16a) and (12-16b)) results in M,(F,x) functions.
Integrating u,M,(F,x) hdx from x -0 to x - w, Wwe obtain the
following expressions for the static ¢(F) curve in three regions
of F:
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F - H,l,
VFi| —2°) ¢ (12-24a)
F -H,l

for F < dein

- {1 - (H_/H mim)
/29 RS (LR /Y (A | Y
pg(F) = Hdmm H, Hq 1-MH,I/P

for F min <p <y ming  (12-24b)

[

F-H,l
-t P DYm(_ o) (2-240)
HoH F-H,L

n q
for Hd“““lo <F

N

where
b, — ¢,
Vi = ————— (12-25)
a,-1)H,
(p. + ¢J)H
Vg = —~ ¢ (12-26)
(1, -1)H,
and
dein _ Hdminli (12_27)

Note that the material at the inner wall of the core reaches
switching threshold as F reaches H dmi“l ; » and that the material at
the outer wall reaches threshold as F reaches Hdmi“la.f For
F/™" < F S Hy™"1, , the term representing flux change in the outer
section of the leg, where H < H,™'", is negligible compared with
the total flux change. For this reason, this term is not included in
Eq. (12-24b).

The contribution of ‘“‘air flux’’ ¢,;. is also not included in Egs.
(12-24) because in practical applications it is usually negligible
(unless |F| > F_ ). However, to determine the magnitude of ¢;,
in the core itself, we apply Eq. (12-23), and integrate huyHdx =
hug Fdx/(1; + ax) from x = 0 to x = w. We thus obtain

A 1
By = F- Oz En<f> (12-28)
1 \L

12 1

where A = hw is the cross-sectional area of the leg. The total air
flux linking a loose winding around the core is larger than ¢
given by Eq. (12-28).

air
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Determination of Pavameters. Seven parameters are needed to
compute ¢,(F): [, and I  (dimensions), ¢, and ¢ (flux capacities),
and H,, H,, and H  (material field parameters). Because of possible
tapering in a ferite core, /; and / should be measured on both
faces of the core and averaged. The value of ¢, is readily avail-
apble from the measured static ¢(F) curve (Fig., 12-5(c)). The re-
maining parameters may be computed by curve fitting of Egs.
(12-24) with the measured static & (F) curve. (For some ferrite
cores, ¢, ~1l1¢, in a region of practical interest, e.g., for
|[F| X 10F,, and, therefore, ¢, need not be computed.) Curve
fitting of experimental data with a given model is generally
achieved by the method of least-mean-square error, i.e., by
minimizing the sum % E j2, where E; is the difference between the
computed and the measured variable. In this case, E]. =& d,comp
Pgoxp at the F value of the jth experimental point. This type of
computation is most economically performed on adigital computer.

Experimental Verification., The model for static ¢(F) in Egs.
(12-24) is found to be quite useful for a variety of ferrite cores.
An example of a very close agreement with experimental data is
shown in Fig, 12-8. In this example, a three-leg core was utilized

30 BE E—
20 —
o o o Measured
T Calculated
10 —

é, Mx

-20

-30 ‘
-20 -15 -0 -05 O 0.5 1.0 15 20
F. At —

Fig. 12-8. Measured and computed static ¢ (F) curve at room temperature.
Material (Telemeter Magnetics T-5 ferrite) parameters: ¢, = 25.67 Mx; ¢ 4=
27.6 Mx; Hg = 230 At/m;H,,= 32.0 At/m; H 4= 36.0 At/m. Dimensions: I; =
10.56 mm; /,=16.47 mm; h=1.31 mm. (Nitzan, 1964.)
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in forming a ‘‘core’’ consisting effectively of two legs of identical
cross section. Flux switching in the third leg was prevented by
linking it with a short-circuited turn. The values of /; and /, given
in the figure caption are the sums of /; and / of the two switchable
legs.

Discontinuous Static ¢ (F) Curves. If the static M(H) curve isre-
entrant, then, as the applied H reaches the H threshold, M, jumps
to some value M , between -M_and +M,. As explained in connection
with Fig. 11-17, this phenomenon occurs if the peaks of the energy
gradient versus wall position corresponding to M = -M, are higher
than the following peaks in the region -M_ <M < M_,,. In this case,
Egs. (12-16) are still directly apphcable except that H, min i g
replaced by a threshold field larger than H, min calculated from
Egs. (12-17) and (12-18).

Similarly, if the measured static ¢(F) curve exhibits a jump to
some value ¢,, between -¢ and ¢ , then Egs. (12-24) in conjunc-
tion with Eqgs. (12-17) and (12-18) are still directly applicable,
except that F "> g ™", (Note that if F ™ > H ™"/ then
Eq. (12-24b) is bypassed.) An example is shown in Fig. 12-9 for
three nominally identical commercial ferrite cores.

10 T — S E— e O H A e
8 ]
Lo Q kel <o <o o s QO Q ey Av
6 MOMM ° n
41 g{ﬂ"%{v =
21 jf .
z 0 17
- b4d Measured data
&2 : .
i vCore A Computed, core A———
“ar Fg" ° Core B 7
-6 oCore C ]
-8+ g
-10 [ B B L1 ! [ |
0 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15
F,At

Fig. 12-9. Measured and computed discontinuous static ¢ (F) curves at T = 25°C. Core type:
Lockheed 100SC1 (100 mils OD; 70 mils ID); ¢, = 6.52 Mx; ¢ s = 7.17 Mx; H, = 307 At/m; H,, =
36.0 At/m; Hg=40.8 At/m; [ ; = 5.59 mm; !, = 7.98 mm; h = 0.762 mm (Nitzan ef al., 1966).
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12-4 Elastic ¢ (1) Models

Intvoduction. It was shown in Sec. 11-4 that application of an
external H pulse, H, , may cause the magnetization M to switch by
either rotation of magnetization or by domain-wall motion or both.
In each case, the switching may be inelastic or elastic, depending
on whether or not there is a net change in magnetization when H_ |
is removed. Typical experimental data of elastic and inelastic & (1)
waveforms and the corresponding variation of é(¢) and ¢ (F) were
shown in Fig. 12-5. The elastic é(¢) has two components, that is

.0 = ¢, + b (1) (12-29)

where <2>5r(t) is generated by elastic rotation of magnetization and
¢, is generated by elastic domain-wall motion. For relatively
slow-rising F pulses, we will find that q'se(t) may be modeled by the
simple relation <Z>€ = ¢[", where ¢ is a coefficient. However, the
response is more complex for fast-rising F pulses. The purpose
of the following two sections is to develop the equations of motion
for each of the q'SE components, first assuming fast-rising F pulses
and then simplifying the results for the cases of medium-rising
and slow-rising F pulses.

A Model for ¢.() Due to Rotation of Magnetization. Consider a
single crystallite and assume that its magnetization M is saturated
along an internal field H, ~ H, + H, , where H, is the anisotropy
field (Eq. (11-27)), and H,, is the demagnetizing field. An applied
field H_, causes M to spiral withina small solid angle ¢, into align-
ment with the total field H = H; + H_, as shown in Fig, 12-10. Let
the plane formed by H; and H ap define the y - z plane, and let the
resultant total field H = H; + H_ be along the z axis. The angle be-
tween H and M, (the initial M) is 6,, and the angle between H and
H,, is ¢.

Assuming that H is constant in time, then on the basis of the
Landau-Lifshitz equation, Eq. (11-32), or the Gilbert equation,
Eq. (11-33), the variations of 6(¢) and ¢(¢) during the transient time
are expressed by Egs. (11-38) and (11-39), respectively. The com-
ponent of M(#) along H,, is sensed during this transient time. De-
fining the direction of H, as the y” axis, we wish to calculate M, (1),
the component of M(#) along the y* axis.
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Fig. 12-10. Damped precession of a magnetization
vector toward alignment with the total field H.

The components of M in the (x, y, 2) coordinate system are

. = M sinf cosy

, = M sinf sin ¢ (12-30)

It

Ms cos @

k4

where M, is the magnitude of M. Since the (x’ y] 2") coordinate sys-
tem is obtained by rotating the (x,y, 2) coordinate system around
the x axis by the angle (r/2 - ¢), we obtain

M, = M_(sinf sine sinyy + cos cosyy) (12-31)

a

Substitution of Eqgs. (11~38) and (11-39) into Eq. (12-31) yields

[i - &2 tan? @y/2)] cosyy - 2 tan(0y/2) cos () siny
M () = M

s 1 + e—2(t/ 7) tanz (00/2)

(12-32)

where r and Q are expressed in Eqgs. (11-36) and (11-37), re-
spectively. Since, usually, the value of 6, under elastic-switching
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conditions is small, then tan®(¢,/2) < 1 and Eq. (12-32) reduces to

6
M,® = M, cosyy — 2M_ siny tan <_g)e'(‘/") cos(Q)  (12-33)
2

Differentiating Eq. (12-33) with respect to time, we obtain

, 9
M0 = 2M, siny tan [ L 02 e sin|ar ¢ tant( L)| (12-34)
2 2 Qr

We now wish to show that Egs. (12-33) and (12-34) have the
same forms as the solutions to the second-order differential
equation

M, +8M, +nM, = X Hyp + Mg (12-35)

where X, is the rotational susceptibility and M, is the initial value
of M,. Assuming that initially Ma = 0, the Laplace transform of
Eq. (12-35) for a step H, (1) is

s+ 5(8,/1) + (x,Hyy + M) /Mg )

My (s) = My
s{%s + [a,/<277,>]}2 + (/) - [8,/(277,)]2} (12-36)

For the underdamped condition (that is,8, < 2\/;;).whichis quite
likely to be the case (cf. Smith (1958); Wolf (1961); Nitzan and
Hesterman (1967)), the inverse function of Eq. (12~36) yields

2

5
i— T t—sin“lcjr
n. \27,

(12-37)

xH -[8, /420t
M0 = Mg+ x, Hy-—— 2 ™" cos
V1-[5,2/(4n)]
where

5
. (12-38)
2V,

Differentiating Eq. (12~37) with respect to time, we obtain

. H _
Ma(t) = Xr7ap e [8’/(2n')]tsin

1V(1/n) - [5,/(2n)1?
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Equations (12-33) and (12-37) are of the same form, except for
the phase angle sin”! ¢, in the latter, which results from assuming
the initial condition M, = 0 in deriving Eq. (12-36), whereas ac-
cording to Eq. (12-34), M,, = 2M_ sin¢ tan(f,/2)/r. In any case, if
82 « 29, (low damping), then ¢ « 1, and sin™'¢ ~ 0, Under this
condition, the expressions for M (1) in Egs. (12-33) and (12-37) are
equivalent. By equating the terms representing the decay time
constant and the frequency of oscillation, we obtain the relations

R (12-40)

and

(12-41)

Using Egs. (12-40) and (12-41), the low damping condition
8r2 « 27, is equivalent to the condition (Q n2 » 1, which amounts to
[)\/(yMs)]2 « 1 according to the Landau~Lifshitz equation, and o <1
according to the Gilbert equation (see Egs. (11-36) and (11-37)).

Equating the expressions for r, Egs. (11-36) and (12-40), and
for Q, Eqgs. (11-37) and (12-41), we obtain the following relations:

1 (Landau-Lifshitz)
H2[)2 + M7
7 = (12-42)

2
l+a (Gilbert)
H2y2

and
200/M)

" (Landau-Lifshitz)
)2 + ]
5 - (12-43)
2a_ (Gilbert)
Hy

Equating the initial and final values of M, in Eqgs. (12-32) and
(12-37), we obtain the relations
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My = M, cos(0y + ) (12-44)

and

Mg cosy = M,y + x.H (12-45)

ap

Substituting Eq. (12-44) and the trigonometric relation H_ -
H, sin0,/siny into Eq. (12-45), we obtain

M, [ Bo
X, = tany + tan <~) sin2¢ (12-46)
2H; 2

and with ¢ > 6,/2 , Eq. (12-46) reduces to

MS -2
X, =~ — sin“y (12-47)
H;

We have seen that a second-order differential equation, Eq.
(12-35), may be used to describe the component of elastic rota-
tion of magnetization of a single crystallite (or a domain) along
the applied magnetic field that causes this rotation., Applied
to every jth crystallite (of volume v;) in a polycrystalline speci-
men, Eq. (12-35) then describes the overall M, of the specimen,
provided that x, represents an average value, that is

M v, sin® v

1 s j
VLI IV ) 12-48
TXy ZJ: AR T Zz' H,. ( )

i J tj

For simplicity, suppose that the leg is thin enough to assume
uniform M and applied H across it. Substituting H, b = F/l and
M = ¢/(uyA) into Eq. (12-35), we finally obtain a model for the
component of ¢ due to elastic rotation of magnetization, Thus,

b + Br(i)er + 77r;/§'er = &F (12-49)
where
b = pgAM, - M) (12-50)
is the elastic rotational change in the component of flux along the
applied field, and

A

€ = Xl ; (12-51)
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The term 7,6, in Eq. (12-49) is negligible if T, » 27,/5_ (for
example, T 2 107,/5,), where T is the rise time of the F pulse.
Under this condition, Eq. (12-49) reduces to

¢'er + aré)sr = ErF (12-52)
If, in addition, T, > &, then Eq. (12-49) reduces further to

bep = ErF (12-53)
A Model for & (1) Due to Domain-Wall Motion. Consider a 180°
Bloch wall lying in the x-y plane and suppose that the wall undergoes
a small elastic displacement in the z direction as a result of an
applied field Hap. A schematic variation of the gradient of the total
energy E with wall-position z is illustrated in Fig. 11~16. Per unit
wall area, the applied force 2u,M, H,, is opposed by three forces
(cf. Kittel and Galt (1956)): by dE/dz ~ kz, where k is the stiffness
coefficient of a restoring force; by Bz, where S is the viscous-
damping coefficient; and by m, %, where m  is the effective mass of
the wall. The equation of motion of a small wall displacement from
equilibrium is, then,

kz + Bz + m,% = 2pM H (12-54)

Assuming that Eq. (12~54) describes the motion of a typical wall
whose properties represent the average properties of all the walls
moving elastically, we may replace z by M_, , where b is a pro-
portionality constant and M_, is the change in M due to the elastic
wall motion. Denoting the wall-motion susceptibility by x,, Eq.
(12-54) then becomes

M, +8, M, +n, M, = XwHap (12-55)
where
5, - B (12-56)
k
m
Ty = — (12-57)
k
and
2unM
Xy = -2 (12-58)

kb
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Multiplying Eq. (12-55) by pyA and replacing H, by F/I, we
obtain a model for ¢ due to elastic wall motion, which, like the
#., model, is also a second-order differential equation:

¢€w + 8w(‘ﬁew * 77w(;5€w = wa (12-59)

where

€ = (12-60)

The term 7,¢_, in Eq. (12-59) is negligible if T, > 29, /5 (for
example, T, % 107,/5,). Under this condition, Eq. (12-59) re-
duces to

bew + 0P = €uF (12-61)
Furthermore, if also T, » §,, then Eq. (12-59) reduces further to
Do = W F (12-62)

Total ¢_(1. The total elastic (1) is expressed in Eg, (12-29)
as the sum of the rotational component ¢ ~ 0 (Ed. (12-49)) and the
wall-motion component ¢_ () (Eq. (12-59)). Theoretical waveforms
of <Z>U(t) and éSEw(t), in response to an applied mmf pulse of ampli-
tude F,, and a short rise time T , are drawn in Fig, 12-11. On the
basis of experimental observation to be described later, it is as-
sumed that <iSE,(t) is underdamped, whereas éiw(t) isclose to critic-
ally damped (slightly underdamped or slightly overdamped). Thus,
following Egs. (12-49) and (12-52), the q%er(t) component is oscilla-
tory if T, is not large compared with 27,/6 .

It was found experimentally that the parameters §, 7, and e
corresponding to either ¢_, or ¢ may depend on T . KT, »
max(n, /8 :n/56) and §, ~ & =&, then Egs. (12-52) and (12-61) may
be combined to describe the overall ¢_by

b + 3456 ~ ¢F (12-63)

where

€ = € +¢€ (12-64)

Furthermore, if also T, » &, then Eq. (12~63) may be simplified to
b, = €F (12-65)
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In other words, if F(#) is relatively slow-rising, then the elastic
¢ is simply

b, = cF (12-66)
as noted in the introduction to this section.

For example, in a pulse experiment to be described later, it
was found that 5 = 0.28 nsec, 7, =0.08 nsec?, 5, =4 nsec, and
1, = 2 nsec? for a magnesium~-manganese-zinc ferrite core. For
this core, then, if T X 3 nsec, then Eq. (12-49) may be approxi-
mated by Eq. (12-52), and if T, 2 5 nsec, then Eq. (12-59) may be
approximated by Eq. (12-61). It was further found that 8, and 5,

increase with T ; for example, for T =65 nsec, §, ~ 5, ~ 6 nsec;
hence, if T, 2 60 nsec, then ¢

¢ is discussed below.

¢f' (Eq. (12-66)). Determination of

[ FD
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= ‘.‘ ¢ew
w % ‘L\
! -
/ \
/ [P
0 : -
N t —>

Fig. 12-11. Postulated waveforms of ¢ . (8 and
its components ¢_ (#)and o et in response to

applied F (t) of amplitude F'p and short rise time
T, (less than a nanosecond).

Let the top and bottom portions of the major static ¢(F) loop,

where |¢| > ¢,, be referred to as ‘‘saturation regions,” in ab-
breviation of ‘“regions of approach to saturation.’’ Any flux switch~
ing occurring in a saturation region is elastic, and if the rise of
F(0 is slow enough to justify the use of Eq. (12-65), the ¢, versus F
traces the static #(F) curve in this region. Recalling that initially
¢, = 0, then ¢_versus F amounts to the change in ¢, versus F (Eq.
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(12-24(a)). If the changeinF (arounda bias value) is not excessive,
then the switching is confined to a limited ¢,(F) region that may be
approximated by a straight-line segment, i.e., with ¢ assumed
to be constant and equal to d¢,/dFF . Extending Eq. (12-24a) to the
positive saturation region by using the antisymmetry property
¢y(F) = -¢p,(-F), adding the air-flux term (Eq. (12-28)), and dif-
ferentiating with respect to F, we obtain the following relation for
¢(F), which is valid for either positive or negative saturation

b =~ b, 1 1 |F]+Halo
e = — | |F| - +fnf -
(, -1)H, {F|+Halo [F| + H,I, [F| +H,l

A [l
RN (12-67)
-1\l

If the switching takes place around F = 0, then ¢ = ¢(0) and Eq.
(12-67) reduces to

by — P ! b, - b 1
e(0) = ° - o A 1 tn[2) = 2T [ 2) (12-68)
H, I, -1, l; H, (1, -1) \l

On the basis of Egs. (12-67) and (12-68), symmetrical plots of
e versus F in negative and positive saturationregions are sketched
in Fig. 12-12.

te

Y.
Negative saturation <(O) Positive saturation
region N region
\\\\
0 F—

Fig. 12-12. ¢ vs. F in saturation regions.

Switching from a Partially Set State. Equations (12-67) and
(12-68) are valid along the saturation regions, where [¢| > ¢, and
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where | F | may be quite large. Now, if the initial flux ¢, is between
-¢, and ¢,, then the core is in a partially set, or *“soft,”’ state.
Assuming that the duration of F(#) is not too short, no pure elastic
switching can occur from this state unless |F'| is below the corre-
sponding static F threshold. We shall, therefore, confine our dis~
cussion to elastic switching due to small changes in |F| around the
zero value, i.e., examine only ¢(0). Following the relation ¢ = ¢, + ¢,
(Eq. (12-64)), (0) has two components, ¢.(0) due to rotation of
magnetization and ¢, (0) due to domain-wall motion. Assuming that
the magnetization vectors that have been involved in changing ¢
from -¢, to ¢; have switched by 180°, the value of ¢ (0) may be
considered independent of ¢, because the small angle of rotation
(due to the applied torque) is essentially the same for parallel and
antiparallel magnetization vectors. In contrast, ¢, (0) depends very
highly on the total domain-wall area XA, . Since XA, varies with
¢y and since the same ¢, value may correspond to different values
of EAw, the functione, (0) versus ¢, is not unique. It is said to be his-
tory dependent in the sense that the value of ¢, (0) depends on how
the flux state ¢, was obtained. For a given value of ¢, the faster
the previous switching, the larger the number of domains that have
expanded inelastically and the larger is XA ; hence, the larger
is ¢, (0. Therefore, «(0) depends on both the initial ¢ and the flux-
switching history in the manner illustrated schematically in Fig.
12-13. Such a behavior has been observed experimentally by
McKay (1959).

/
-

te(0)

bFastl
Mediumtprevious switching from-¢, to b0
Slow

| 1
_¢r 0 ¢(

%_’

Fig. 12-13. Effects of ¢( and previous switching on elastic-
switching coefficient €(0).
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Fast-Switching Expeviments. In order to examine the validity
of the models for ¢_ (1 and ¢_, (1, Egs. (12-49) and (12-59),
elastic-switching experiments using fast rising F(¢) pulses were
performed on a thin toroidal polycrystalline ferrite core. In
Table 12-1 are given the composition, the dimensions, the static
¢ (F) parameters, the elastic switching parameters, and the inelas-
tic switching parameters (to be defined in Sec. 12-5) of this core.
Results of elastic and inelastic flux-switching experiments per-
formed on this core will be referred to several times in the re-
mainder of this chapter.

Table 12-1 Parameters at T = 30°C of a Thin Toroidal Polycrystalline
Ferrite Core Used in Several Flux-Switching Experiments

Nominal composition: Mgy 3,Zng_;oMng 58]++ [Mng 5,Fe 1agl TTO,

Dimensions: r; = 3.53 mm; r, = 3.75 mm; ro/r; = 1.06;
h = 0.69 mm; w = 0,22 mm; A = 0.149 mm°.

Static ¢ (F) parameters: ¢, = 3.45 Mx; ¢4 = 3.73 Mx; H, = 950 At/m;
H, = 35.0 At/m; H, = 30.0 At/m; F. = 0.90 At.

<;5€ parameters: 8, = 0.28 ns; 7, = 0.08 (ns)z;
€, = 0.14(1 - 0.005Fp) 1077 Ht™%
S = 4.008; My = 2.0 (ns)?
€y ~ 0.266(1 - 0.008 Fp)-107° Ht 2.

¢ ;4 parameters: F;™% = 0.55 At; vz = 1.33; Ajg = 0.013 Q¢ 2-33A70.33;
Cig = 0.1 At-us.

<£>im parameters: dein = 0.78 At; v = 2.5; )\, =0.124 Qt 35715,
Fo = 0.92 At; v = 1.33; A = 0.069 Q¢ 2-33470.33;
Fo = 1.45 At; p, = 0.113 Q¢ %

Fp = 1.08 At; Fg = 3,12 At.

Note:
Mx—maxwell us—microsecond
t—turn - H—henry
A—ampere Q—ohm

ns—nanosecond

The core was mounted in a section of a 50-Q coaxial trans-
mission line, as shown in Fig, 12-4(b). Rectangular current pulses
were generated by a mercury-relay pulser. The pulse amplitude |
was varied in five steps from 0.9 to 40 amperes, while the 10%-909%
rise time T, remained constant at 0.4 nanosecond. The current
pulses switched the core elastically from ¢ = ¢, further into the
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positive saturation region and back (sometimes referred to as
¢‘shuttle’” switching). The resulting ¢_(#) was sensed by a single-
turn winding of a short fine wire (1.1 cm of AWG No. 48), chosen
to minimize the winding capacitance. The waveforms of the drive
current and the positive portion of <2>€<t) were photographed on a
sampling oscilloscope with a 0.4 nanosecond response time, In-
cluded in the ée(t) waveform was a component due to air flux

. toAgy -
b () = 2 ls’" F (12-69)

where A is the projection of the sense-winding area normal to
the applied circumferential field H - F/I. The value of uyA_, /I was
determined experimentally from the peak values of the ¢_. (1) and
F (1) waveforms observed with the core removed.

The ¢, parameters in Table 12-1 were determined by fitting
the computed sum & () + ¢ _ () + ¢, () with the observed ¢ (1)
for all five values of drive. As may be seen in the table, values
of ¢ and ¢, were found to decrease as the amplitude F|, of the
drive mmf increased. (The nonlinear relation of ¢ versus F in
Fig, 12-12 is approximated here by a straight line.)

Two examples of experimental and computed F(#) and ése(t)
waveforms are compared in Fig., 12-14 for the extreme F[, values
of 0.9 and 40.0 ampere~turns. The oscilloscope response time was
accounted for by assuming the computed F () to rise earlier than

air

F F

Vs i
[ N
I I
E I
] | 0.25 At ,,. [10 At

I I I T T
F—1ns - 1ns

T I - . N H
ranEnnne R
i) 11005 vt A Ti2.0vn
FU ER
FIA i
b \\_‘;\ 1 \:’L..

(a) Fp=0.9 At (b) Fp=40.0 At

Fig. 12-14. Experimental (dotted and solid line) and computed
(dashed line) F'(t) and qSE(t) waveforms of a thin ferrite core
(Table 12-1) using F' (t) with T, = 0.4 ns and different values of
amplitude F'p (Nitzan and Hesterman, 1967).
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the experimental F'(¢) according to the relation

T ~ VT2 + T?

r,obs r,osc

(12-70)
where T, , - is the observed T, andT .
the oscilloscope. From Fig, 12-14, it is found that Tr,obs
nanosecond for both values of Fp; the same value of Tr,obs was
found for all intermediate values of F. Since T, 4sc = 0.4 nano-
second, then T, ~ 0.4 nanosecond for all values of F,. As expected,
the experimental q'se(t) waveforms lag behind the computed wave-
forms due to the oscilloscope response time. For the same rea-
son, the peaks of the computed <i>€(t) waveforms are found to be
higher than the observed ¢_ peaks (they agree with q'SE peaks ob-
served on a much faster sampling oscilloscope, i.e., with T, osc =
0.09 nanosecond).

In another experiment, when a permanent-magnet field of about
96-10° amperes/meter was superimposed transversely to the ap~
plied circumferential field, the decaying ¢ () tail disappeared and
the initial ‘2’5(” spike became narrower, as
shown in Fig. 12-15. The demagnetizing

is the response time of
~ 0.56

field was roughly 56-10% amperes/meter; £
hence, the net field was about 40-103 am~

peres/meter. A magnetic field of such mag-

nitude is high enough to annihilate most of ;110 A

the domain walls and to increase the netbias H_‘I ns’ :

field appreciably. The disappearance of the L —
decaying ¢_(1) tail confirms the hypothesis 1 [f025vi] [ |
made in F‘ig. 12-11 that the wall-motion com- -*‘i{mmou'} ﬂﬂ?ﬁénrg*
ponent ¢_ () is characterized by appre- 5

ciably slower switching than the rotational N

component ¢_ (). The narrowing of the ¢ _(1)
spike (which may be identified with ¢ (1)

agrees with Eqgs. (11-37) and (12-34) in
which O (the angular velocity of oscillation)
becomes higher as H is increased. A fur-
ther increase in the transverse field caused
¢, (1) to become still narrower and lower in
amplitude. The latter effect is explained by
the decrease in 6, (Eq. (12-34)), which is
caused by the increase in the total quiescent
field while leaving H,, unchanged.

Fig. 12-15. Superposition of
experimental waveforms of
¢ (1) of a thin ferrite core
(Table 12-1) without a mag-
net, qbé(t) with a magnet, and
@ aic(9), in response to a step
F() of T, = 04 ns and
amplitude F'p =4.0 At (Nitzan
and Hesterman, 1967).

The results of Figs. 12-14 and 12-15 verify that ¢ (1 =
b, + ¢_, (0 (Eq. (12-29)), and that the initial (1 spike is
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primarily ¢_( and the decaying é_(1 tail is primarily ¢_, ().
This conclusion agrees also with the fact that switching by rota-
tion of magnetization (where spins rotate in unison) is inherently
faster than switching by domain-wall motion (where spins rotate
sequentially). Further support for this conclusion can be derived
from the following: The q'Ser component is underdamped since,

following Eq. (12-38), ¢, = %3,7,;% = 0.495 < 1, and from Eq. (12-41),

Q/(2m) =(n,‘1 - 152 nr‘2)5/<2ﬂ> _ 487 Mc/s. For switching elastically
further toward saturation, the ¢ < COmponent is overdamped since

w = %Bwnw“% = 1.414, These results are consistent with magnetic

spectra (plots of the real and the imaginary components of the
complex permeability p = p” - ju” versus frequency) of polycrys-
talline ferrites, which exhibit resonance in the microwave region
but may or may not exhibit resonance in the radio-frequency re-
gion (see Rado etal. (1950); Smit and Wijn (1959); Rado et al. (1956);
Harrison et al. (1958)). The resonance in the microwave region is
due to rotation of magnetization. The sources of resonance in the
radio-frequency region are not completely understood, and may
depend on the material composition. Rado (1950; 1956) showed that
the radio-frequency dispersion (the plot of (¢” - 1) versus frequency)
and the static initial permeability of magnesium ferrites are due
to domain~wall displacements. A similar conclusion was drawn by
Harrison et al. (1958) for manganese ferrites.

On the basis of these switching experiments, we may determine
approximate values for the viscous damping o and the anisotropy
constant K;. Following Egs. (12-42) and (12-43)

)
€ = — ' (12-71)
\/47]r - 5r2
and
H- 2 (12-72)
Y 47]r - Srz

Substituting & = 0.28 nanosecond and 7, = 0.08 nanosecond?, we
find that « = 0.57 and, since H, > H., and y = 2.21+10% meters/am-~
pere-second, that H; =18.5.103 amperes/meter. From Eq. (11-27b),
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the anisotropy constant K; of materials whose easy axes are body
diagonals, such as ferrites, is given by

Ky = -3ugMH, (12-73)

For this magnesium-manganese-zinc ferrite core, ugM, = 0,262
weber /meter?, and if H, <« H,,then H, ~ H; and so K; ~ =3.6- 108
joules/meter3, This value lies between values of K, for magnesium
and manganese polycrystalline ferrites obtained by Rado et al.

(1956) and Harrison et al. (1958), respectively.

12-5 Inelastic ¢ (1) Models

Introduction. In most applications of square-loop magnetic
cores, it is the inelastic flux switching that plays the most im-
portant role. Unfortunately, the physical mechanisms involved in
inelastic flux switching are much more complex than those in
elastic flux switching., It is thus of no surprise that so many dif-
ferent models for inelastic switching of magnetization have been
proposed in the past. Most of these models may be described
generally by the differential equation

M = fOD[H,, (O - Hy) (12-74)

where H, is the dynamic thveshold field (to be discussed later),
H,, (0 is the magnitude of the applied field, M is the magnetization
component along H,, and f (M) is some function of the instantaneous
value of M. Let us first review some of these models.

One may distinguish between physical models, which are de-
rived from physical reasoning, and semiempirical models, for
which f(M) and H, are determined experimentally. A physical model
is often derived primarily in order to verify a theory of flux-
switching mechanism, whereas a semiempirical model is obtained
for application in magnetic circuit analysis when the physical
models are either too complex or inadequate.

Among the physical models, we may distinguish between models
that are based on domain-wall motion (Menyuk and Goodenough
(1955); Conger and Essig (1957); Haynes (1958); Lindsey (1959);
Knowles (1960); Hilberg (1964)) and models that are based on rota-
tion of magnetization (Coleman (1957); Gyorgy (1963)). There is
little doubt that flux switching occurs mainly by domain-wall motion
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at low fields and mainly by coherent rotation of magnetization at high
fields (see Gyorgy (1963)). Itwasproposedby Gyorgy (1958) that at
intermediate fields, flux switching occurs by incoherent rotation
in such a way that, except near the core surface, the demagnetiz~
ing fields effectively cancel due to formation of closely spaced
surface poles of alternate polarity.

For the switching models based on domain-wall motion, vari-
ous probability-distribution functions of occurrence of nucleation
centers have been assumed, Different domain configurations dur-
ing switching were postulated, such as expanding and colliding
ellipsoidal (Haynes (1958)) or cylindrical (Lindsey (1959)) domains,
and domains with constant wall area (Knowles (1960)). Although
these physical models shed light on the mechanism of flux switch-
ing, their parameters have to be measured rather than calculated
from more basic properties. This results from the difficulty in
describing the details of the magnetic properties of materials,
which are highly sensitive to inhomogeneities, such as impurities,
strains, voids, and lattice imperfections.

The semiempirical models may be classified according to
the form of f(M), H,, and the effect of core thickness. Let us ex~
amine each of these features separately.

According to several semiempirical models, such as the ones
proposed by Chen and Papoulis (1958), Betts and Bishop (1961),
Gilli and Meo (1963), and Ching and Stram (1963), f(M) or its
equivalent is determined point by point from experimental data.
Neeteson (1964) and Tancrell and McMahon (1960) assumed that
f(M) is semicircular, i.e., proportional to [1 - (M/M, )2] hence,
Eq. (12-74) results in a half-sinusoidal M(t) for a step H,, (t)
A parabolic f(M) that is proportional to [1 - (M/M, 2] was assumed
in the semiempirical model applied by Cushman a.nd Park (1960).
This f(M) function was modified by Holtwijk (1964) to the form
{1 - [M + AM/M, + A2} where AM ~ 0.05M_. If f(M)in Eq. (12-74)
is parabolic, then a step H, p(t) results in M which is a sech? func~
tion of time. Hesterman (1961) made a comparison between ex-
perimental &() of a common soft-ferrite material and & () com-
puted from the various models that can be expressed analytically
(including the physical models), and concluded that the best agree-
ment (although not by far) is generally obtained if f(M) is para-
bolic, and that the agreement for the semicircular f(M) is relatively
poor. (However, a few soft ferrite materials do not exhibit a
parabolic f(M) behavior. See, for example, Nitzan and Hesterman
(1964).) It is interesting that f(M) is also parabolic in the physical
models derived by Coleman (1957) ard Gyorgy (1958) on the basis
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of rotation of magnetization. The good agreement between experi-
mental M(t) and the calculated M(¢) based on a parabolic f(M) offers
some ‘support for the rotational models. However, a similar good
agreement is obtained in the region of low H__, where the switching
process occurs by domain-wall motion,

ap’

Sw=(Hgp=Hol 7

(a) 177, vs. Hgp (b) Mg vs. Hgp

Fig. 12-16. Inverse switching time and peak inelastic M vs. applied H field.

Typical plots of two types of measured data from step-H_,
switching experiments are shown in Fig. 12-16: 1/r versus H_,
where 7, is the time of switching essentially from -M to M,, and
M, versus H,,, where M, is the peak value of the inelastic M(s. (To
be exact, r  is commonly defined as the time between the points at
which M = 0.1 M,.) Boththel/r versus H,,and M, versus H, plots are
usually characterized by linear portions whose slopes are1/S, and
ép, respectively, where S, is called the switching coefficient. Most
models assume a constant dynamic H threshold, regardless of H ap ?
whose value H, may be determined in Fig. 12-16 by extrapolating to
the Hap axis the linear portionof either 1/ versus H, or M, versus
H,, The extrapolated values of H; obtained from the two sets of
data are not necessarily the same, although they are likely to be
close to each other. By assuming a constant H,, the nonlinear re-
gion of either 1/r  versus H,, or Mp versus H,  is ignored. The
error introduced by this assumption may be quite significant be-
cause many magnetic circuits operate in this nonlinear region,
which, for some materials, may extend to H ap values three to ten
times the coercive force. (Conger and Essig (1957) proposed that
the threshold field for domain-wall motion in thin films is dis-
tributed randomly over the range between the coercive force and
the anisotropy field. As a result, the number of walls, in addition
to the wall velocity, increases with Hap , thus causing the nonlinear-
ity of 1/r, versus H.po)
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So far we have discussed flux switching in terms of M and H,
rather than ¢ and F. This is justified in the case of a thin toroid
for which F -H_ ! and ¢ = yyMA. For a thick core, M(¢) varies
with the radius r, and ¢(#) should be determined by integration of
poM@, 0 hdr from r = r; tor = r,. Forthe models referred to so far,
such an integration cannot be done analytically in a closed form,
but can be approximated by Taylor series or performed numeri-
cally. The latter method was used by Tancrell and McMahon
(1960), Hesterman (1961), and Ching and Stram (1963).

On the basis of experimental observation to be described next,
we shall propose semiempirical models for the components of in-
elastic flux switching.

Observed Flux Switching, Typical results from a flux-switching
experiment using a thin toroidal core (Fig. 12-4) were shown in
Fig. 12-5. Waveforms of the setting F pulse and the resulting ¢(1),
as well as the variation of ¢ versus F during the switching time,
are redrawn in Fig. 12-17. The amplitude F is shown larger than
the coercive mmf F_, but not large enough to fully switch ¢ to
positive saturation,

' $. (Elastic)

|
|
|

(Decaying minor inelastic)

$1 i L $im(Main inelastic)
X F
T D~ 9710 | T
O\go tp t— Fré\in

(a) Fand ¢ vs.t (b) ¢ vs. F

Fig. 12-17. Step-F flux switching.

The rotational and wall-motion components of q'se(z) were analyzed
in detail in Sec. 12-4, We shall now show that éi(t), the inelastic
¢ (t), may also be analyzed in terms of two components: a decaying
inelastic (1) component, <i>l. 4(t), due to minor wall displacements,
and a bell-shaped main inelastic ¢ (1) component, é’)im(t), due to major
wall displacements, which starts at ¢ = t;and reachesits peak value
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ésp at t = tpe The main component is so termed because the cor-
responding flux change A¢; = f ¢lmdt is much larger than A¢,, =
f };4dt due to ¢,,(D—except for F values near F ",

Suppose now that the above flux-switching expemment is re-
peated with one modification: the step-F setting pulse is inter-
rupted in the beginning of switching. This results in two F pulses
of the same amplitude. A waveform of F () with amplitude of
1.3 F, and a typical waveform of the resulting & (1) for the thin
ferrite core of Table 12-1 are shown in Fig, 12-18. Fast-switching
elastic ¢ (1) spikes are shown during the rise and fall of the first F
pulse and during the rise of the second F pulse. But most im-
portant, note that during the first F pulse and in the beginning of
the second F pulse, the overall inelastic component <;'$i( 1) is decay-
ing despite the rise of the main inelastic component q")l.m(t) (Fig.
12-17(a)). The difference between ¢.(1) and ¢, (1) is the decaying
inelastic component ¢;,(t). This component may be attributed to
inelastic domain-wall motions. It is inelastic because there is a
net flux change due to the first F pulse, which cannot be accounted
for by the small contribution of the ¢,, component only. It is due
to domain-wall motions for the following two reasons: First, the
relaxation time of ¢ ;q(t) is much longer thantypical relaxation time
for rotation of magnetization, which in this case is on the order of
5 nanoseconds (cf. Fig. 12-14). Second, ¢;(1) that follows the posi-
tive <Z>€(t) spike of the second F pulse continues to decay smoothly
from the same value at the end of the first F pulse; this is charac-
teristic only of domain-wall motion.

Ff 1.3 F,

MJL/\

12345678910
t, psec

Fig. 12-18. Waveforms of interrupted F'(¢) and
¢ (t) of a thin toroidal ferrite core (Table 12-1)

Components of Inelastic ¢(t). The large difference in shape be-
tween the waveforms of q'sid(t) and q'sim(t) implies that different
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mechanisms are involved in generating these inelastic ¢ (1) com-
ponents. The nature of these mechanisms is postulated as follows.

For simplicity, suppose that the core is thin enough to assume
uniform M and H, acrossit;hence, F = IH,  and é = poAM. Refer-
ring to Fig. 11-18, we have seen that the n inelastic wall displace-
ments due to a step H, p(t) are divided into np minor displacements
of essentially constant areas and n(l - p) major displacements of
varying areas, where p < 1. We now postulate that the minor wall
displacements generate the &,,() component, whereas the &,
component is generated by the major wall displacements. The
waveform of each of these inelastic é(#) components depends on
the average velocity, the expected number, the average area, and
the travel time of the corresponding walls. The first two factors
affect <2>l. 4 and é ;m (8 in a similar fashion, whereas the third and
fourth factors affect each ¢ component differently. On the basis of
these features, we shall next propose a model for each of these
components.

A Model for Decaying Minor q'bi(t). As a first approximation,
assume that the average velocity of walls moving inelastically is
proportional to the excess of the applied H over an average
threshold H n Denoting H,, corresponding to minor wall displace-
ments by. H,;, then éid is proportional to (H ap ~ H ;¢)» The magni-
tude of ¢;; also increases with the number npof the walls ex-
periencing minor displacements. We have seen that n increases
with H,  and that p is essentiallyunityin the region 0 < H_ < H,/™",
but that p decreases gradually as H,, increases beyond H, m“‘
Consequently, the product np increaees with H ap until it reaches a
peak, and then decreases. For the ¢,,(1) model proposed here, we
shall assume that H,  is below the value at which np reaches its
peak, i.e.,, that np increases with H ap® It has been found experi-
mentally that, to a good approximation, the magnitude of ¢, ia 18
propor!;mnal to H,, - H;y )V’d , Where v, > 1 (for example, v;; =~ 1.5),
Since ¢;, is proportional to (H - H,,) on the basis of wall velocity
alone, the increase of np with H may account for the extra factor
(Hy, - Hip 7L

Under the assumptlon that q.')ld(t) is generated by minor wall
displacements, the corresponding average wall area is unlikely
to change significantly during the switching time; hence, ésid(t)
should be essentially rectangular if these displacements were
identical., However, since the length of the minor wall displace-
ment is a random variable and since the wall velocities are not
necessarily the same, the termination times of these displacements
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will vary randomly among the walls. When a step H, is applied,
all np walls begin moving and generate ¢;,; as one wall after
another terminates its motion, ¢ ;q(t) decays in an exponential-like
manner. The time constant 7;;, associated with the ¢;,(1) decay is
assumed to be inversely proportional to the average wall velocity;
hence, r,; = S;;/(H, - H,;), where S, is a parameter. Thus, b0
generated by a step Hap is proportional to

tH, - H;)
Vid ap id
(Hap - H;) " exp|- 84

id

Suppose now that Hap(t) increases from zero to above H,,. Let-
ting T, , be the time whenH, reachesH,, (¢, =0 during 0 < ¢ < T, )
and replacing Hop by F/l, then during ¢t > T,

, (t - T,)F - F,)
b = Ay (F - Fid)y’dexp|:— a ”’] (12-75)
Cid

where A;; is a constant of proportionality, F;; = H;,l,and C,; = S;,1.

To a good approximation, Eq. (12-75) is applicable regardless
of the rise time T, and the shape of F(1), Examples of constant-F'
drives with relatively short and long rise times are sketched in
Fig. 12-19. As F increases with time, the term (F - F, )’ tends
to increase ¢;,, while the exponential terms tends to decrease ¢, ;
as a result, &id(t) increases during T;, < t < T, fromzero to a peak

FD
Ve
r F(Z)/ k/\_ F
. 7/ (1)
FT Case(1),T,2TY ———
Case (2),T, s T}
ﬁLdT L
e \\
i ~
F'Ld \\\
// \\\
NV Pre | \
0 Tig) T Tidprr Tria Tr Tigpn  Trin t—

Fig. 12-19. Sketched waveforms of <2>,-d(t) for two F(¢) drives of the same
amplitude F p, and different rise time T',.
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value q'sl.dp at ¢t = T;;,, and then decreases. If the slope of F(v) is
low enough, then T, ap < T,; otherwise, Tldp =T, The shorter
the rise time, the higher ¢',dp ; in the limit, as T, -0, &
a(F - F; )" whereas as T, » =, ¢,, - 0.
In each of the examples in Fig, 12 19, F () rises linearly from
zero to a constant value F, . The T, value that just coincides with

the peaking time (when ¢,,(1) = 0) can be shown to be

idp ~

C..v.,F
™ - ._Ld_oz_ (12-76)
2(F, - F,)

%
Two cases are considered: if T, > T7 (Case (1)), then Ty, < T, and

CiaviaFn |12
. d”id" D
é. U 12-77
idp(1) zd[ 2eT :| ( )

(where e = 2,718 ...), but if T < T* (Case (2)), then Tigp =T, and
éidp(z) is obtained by substituting ¢ = T and F = F,into Eq. (12-75).

Although the values of F,;, and C;; have been assumed to be con-
stant, there are actually functional dependences of F;; on F and C,
on T,. Recalling that H,;, - H,, we see from the probability-
density function f(H,) in Fig, 11-18 that as the magnitude H, o
of a step H, (1) increases from zero, H,; also increases from zero
to an asymptotic value, denoted by H;;,"**, which is in the neigh-
borhood of H;™'". Letting F, ;™8 = H, ™®*], a function that satisfies
this condition as well as the condition H,; < H,, is, for example,

max
Fid

Ry = F,me tanh( d ) (12-78)

Let us next examine the effect of T, on C,;. If a constant-F
drive is left for a long enough time (theoretically, infinite time),
then the flux change Ad;y . = Jo $,qdt increases with Fp, but is in-
dependent of T,. In order to obtain the dependence of A} ;4(e) ON
Fp, we substitute Eg. (12-78) into Eq. (12-75) and let T,; = T, = 0,
that is, assume that F (1) = Fp is a step function. We then find that

Vid"].

F
D
Abigioy = Cighig|Fp = Fig" ™ tanh< > (12-79)

max
id
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Now, if T is considerably smaller than r,;, then Aé,; ) = q'sidprid,
and since 7,; = C,,/(F, - F;,), we obtain

F, -F.
Cig = Abig(ay —— (12-80)
idp

Hence, for a given Fp value, {bideid ~ constant, and since éSidp
increases as T, decreases, C,; must decrease as T, decreases.
According to Eq. (12-80), C;, depends also on F. However, the
increase of &, with Fj, is such that ¢,, /(F, - F,) may be ap-
proximated by a constant for large F[ values. This is evident
from the illustrative plots in Fig. 12-20 of computed ,,, versus F,
for different T, values, using the thin ferrite core of Table 12-1.

20_ T 1 1 7T I LI I I L ] T T 17 ’/I T

i o ]
15 - T, =0 T,2002 o
L Fy -
— L % i
> L i
2 o / ]
< | /. ?
5[ T, 201 psec N
O_ TR = MR EERE BTSN BT

0 05 1.0 1.5 2.0 2.5

FooAf

Fig. 12-20. Computed ‘ézdp vs. F'p with T', as a parameter for a
thin ferrite core (Table 12-1). (Nitzan, 1966.)

(The éid(t) component is significant in connection with the
signal-to-noise ratio of a coincident-current memory. Consider
two essentially identical cores, one in an undisturbed one state
(¢ =~ ¢) and the other in an undisturbed zevo state (¢ ~ -¢). The
difference between the ¢ outputs of the two undisturbed cores,
generated by a partial-read pulse of amplitude near F ™", isthe
so-called maximum delta noise. Since the difference in ¢_(1) between
the two cores is considerably smaller than q'sid(t) of the core driven
away from saturation, this deltanoise is essentially ¢ ;0. Applica-
tion of a post-write disturb pulse before the pariial -read pulse
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decreases the delta noise appreciably by causing minor inelastic
wall displacements to new stable positions, e.g., from Point R to
Point W in Fig., 11-16(a). The longer the duration of this pulse,
the larger the number of completed minor inelastic wall displace-
ments, and thus the smaller the following delta noise. Further-
more, previous paritial-read and pavtial-write pulses also affect
the delta noise by causing minor inelastic wall displacements in
opposite directions. Since q'bl.d(t) is due primarily to domain-wall
motion, one could possibly describe delta noise by incorporating
the switching history into Eq. (12-75).)

A Model for Main ¢ (1. Referring to Fig. 11-18, the average
threshold H,, corresponding to major inelastic wall displacements
increases from a value of H,™" to an asymptotic value as H,  in-
creases above H;"'". The corresponding number of walls, n(1 - p),
increases with H., because n increasgs and p decreases as Hyp
increases. Thus, as in the case of ¢,,;(t), the major component
$; (0 is proportional to (H, - H,)”, where v > 1, However, unlike
b4, ¢, (0 is affected appreciably by a change in the average do-
main-wall area versus time. According to Menyuk and Goodenough
(1955), the domain-wall area increases in the early portion of
switching, reaches a peak in the middle of switching (while do-
mains collide with each other), and decreases with time toward
the end of switching. The probability-density function of the
domain switching time is more complex than in the case of ,,()
because it depends on domain collisions. Haynes (1958) extended
Goodenough’s work by calculating a model for ¢,(1) based on the
assumption that nucleation centers (from where major wall dis-
placements begin) are distributed randomly according to Poisson’s
distribution function. Independently, Lindsey (1959) calculated a
model similar to that of Haynes, except that he assumed the do-
mains to be cylindrical. Models of this type were treated in a
general way by Hilberg (1964). Each of these models for éi(t)
yields a reasonably satisfactory agreement with experimental
data. However, a parabolic &, (#) model is preferred here
simply because it offers better agreement with experimental
data for many square-loop materials. According to this model,
<Z>im is proportional to a parabolic function of ¢, and reaches a
peak in the middle of switching. Qualitatively, therefore, the para-
bolic model has the physical features hypothesized by Menyuk and
Goodenough (1955).

Consider again the flux-switching experiment using a thin
toroidal core (Figs. 12-4 and 12-5). Typical ¢(¢) oscillograms
for step-F switching of the thin ferrite core of Table 12-1 are
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shown in Fig, 12~21 for amplitude values of 1.2 and 1.8 ampere
turns. After approximately 15 percent of the total amount of
switching is completed, ¢_~ 0 and ¢;; < ¢;.; thus, ¢(p) = ¢, (@),
In each case, the ¢,,(¢) curve is extrapolated by a dashed line to
the ¢ axis. The resulting overall <2>im(q5) curve is found to be very
close to a parabola that intersects the ¢ axis at —¢, and at ¢ ,(F),
where ¢,(F) (the static ¢(F)curve; see Fig. 12~17(b)) may be cal-
culated using the model in Egs. (12-24). Similar parabolic ¢, (¢)
oscillograms are typically observed for all values of F, except for
very low F values, for example, F < F, Consequently, if F is
larger, say, than F_, then ¢, may be described by the differential
equation

$+ b, - ¢d<FT
(12-81)

2
b = ¢ (F) <1 -
Pim = %o [ b, + by(F)

where <,-Z>p (F) is the peak value of q'Sim (see Fig. 12-17(a)) for a given
value of F.

| 4N HEVZSIN
it |/ it] ) N
Y \ 7 \
_L/ ’ '
-¢r ¢ ¢4 (F) -9y ¢ é4(F)

(a) (b)

Fig. 12-21. qb () oscillograms for step-F' switching of a thin ferrite core (Table 12-1).
¢ scale = 1.04 Mx/major div. (a) F = 1.2 At; ¢ scale = 3.3 mV/t/major div. (b) F =1.8
At; ¢ scale = 13.8 mV/t/major div. (Nitzan, 1966.)

Experimental <}5P(F) data may be curve-fitted by several differ-
ent functions, such as the ones shown in Fig, 12-22, where the
curve is broken into four regions, i.e.,

0 for 0<F<F/™n  (12-82a)
s NG - F i o Fgmin < F <R (12-82b)
MF ~ FpY for Fp <F<Fg (12-82c)

pp(F — Fo) for Fp<F (12-82d)
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pp(F-F)
&
MF-Fg)
R
N(FE-FY
anp
0 :
A T F—

Fig. 12-22. Functions for ® »(F) curve fitting.

where F ™" is the static F threshold, F; and F, are extrapolated
values of dynamic threshold, F’ and Fg are the F values at the
boundaries between the ¢ (F) regions A and A are proportionality
constants and +* and v are exponents for the nonlinear ¢ (F) re-
gions, and p, is the slope of the linear region of ¢> (F), For con-~
tinuity, the expressions for ¢ (F) and d¢ (F)/dF of neighboring
regions must be equal at the borders F = F and F = Fg, Con-
tinuity at F = F imposes the relations

’

F. - F min
L (12-83)
Fg - Fy
and
1Y 4
)t Y (V/V) (12_84)

(Fp - F ™™

and continuity at F = F; imposés the relations

I
= =2 (12-85)
FB - FO
and
1
N=py (12-86)



(a) Linear scale

Fig. 12-23. Measured and computed ;6 » (F)curves vs. temperature.

(b) Semilog scale
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These relations impose four constraints on the nine parameters in
Egs. (12-82). Hence, the values of only five parameters are
needed to completely specify ¢, versus F.

A computer program was developed for determination of the
é o (F) parameters by least-mean-square curve fitting of Egs. (12-82)
to measured ésp(F) data, The resulting curve fitting is illustrated
in Fig. 12-23(a) for a commercial ferrite core at different tem-
peratures. Since the resolution with a linear scale is poor at low
F values, the results are redrawn in Fig, 12-23(b), using a semilog
scale,

The semiempirical model ésim(F,qS) (Egs. (12-81) and (12-82))
is summarized graphically in Fig. 12-24, Switching characteristics
for three F values (F,, F,, and F3) are traced in the figure. For a
given F value, the ¢, value is determined from Eqgs. (12-24), and
the dvp value is determined from Egs. (12-82), anwing the value
of ¢., we can then plot the parabolic function ¢,, versus ¢ of
Eq. (12-81).
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Fig. 12-24. Graphical relations among ¢ g(F), 4'51,(17) and &im (F, &)
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The excess mmf in the region dei“ < F < Fp is so low that the
variations in threshold during the switching time become signifi-
cant, The assumption in Eq. (12-82b) that the mmf threshold in
this region is constant may thus result in an appreciable error. It
is more exact to replace F‘dmi“ by the F value on the static ¢ (F)
curve corresponding to ¢ . If this modification is applied, then
®;n(¢) is no longer parabolic and ¢ (1) peaks at a value of ¢, (see
Fig. 12-17) lower than the midpoint between -¢,. and ¢, , which
agrees with observed behavior of certain ferrite cores.

Fortunately, the model for <},‘>im(t) (Egs. (12-81) and (12-82)), is
reasonably applicable even if the core is not thin (e.g., a toroid
with r /r, = 1.6) and also for monotonic F(#) functions other than a
step function, though with some modification of the parameter
values. The way to apply the model is to divide the switching time
into small time intervals, at each of which ¢,(F) and ép(F) are
computed from Eqgs. (12-24) and (12-82); these values are then
used to compute q'sim from Eq. (12-81). Fora variable F(¢) function,
the values of the switching parameters A, Fg, and other parameters
of the same nature in Egs. (12-82) are somewhat different from
those for a step F(#). They are generally lower if F(#) is mono-
tonically increasing, and they are generally higher if F(¢) is mono-
tonically decreasing. For example, as we shall see later in con-
nection with Fig., 12-29, a good agreement with experimental data
was obtained for a ramp function F(#) = kt over a wide range of k
(for example, 100:1) using fixed values of A and Fj that are
lower than step~F parameters by about 25 to 30 percent.

Since the model for q'sl.m(t) is not restricted to step-F () func-
tions only, it may be used in computation of flux switching in
square-loop core circuits in general. Such an application is dis-
cussed in Sec. 12-6.

Dependence of Main éSi(t) on Other &(b) Components. On the
basis of the models for ¢ (n,_ (1, and ¢, (0 (Egs. (12-49),
(12-59), and (12-75)), these ¢ (1) components are independent of each
other. In contrast, the solution for ¢ ;m (D 1s dependent on the other
#( components because the required value of the flux ¢ in Eq.
(12-81) is

¢ - -p + / ddt (12-87)
0

where

bW = S0 + b0 + b0+ b, (12-88)
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In the absence of these other components, the solution of Eq. (12-81)
as it stands is absurd because, with nothing to change ¢ (1) from its
initial zero value, the core (or leg) would never start switching.
Even if <2>€(t) were included, the resulting switching time could be
unrealistically long because, without ¢,;, the values of g%im in the
beginning of switching would be too low.

The relative magnitude of each of the ¢(t) components in the
beginning of switching is illustrated in Fig., 12-25 for the thin
ferrite core of Table 12-1, which was driven by an mmf pulse of
amplitude Fj, = 2,22 F,. The area under each waveform is the
contribution of the corresponding ¢(f) component to the increase of
the total ¢. It is evident from this example that the presence of the
é; 4 component is very important for the correct solution of
$,. (1, and hence of ¢;(0, The computed total ¢(:) was found to be
very close to the experimental ¢ (1) waveform (Nitzan (1966)).
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Fig. 12-25. Computed q'SE, é&id, ¢ im» and d> vs. t during the beginning of
switching of a thin ferrite core (Table 12-1). (Nitzan, 1966.)

Approximate Models for (ﬁi(t). For switching from ¢ = -¢, with
F larger, say, than 2F , anapproximate solution for [<Z>id<t) + é)im(t)]
may be calculated from Eq. (12-81) if ¢, is replaced by ¢,. By
making such a simple modification, the total inelastic & (1) may be
calculated from the approximation
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o . 2¢ + ¢, — by (F]
= b, L= (M <{1 - 12-89
¢t ¢1d + ¢zm ¢p [ ¢)s N ¢d(F) il ( )

where qs (F) is the same as expressed in Eqgs. (12-82). With this
model, the initial value of ¢, isnot zero, and the switching proceeds
even in the absence of the qse(t) components. Neglecting qSe(t) the
$,(t) waveform calculated from Eq. (12-89) closely resembles the
waveform ¢,(1) = ¢,,() + ¢, (1) calculated from Egs. (12-75) and
(12-81), as illustrated in Fig. 12-26 for a step F (),

/0 b
$i- $id*dim ) K T¢L
$id
0 t t— 0 fp ng
2¢+¢-¢ 2 .o 2¢+¢"4’ 2
W bedardy (RS ] thed i- (A)]

Fig. 12-26. Resemblance between é ;(t) waveforms derived from different models for inelastic ¢ (1).

The limitation of the model in Eq, (12~89) should be emphasized.
For low F values (for example, F' < F" ), the contribution of éid(t)
is not accounted for adequately by replacmg ¢, by ¢.. In fact, for
F<F m”‘, Eq. (12-89) predicts ;- 0, since qs =0 from Eq.
(12- 82a), whereas in reality, ¢, - <Z>id > 0.

In many applications, F is sufficiently high to make Eq. (12-89),
in conjunction with ¢. (F) of Eq. (12-82), actually very useful. As
with Eq. (12-81), Eq. (12-89) may be applied to compute ¢, (1) for
an arbitrary monotonic F(#) function by computing the values of
$4(F) and ¢ (F) at each time interval. If F (1 is a step function and
the contribution of ¢ () to ¢(1) is ignored, then the solution of
Eq. (12-89), obtained by separation of variables, is

+ ¢ (F) 2¢ (F) 2¢ + ¢, (F) - ¢
() - s w $alD n ) 2T |2 P s
2 b, + ¢g(F) b, + pg(F)

by — dyF)

_ - (12-90)
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Differentiating Eq. (12-90) with respecyt to time, we obtain

] . 2¢ (F) 2¢ + ¢ (F) - ¢
¢, () = ¢, (F) sech? P t - tanh"l[ r o d

SRS S— 1Y (12-91)
b + PgF) b+ by(F)
Differentiating again and setting &;(?) equal to zero, we obtain an
expression for the time at which q'Si reaches its peak value (see
Fig. 12-17), that is

b

(12-92)

bs + dg(F) 2¢, + ¢u(F) - &,
= - tanh™!
2¢p(F) bg + P (F)

A further simplification in the model of ¢; may be achieved if
F is high enough to replace ¢,(F) by ¢, for example, if F > F5 in
Fig. 12-24, Under this condition, Eq. (12~89) reduces to

2
$; = &, () [1 - (f—)} (12-93)

We shall show later that under certain simplifying assump-
tions, Eq. (12-93) may be applied to manual computation of in-
elastic flux switching. In general, however, utilization of the
flux-switching models presented in this chapter requires the use
of a digital computer. In the following section we discuss the
methods of computation involved in employing these models in
computer analyses and compare some computed results with
experimental data.

12-6 Computation of Flux Switching in
Magnetic-Core Circuits

We now wish to apply the switching models to computation of
flux switching in magnetic-core circuits. Both the complexity and
the repetitious application of the switching models dictate numeri-
cal computation by digital computer. Simple numerical methods
that are suitable for this purpose will be illustrated by applying
these methods to computation of flux switching of an unloaded core
and a core loaded by different combinations of R, L, C, and a diode.
We shall also derive from the main inelastic parabolic ¢(¢) model
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an approximate relation which is amenable to manual computation
of flux switching,

Unloaded Cove., Consider an unloaded core whose flux is
switched from -¢, toward positive saturation by an applied mmf
F(), The objective is to compute ¢() and ¢ (1) and compare the
results with experimental data.

Let us temporarily make two simplifying assumptions:

1. F is high enough to justify the use of Eq. (12-89) in com~
putation of ¢,(F, ).

2. The elastic ¢ (1) component is negligible.

On the basis of these assumptions, ¢ = &, and, since F is a function
of time, ¢ is described by a first-order nonlinear differential equa-
tion of the form

b = P (12-94)

where ¢ is an independent variable and ¢ is a dependent variable.
We divide time ¢ into small At intervals and solve Eq. (12-94)
numerically. There are several known methods of numerical
solutions of differential equations (see, for example, Milne (1950);
Scarborough (1950)). For this problem, the following simple
predictor-corrector method is adequate.

For generality, let us replace ¢ by y and look for the solution
of the first-order differential equation y = y(¢,y). Designating each
variable by a subscript representing the time-~interval index, con-
sider the nth interval (¢ =1¢) and suppose that the values of
Y, -9s V-9 Y,-1» and ¥,_; have already been determined. We now
wish to compute y, and y,. As a first step, an approximate value of
¥, is predicted using the relation

Yn = yn—2+2At5}n—1 (12-95)
We now compute y, = y(¢,,y,) and correct y, using the relation

Y, + ¥, _
Yo = Ypoq + Atn_z_'i_l (12-96)

which is closer to the correct y, value than the relation in Eq.
(12-95). The last two steps (in which y, and y, are computed) are
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repeated until convergence is achieved, i.é., the change in v, (or
y,) 1s negligible. This predictor-corrector process is repeated
for succeeding At’s until the end of switching, which we define as
the time r, when ¢ () approaches ¢, towithin a small interval (for
example, 0.001 ¢ _) and hence, ¢ =

The smaller the value of A¢, the more accurate the results;
however, the cost of computation may be higher. One way to de-
termine At is to repeat a typical portion of the computation, using
decreasing values of At, until the changes in the results are
negligible, For some cases it is found that At should be below
two percent of 7., If At is chosen well below this empirical value,
for example, At = 7_/200, then only a rough estimate of 7 is needed
in order to determine At. An alternative and more efficient way is
to adjust At automatically in accordance with the number of itera-
tions at the previous At.

Assuming that ., is the switching time corresponding to
A¢p = 2¢, ~ 1.8¢,, an adequate estimate for r; may be obtained by
substituting Eq. (12-93) into the relation f q;d(p f ¢, dt, from
which we find that

Ts b,
f B, () dt ~ f % 329 (12-97)
0 ~br 1 - (/)2

where ¢ (F) is given in Egs. (12-82). For a step F(1), ,(F) is not a
function of time, and hence Eq. (12-97) yields

3.256,

T (12-98)
P

Ts,step =

For a ramp function F = kt, evaluation of the integral in Eq. (12-97)
is more complex because switching may occur while F' increases
from F,™" through the three regions of ¢, (F), Eqs. (12-82).
However, since r, need not be determined accurately, we shall
consider only the middle gb (F) region. We thus assume that
switchmg starts at ¢, = Fo/k andby substltutingqs (F) = Akt ~ F )"

ARY(E — to) into Eq. (12-97), the approximate switchmg time is
found to be

1

3.25( + D |7*
Ts,ramp ~ T (12-99)

Note that switching terminates att = ¢, + Ts ramp®
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Now that we have outlined the steps of computation of inelastic
flux switching, let us remove Assumption (2) and include the
elastic ¢() component as well. First consider the case in which
the rise of F (1) justifies the use of Eq. (12-63), that is

b, = (12-100)

Since F' and ¢ may vary in time, this first-order differential equa-
tion will be solved numerically. Here, again, we may use the
simple predictor-corrector method represented by Eqgs. (12-95)
and (12-96).

If the rise time of F(#) is very short (of the order of 1 nano-
second), then <2>€(t) should be computed from Eqgs. (12-49) and
(12-59), each of which is of the form

b, + 8b, + b, = F (12-101)

In general, any differential equation of the nth order may be re-
duced to a set of » first-order differential equations by introduc-
ing (n - 1) dummy variables (see Milne (1950)). For the second-
order differential equation under discussion, we introduce the
dummy variable v_ such that

b, = v, (12-102)
and Eq. (12-101) becomes
F - v, - &,
v, = < ¢ (12-103)
7]

Equations (12-102) and (12-103) are a set of two first-order
differential equations that may be solved for v_ and ¢, at each nth
At interval by using Eqs. (12-95) and (12-96). First, v_, is pre-
dicted using Eq. (12-95) and then, since ¢, =v_,, the value of ¢_,
is predicted using Eq. (12-96). At each iteration cycle, v, and v,
are computed from Egs. (12-103) and (12-96) and ¢_, and ¢, are
computed from Egs. (12-102) and (12-96). These iterations are
repeated until convergence 1s achieved, and ¢ is stepped up by At.

We finally remove Assumption (1), and compute :;Z)id(t) from
Egs. (12-75) and (12-78) and ¢, (1) from Egs. (12-81) and (12-82).

Computation of ¢() and (), on the basis of the selected
switching models and the predictor-corrector method, is readily
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performed on a digital computer, Since the same switching model
may be applied in different computer programs, or several times
within a given program, the steps of computation involved in this
model are usually written as a separate ‘‘subroutine’’ or a ‘‘pro-
cedure’’ that is ‘‘called’’ within the main program.

Experimental verification of the model for each of the ¢ (!
components requires that the other components be relatively
small, Experimental and computed results are compared in
Fig. 12-27 for positive switching from ¢ = -¢, of the thin ferrite
core of Table 12~1, using step~-F drives and time durations chosen
such that ¢_(1 followed by ¢,,(1) are the predominant components.
A similar comparison is made in Fig. 12-28 using step~F drives
and time durations such that ¢, (1 is predominant. Note the wide
range of F, from 0.8 to 20.0 ampere~turns, in which the switching
models yield a satisfactory agreement with experimental data.

|
4 ! ]
25mvt] [N 4 s
~ V7t
) 5m¥ﬁ 01 Y7
k0545 =01 ps 505
(a) T,=62ns; Fp=0.8At (b) T,=13ns; Fyp=1.18 At (c) T, =0.4ns; Fy= 1.5At

Fig. 12-27. Experimental (dotted or solid line) and computed (dashed line) <;5(t) waveforms of a thin
ferrite core (Table 12-1) in the beginning of switching using different step-F (¢) drives of 10-90% rise-
timeT, and amplitude F'j, which emphasize $¢ () and ¢;4(2).

N s e
4 ./ A s N l N
25mV/t N 375mV/t N 4 ip
T T 1\[@ H
b5y F-0.2ps -+ 5ns
(a) T,®65ns; Fp=1.1 At (b)T,=74ns; Fp=2.4 At (c)T, =0.4ns; Fy-20.0At

Fig. 12-28. Experimental (dotted or solid line) and computed (dashed line) qS (t) waveforms of a thin
ferrite core (Table 12-1) switched fully by different step-F (¢) drives of 10-90% rise-time T, and
amplitude F p.

Experimental &(f) and computed ¢,() waveforms of switching
caused by ramp F(), F = kt, are compared in Fig, 12-29 for thin
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(a) Thin core (OD/ID = 1.06): k = 3.58 At/usec; T = 29 +0.5°C. Core
parameters are given in Table 12-1.
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(b) Thick core (OD/ID= 1.61): & = 0.8575 At/usec; T = 30 * 0.5°C.
Core parameters: r; = 1.143 mm; r, = 1.84 mm; A = 1.244 mm?; ¢, =
31.0 Mx; ¢ = 33.48 Mx; H, = 250.0 At/m; H, = 26.0 At/m; H,, = 22.5
At/m; F. = 0.28 At; F§ = 0.27 At; v = 1.43; A = 1.64 Q2-43770.43;
Fy =0.55At; p, =2.27 Q/t% Fg = 1.2 At.

16

Fig. 12-29. Experimental and computed () waveforms of ramp-F switching (F' = kt)
of ferrite cores. Waveform A - Computed, using step-F values of A and Pp. Wave-
form B - Computed, using A and Py values which are a fraction (75% in (a); 70% in (b))
of step-F values and shifted to the left (by 0.04 usec in (a); by 0.15 usec in (b)).
(Nitzan, 1965.)

and thick ferrite cores. For either case, the computed peak value
of ¢ is higher than the experimental value if step-F switching
parameters are used (Waveforms A). However, very good agree-
ment is obtained for both cores (Waveforms B) if A and pp are
lowered by 25 to 30 percent and time shifts of about 0.1 r_ are
introduced, These time shifts are significantly reduced by lower-
ing the values of F; and F,, as well,
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Loaded Core. The switching behavior of a core with re-
sistive, inductive, and capacitive loads is analyzed in Chap. 1,
using a very crude switching model. We now wish to apply the more
sophisticated switching models of this chapter to such cases.

Fig. 12-30. Flux switching in a loaded core.

In Fig. 12-30, a core is coupled by N, turns to resistance R, ,
inductance L, capacitance C, and a p-n junctiondiode, all in series.
The core is switched by drive-mmf Npi,(® from ¢ = -¢, toward
positive saturation. We wish to compute the various time variables
during the switching time, and compare ¢ (/) and the load current
i, () with experimental waveforms.

The net mmf acting on the core is

F = Npip - Ny ip, (12-104)
The resulting ¢ is a function of F and ¢, but since F is a function

of ip and i , and since ij, isa given function of time, ¢ is a function
of t,i,, and ¢, formally expressed as

¢ = oL, iy, P (12-105)
The loop equation is

b =R, i + L(dl'“> . f‘li v+ v (12-106)
Np¢ = Rpip b L pn -
dt C Yo

whereV  is the voltage across the diode.
Ignoring the diffusion and junction capacitances of the diode
(cf. Gray et al. (1964); Searle et al. (1964)), we use the model

i
Vo, = 040l <1i> +i R, (12-107)
sd

where R, is the forward resistance of the diode, I, is its saturation
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current, and

Opa = “Lmy = 0.86 1074 Tm, (12-108)

q

in which k is the Boltzmann constant (k = 1.381 + 10-23 joule/°K), ¢
is the charge of an electron (g = 1.602 « 10-19 coulomb), T is the
absolute temperature in °K, and m; is a factor which varies be-
tween 1 and 2, depending on the junction type.

Substituting Eq. (12-107) into Eq. (12-106) and letting R =
R, + R, , we obtain

di - i
o MN gL oRip o, m(1 e )| 2-109)
dt L Cc Isd

where
G = i, (12-110)

Equations (12-105), (12-109), and (12-110) are a system of three
simultaneous first-order differential equations in which ¢ is an
independent variable and ¢, i;, and ¢ are the dependent variables.
The solution of these time variables may be obtained numerically
by using Eq. (12-95) and (12-96) or any other predictor-corrector
method.

If L -0, then dij/dt cannot be expressed explicitly as in
Eq. (12-109). Instead, the loop equation becomes implicit, i.e.,
transcendental, in i

)
fliy) = %q + Rip + emden<1 " YL_> -N.$ =0 (12-111)
sd

Regardless of whether a diode is present or not, the loop equation
is transcendental in i; because é (Eq. (12-105)) is a function of ije
Thus, at each iteration, while using the predictor-corrector equa~
tions for evaluating ¢ and ¢, Eq. (12-111)is solved transcendentally
for the root of i;. If we use the Newton~Raphson iterative method
(see Henrici (1963)), then i, at the jth iteration is corrected
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using the relation
Gy, 29

fly, ;P

where f'(i;) = df(i;)/di; . Differentiating Eq. (12-111) with respect
to i; , we obtain

iLj = iLj-1 - (12-112)

i = L gy Imd N 298 54

C di, /dt i+ 1y oF
where J¢/0F is obtained by differentiating the & (F,#) model
(Egs. (12-66), (12-89), (12-82), and (12-24)) with respect to F.
The Newton-Raphson method (Eq. (12-112)) is powerful because
it is characterized by quadratic convergence, i.e., the relative
error at the jth iteration is the square of the one at the (; - Dth
iteration. However, there is the danger that a low |f’(iL’ j-1) | may
result in a divergence from the correct solution. Also, the cor-
rection at the jth iteration following Eq. (12-112) will not neces-
sarily yield the fastest convergence. If the convergence turns out
to be oscillatory and too slow, then taking half of the change in i
prescribed by Eq. (12-112) will often yield the proper convergence
within very few iterations., In general, convergence is guaranteed
in a region where certain conditions are satisfied (see Henrici
(1963)).

A computer program for computing the time variables may be
written directly on the basis of these numerical methods. For
example, using the ¢,() model in Eq. (12-89) with step-F param-
eters and neglecting ¢ (0, computed waveforms of é () and i (1)
with different step~F drives and different loads are compared with
experimental oscillograms in Fig. 12-31 for the same thick core
used in Fig. 12-29(b). In judging the agreement between the com-
puted and the experimental waveforms in Fig. 12-31, one should
keep in mind that step~F switching parameters were used in the
computation, although the net F(#) of the loaded core was not con-
stant because of variations in load current. The variation of com-
puted ¢ versus F during switching is shown in Fig, 12-32 for each
of the load cases. The time interval between any two adjacent
marked points is constant for each curve. The resulting S-shaped
¢(F) curve is characteristic of a loaded core and may be observed
even if the drive current i, (?) is a ramp. Typical effects of induc-
tive and capacitive loads on ¢ during the switching time may be
observed in Figs. 12-31 and 12-32: ¢ peaksearly with an inductive
load, and late with a capacitive load, as expected.
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Fig. 12-31. Experimental (solid line) and computed (dashed line) J>(t) and i, (t) waveforms of a

thick ferrite core (OD/ID = 1.61) switching with different loads and amplitudes NpIp of step-F
drive. Time scale = 0.5 ws/div; ¢ scale = 0.5 V/t/div;ij, scale = 0.5 A/div. (Nitzan, 1965.)
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Fig. 12-32. Variations of ¢ vs. F during the switching time, corresponding to the load cases in Fig.
12-31 (Nitzan, 1965).

Voltage Drive, Although flux switching has so far been based
on evaluation of ¢ for given values of F,F, and ¢ , in many appli-
cations a core is driven by a voltage source rather than a current
source, and there is a need then to compute the corresponding
net magnetizing current. However, the same switching models
used so far are applicable for computation of F' for given F, ¢ , and
¢ . This is so because the functional relationship among the four
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variables F, F, ¢, and ¢ is the same regardless of which variable
is solved for. However, since F is implicit in the switching model
(see Eq. (12-89)), computations of F for given F, ¢, and ¢ must be
performed transcendentally,

Average ‘‘Switching Resistance,”” The switching models pre-
sented so far are too complex to be applied manually. Quite often,
however, a manual calculation of a rough approximation of flux
change A¢ 1is very helpful. This need may arise when either a
computer is not available, or if the circuit analysis is to be per-
formed algebraically, or if only a rough estimate of the switching
performance is needed. On the basis of the simplified parabolic
model for ¢;(¢) (Eq. (12-93)) we shall now derive a relation that
enables us to perform such a manual calculation. This relation is
adequate for computing the net flux change A¢ but not the ¢ (1)
waveform. Since the net ¢_ is usually negligible compared with
the net A¢;, we shall neglect ¢_ and identify ¢, alone with ¢.

Consider a core (or core leg) that is switched from an initial flux
¢y = ~¢, to some final flux ¢, by a net mmf F (1) of arbitrary wave-
form, and suppose that during most of the switching time, F X Fg
(Eq. (12-82d)). The flux switching may become flux-limited by
saturation, in which case it is complete and ¢, = ¢, or it may be
time-limited, in which case it is partial and ¢, < ¢; < ¢, Let 7
denote the switching time in either case. Since F 2 Fp, then
¢,(F) = p (F - Fy), and Eq. (12-93) becomes

b = p(F - Fy) (12-114)

2
p - pp[ - (f_)} (12-115)

Since the units of ¢ and F are volt/turn and ampere~turn, re-
spectively, p is regarded as ¢‘‘switching resistance per - turn

squared.’”’ Defining
¢r 4
_ (l) _ 1 f (l)dqs (12-116)
Plav.  bp— &g “¢0 \P

then p is the average value of p during the switching time. Sub-
stitution of Eq. (12-115) into Eq. (12-116) gives

where

|-
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_ br— &
;- e (12-117)
y i

% p,ll - (/)2

which provides a means for computing p over the flux change
Ap = ¢, — ¢y. Assuing in Eq. (12-117) that ¢y = -¢,, then p versus
®; is found to be

(/) + (p,/b)

p=pp—— =
tanh (¢f/¢s) + tanh™ (¢ /¢ )

(12-118)

To see how to use p, note that from Eq. (12-114) we obtain

</>f Ts
f Lgs - f (F - Fy)dt (12-119)
¢0 P 0

and from Egs. (12-116) and (12-119) we obtain
— Ts e —
A = ¢, + ¢ = pf F,.dt = pF_ 1, (12-120)
0

where F_ = F - F, is the excess mmf and ﬁex is the average value
of F_, over the switching time. (Note that Eq. (12~120) is identical
with the crude flux-switching model, Eq. (1-8), used in Part.l.)
Thus, in order tocalculate the flux change due to a given mmf drive,
we calculate p from Eq. (12-118) and multiply p by the ‘‘excess
charge-turns’® F, 7., However, since p itself is a function of ¢,
the solution for #; 1s transcendental, and may require a few
iterations.

On the basis of Eq. (12-118), plots of p/p, versus ¢,/¢, are
shown in Fig. 12-33 for three assumed ¢,/¢, values: 0.84 (dashed
line), 0.90 (solid line), and 0.96 (dashed line). Each plot is shown
in the region where Eq. (12~118) is valid, i.e., where -¢, < b < P
Knowing the values of &/é.p, and F_ r_, then ¢, may be deter-
mined graphically instead of by the transcendental solution men-
tioned above. An example is shown in Fig, 12-33 for ¢,/¢, = 0.9
(which is a reasonable value for many common square-loop fer-
rites) and Fexrs =2¢,/p,. The resulting value of <7.’>f/qu cor-
responds to the intersection point (open circle) of the curve
p/p, versus ¢;/¢ . (Eq. (12-118)) and the straight line p/p, -
lp, + qbs(qsf/qss)]/(ppﬁ 7) (Eq. (12-120)).

ex s
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Fig. 12:33. p/p, vs. ¢f/¢ps for ¢,/¢s =
0.84, 0.90, and 0.96, and graphical determi-
nation of ¢y for the case of ¢,/¢5 = 0.9 and
Fex?s = 2¢r/,0po

Note in Fig. 12-38 that for ¢ /¢ = 0.9, p/p, reaches a maximum
value of 0.695 (marked by x) at ¢, =~ 0.55¢ . If ‘“‘efficiency’’ of flux
switching is measured by the flux change due to a given quantity of
charge-turns, then this point corresponds to the most efficient
flux switching. As ¢, /¢ increases from 0.84 t00.96, the maximum
value of p/pp decreases from 0,75 to 0.59 while the corresponding
¢;/¢, value increases from 0.50 to 0.64.

For ¢,/¢, = 0.9 and essentially full switching (¢, = ¢), we find
that p = 0.611p, (see the point marked by a square in Fig. 12-33).
This result allows us to determine the average full-switching re-
sistance from the slope p, of the linear portion of the measured
¢,(F) plot (Fig. 12-22)., The value of p corresponding to ¢, = ¢,
may also be related to the switching coefficient

F - F,

Sy = Uy = )y = ——1, (12-121)

where r, is the full-switching time under constant-F drive (see
Fig. 12-16(a)), and ! is the average switching-path length. Sub-
stituting Eq. (12-121) and A¢ = 2¢_ into Eq. (12-120), we obtain
the relation

p =~ 0.6lp, = o (12-122)
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The notion of average switching resistance is very useful in
qualitative understanding of flux switching in complex magnetic-
core circuits., Thus, with this section we reach full circle since
the notion of average switching resistance was introduced in
Chap. 1, and all of Part I relied on this simplifying notion, The
reader was thus spared the necessity of treating complex core
models while being introduced to circuit principles and techniques.

12-7 Summary

Flux ¢ and mmf F of eachlegin a multileg core depend on the ¢
and F of other legs according to two rules: (1) along a closed path
of { legs enclosing mwindings,EE:l F; = 37, N,ip,and (2) in any junc-
tion of n legs, X7 ¢; = 0 (hence, also 27 <'ﬁj_= 0). Flux-switching
models (the functional relationships among ¢, ¢, F, F, and t) for a
leg are based on experimental results of flux switching in ferrite
cores using constant-F drives. The models encompass the static
¢ (F) curve and the elastic and inelastic components of ¢ (1.

The saturation and nonsaturation regions of a static M(H) curve
for ferrites are described by two hyperbolic functions. Integra-
tion of these functions over the leg cross section yields expres-
sions for a three-region static #(F) curve, ¢, F). This model can
be modified to handle discontinuous static ¢(F) curves resulting
from ¢‘re-entrant’’ M (H) curves.

The elastic component of ¢(1), namely &_(1), has two sub-
components: a high-amplitude spike ¢_(1) due to rotation of
magnetization, and a low ¢_, (1 tail due to domain-wall motion.
Each component is described by a second-order differential equa-
tion of the form ¢, + 8¢_ + nd. = ¢F (initially, ¢_ = 0 and ¢_ = 0).
For ¢_,(, this equation results directly from the stiffness,
viscous damping, and mass of an average domain wall. The
solution of ¢_(1 for a step F() is consistent with the Landau-
Lifshitz and Gilbert equations. For either ¢. component,s, + 6¢_ =
eF if T, > n/8 (for example, T, > 5 nsec), where T, is the rise time
of F(#), and if also T, > & (for example, T, > 65 nsec), then ¢, = ¢€F,
The overall « peaks near ¢ = 0 andincreaseswith the speed of pre-
vious switching, but for |¢| > ¢, along the saturation regions,
€ = do,(F)/dF.

Two components of inelastic ¢ (/) are distinguished: a decaying
minor component q',’ul. 4t due to minor inelastic wall displacements
of essentially constant wall areas, and the bell-shaped main com-
ponent g?;l.m(t) due to major inelastic wall displacements (involving
domain collisions) whose wall areas vary in time. Assuming that
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initially ¢ = -¢,, the semiempirical models proposed for these
components are

‘ (t - T,)(F -F,)
big® = A (F — F, ) expl:— "é ’d}

id

where A, F,; v,y and C,, are switching parameters, and the non-
linear differential equation

2¢ + &, - ¢d>2

bim = B, |1 _<
¢r+¢d

where gisp(F) is the peak of q's,.mm for a given step F (1), and where ¢,
is the static ¢ versusF. Expressions are proposed for a four-region
q'sp(F) curve f_itting. For F 2 2F,, where F_, is the coercive mmf,
approximate ¢; may be obtained from the ¢, model above by re-
placing ¢, by ¢.. Using this composite éSi model for a step F (1),
the solution ¢,(1 is a sech? function of time. The <iSl. models are
also applicable for arbitrary monotonic F (1) functions encountered
in square-loop-core circuits, e.g., a ferrite core driven by step
or ramp F(#) and loaded by different combinations of R, L, C, and
a diode. Such application requires the use of a digital computer,
and involves numerical methods of integration and transcendental
solutions of dependent variables for each increment of switching
time r,. Experimental verification is given for a wide range of
amplitude and different net F () waveforms. If an applied step F ()
is sufficiently high to drive the core into saturation, then ¢, ~ ¢,
and the ¢, model is further simplified to ¢&; =~ p(F - F;), where
p=p,ll - (¢>/¢>s)2] and F,; is the threshold for high F. A calcu-
lated time-averaged p for switching from -¢ _to ¢, is

uf+ur

P tanh'luf + tanh_lur

where u; = ¢,/¢; and u, = ¢, /¢,. For full switching, u; = u, ~ 0.9,
and p = 0.61p, = 2¢,/(S D, where [ is the average switching path
and S, = (H,, - Hyr  is the switching coefficient, Manual calculation
of flux switching is based on the relation A$ - pF, r , Where
F, =F - F, is the net excess mmf, The p model is the crude

ex

switching model used throughout Part I.
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AC readout, 113, 239
Adjacent-bit interaction (see Interaction of
adjacent bits)
Advance-circuit design, 121-124, 245
Air flux:
calculated, 298, 309
experimental, 312-313
leakage, 142
Ampere’s law, 5, 68, 256, 288
Analog signal switching, 113
AND functions, 222, 226-228, 243
Angular momentum;
atomic, 260-261
of electron; orbital, 257
quantization of, 258
spin, 258-259
Anion, role in superexchange, 262
Anisotropy:
crystalline; of cobalt, 269, 273
constant, 269, 315
cubic, 269
of iron, 269
of nickel, 269
of permalloy thin film, 269
uniaxial, 269, 270
shape, 270
strain, 270
Anisotropy constant, 269, 315
Anisotropy field, 270-271, 276
cubic, 271
uniaxial, 271
Antiferromagnetism, 262-263
Applied magnetic field:
effect on domain walls, 278
effect on rotation of magnetization, 276,
301-303
pulse-duration effect, 283-284
switching-time effect, 317
Atomic angular momentum, 260-261
Atomic ground-state rule, 261
Atomic magnetic moment, 260-261
Atomic shells, 260
Atomic subshells, 260-261
Average switching resistance (see Switch-
ing resistance, average)
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SUBJECT INDEX

Backward decoupling, 32, 38
back-to-back diodes, 39
orthogonal modes, 181
shunt diodes, 39
three-phase system, 40-41
Balanced network, 66
(See also Magnetic network representa-
tion)
Barkhausen noise, 280
Basic three-phase scheme:
for bipolar logic, 233-234
conversion to dynamic bias, 183-185
derivation by Van De Riet technique, 155~
157
Newhall bipolar version, 192-194
Bias mmf:
to adjust flux gain, 26, S8
combined static and dynamic, 186
to overcome threshold, 20
(See also Dynamic bias; Holding mmf;
Threshold logic)
Biax element, 176, 178
(See also  Multileg-core circuit applica-
tion)
Bidirectional shifting, 41-43, 61
Binary counter, 245
Binary pattern, 31-32, 152
Binary scaler, 245-246
Binary shift register:
basic structure of, 31-32
as a simple logic structure, 220
use of complementary registers, 194-197
Bipolar flux clipping, 194
Bipolar flux transfer, 34, 192-194
derivation from complementary regis-
ters, 194-197
logic synthesis, 231-234
unipolar to bipolar conversion, 197
Biquinary representation, 237
Bit length of a register, 152, 153
Bit rate (see Shifting rate)
Bitter technique, 273-274
Bloch walls, 207, 271
(See also Domain walls)
Bohr magneton, 259
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Boltzmann constant, 339

Bridge networks, 228-230

Briggs-Lo scheme, 54-56
Engelbart reduction of, 56, 158

Briggs scheme, 48-49

Capacitor:
loading a core, 12-15, 338-342
(See also Core=-capacitor scheme; Core-
diode-capacitor scheme)
Cations:
in ferrites, 265
interaction between, 262
Cells, register, 31-32
Centers of domain nucleation, 316=-317
Central-conductor winding, 288, 291~-292
Charge-turns, 119, 122, 344
Circumferential H, equalization of, 288,
289
Clear current pulse, 291-294
Clear mmf pulse:
experimental, 291-294
requirements, 292
Clear state, 38, 53, 69, 150, 185
Clocking arrangements (see Implicit drive
phases; Pumping clocks; Single-
clock schemes; Subclocks for fan-
out; Three-phase schemes; Timing
clocks)
Closure domains, magnetic, 272-273
Cobalt anisotropy, 269, 273
Coefficient:
magnetostriction, 270
switching, 120, 141, 317
Coercive force, 283, 293-294, 296
Coercive mmf, 293-294
Coherent rotation, 199-202, 315-316
(See also Flux gain and loss mechanisms)
Collision of domain walls, 280, 316, 324
Combinational logic (see Digital logic)
Common-mode flux, 185
Complementary shift registers, 194-197
Complex network, 149
Components of ¢(t):
elastic, 301, 311-314
(See also Elastic flux switching)
inelastic, 319-332
(See also Inelastic flux switching)
interdependence of, 329-330
Computation of flux switching, 332-346
differential equations, numerical solu-
tion, 333-335, 339
elastic switching, 335
experimental verification:
340~341
ramp F(t), 329, 337
step F(t), 336
inelastic switching, 333-337
loaded core, 338-342
equations, 338-340
experimental verification, 340-341
S- shaped ¢(F), 340, 342
manual, 343-346

loaded core,

SUBJECT INDEX

Computation of flux switching (Continued)
Newton-Raphson method, 339-340
modification of, 340
predictor-corrector method, 333-335
switching resistance, average, 343-346
switching time, 334
time step, 333-334
trapezoidal integration, 333
unloaded core, 333-337
voltage drive, 342-343
Constant:
anisotropy, 269, 315
Boltzmann’s, 339
gyromagnetic, 257
magnetostriction, 270
Plank’s, 258
switching, 120, 141, 317
viscous damping: domain-wall motion,

rotation of magnetization, 275-277, 304,
314
Constant-p model (see Switching resistance,
average)
Core:
coupling, 149, 181
equalization of H, 289
equivalent, 73-74
holder, 292
loading (see Core loading)
loop, 149 .
models (see Elastic ¢(¢) models; Inelastic
¢(t) models; Static ¢(F) models)
multileg (see under Multileg core)
saturable, 290
shaping (see Multileg-core design; Shap-
ing of a core leg)
single-leg, 287, 291
switching model (see Switching models)
tape-wound, modeling, 286-287
thin (see Thin ferrite core)
three-leg saturable, 290
threshold (see Threshold mmf)
toroidal, thick, 337
thin (see Thin ferrite core)
unloaded, 333-337
Core-capacitor scheme, 41-43
Core-diode-capacitor scheme, 43-44
Core-diode schemes, 38~41
Core loading;
by another core, 17-29
capacitance, 12-15
effect on flux gain, 23-25
inductance, 9-12
magnetic-network representation, 70-72
quantitative analysis, 338-342
equations of, 338-340
experimental verification of, 340~341
S- shaped ¢(F), 340, 342
resistance, 8-9
Core models: .
elastic ¢(t) (see Elastic ¢(t) models)
inelastic ¢(1) (see Inelastic ¢(t) models)
simplified (see Switching resistance,
average)
Core shaping (see Multileg-core design)
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Core threshold (see Threshold mmf)
Core-wire circuits, resistance-type,
45
higher tolerance capability of, 106
Core-wire schemes:
Briggs, 48-49
Briggs-Lo, 54-56
Dick and Doughty thin=-film, 202-204
Dick and Farmer thin-film, 204-205
difference between resistance and non-
resistance, 45
Engelbart orthogonal mode, 181-182
Engelbart reduction of Briggs-Lo, 56
Engelbart reduction of MAD-N, 87, 161
flux-doubler (see Flux-doubler schemes)
MAD-N (see MAD-N scheme)
MAD-R (see MAD-R scheme)
Mina and Walters NRR, 210-212
Newhall bipolar, 192-194
with no core-diode equivalent, 49-50, 111
non-return-to-reference (NRR), 209-210
Russell type I, 107, 161
Russell type II, 50
Smith thin-film, 207-208
Stabler reduction of MAD-N, 87
three-phase, basic (see Basic three-phase
scheme)
Van De Riet double-speed, 163
Yochelson, 161-163
Coupling of moments:
atomic, 262
L-S, 260
Russell-Saunders, 260
Coupling core, 149, 181
Coupling-loop design:
basic MAD-R register, 116-121
MAD-R logic circuits, 241-245
Coupling-loop inductance:
effect on flux-transfer ratio, 23
elastic flux clipping, 35-36
in MAD-R design, 120-121, 241-244
magnetic network representation, 70-71
use of strip transmission lines, 199-200,
235-236
Coupling-loop resistance:
effect on flux-transfer ratio, 19-21
functional replacement by a core, 50
in MAD-R design, 120-121, 241-244
magnetic network representation, 70-71
in resistance-type schemes, 48
Crystal:
cubic, 269
deformation of, 270, 272
Crystalline anisotropy (see Anisotropy,
crystalline)
Cubic crystal, 269
Curie temperature, 263-264
Current;
atomic, 256
central, 292
clear, 291-294
generating mmf, 5, 287-290
load, 338-341
magnetic, 71
pulse, interrupted, 319
with short rise time, 312-313
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Current (Continued)

test, 292-294

true, 256

(See also Magnetomotive force)
Curve:

e vs, F, 309

e vs. ¢, 310

G(Ag) (see Flux-gain curve)

I/Ts Vs, Hap, 3.17

peak decaying ¢ vs, F, 324

peak M vs. Hap, 317

peak ¢ vs, F, 325-328

¢ vs. ¢, 325

¢ vs, F, dynamic, 342

range (see Range map)

static M(H), 266, 282-283, 295-296

static ¢(F), 293, 298-300
Curve fitting:

peak ¢p (F) data, 327-328

static ¢(F)data, 299

Damping, viscous:
domain-wall motion, 306
rotsation of magnetization, 275-277, 304,
14
dc drive (see Implicit drive phases)
Decaying ¢(t):
model for, 320-323
relation to delta noise, 323-324
relative magnitude, 330
verification, 336
Decimal arithmetic unit, 234-239
Decoupling (see Backward decoupling; For~
ward decoupling)
Deformation of crystal, 270, 272
Delta noise, 323-324
Demagnetizing field, 268, 270
DeMorgan’s theorem, 222
Design (see Logic design; MAD-R circuit
design; Multileg-core design)
Dick and Doughty scheme, 202-204
Dick and Farmer scheme, 204-205
Differential equation;
for capacitive loading, 13
for inductive loading, 10
MAD-R coupling loop, 117, 242
modeling: elastic ¢(t), 303-308
inelastic ¢t), 315, 325, 331-332
numerical solutions of, 333-335, 339
Digital flux transfer, 33-34
Digital logic:
AND, 226-228, 243
combinational, 216, 221
exclusive-OR, 228-230
fan-out, 113, 230
OR, 223-226, 237, 244
similarity design, 241
synthesizing two-input functions, 240-241
truth table, 221, 232
Dimensions:
of leg of a core, 296-297
shaping (see Shaping of a core leg)
transf;)rmation for unity turns ratio, 73~
7
variation, effect on one/zero ratio, 144
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Diode:
loading a core, 338-342
for logic synthesis, 223
model, 338-339
simulation by a core, 46-48
(See also Backward decoupling; Core-
diode-capacitor scheme; Core-
diode schemes; Forward decoupling)
Dissipation of flux (see Flux dissipation in
resistance)
Distribution, random:
of domain-nucleation centers, 316~
317
of domain~wall energy, 282
of magnetic moments, 262
of minor and major moving domain
walls, 282-283, 320-321
Domain patterns, 267, 272
observation of, 273-274
Domain-wall collision, 280, 316, 324
Domain-wall displacements:
elastic, 279
force on, 278, 306
inelastic, 280-284, 318-323
major, 280-283, 318-320
minor, 280-283, 318-323
Domain-wall motion:
area variation of, 280, 324
collision, 280, 316, 324
damping, 306, 311
elastic: conditions for, 279-280
experimental, 293-294
types of, 279
interaction with nonmagnetic inclusion,
277-278
susceptibility of, 306
switching mechanism of, 267, 275
viscous damping of, 306, 311
Domain walls, definition of, 271
Bloch, 207, 271
3600, 292
collision of, 280, 316, 324
displacement of (see Domain-wall dis-
placements)
energy of, 271-272
energy gradient of, 279-281
energy hill, 279-281
force on, 278, 306
motion of (see Domain-wall motion)
Néel, 207, 272
restoring forces of, 278-279
Domains, magnetic:
closure of, 272-273
collision of, 280, 316, 324
energies of, 267-272
nucleation, centers of, 316-317
pattern of, 273-274
relation to static M(H), 266
structure of, 267, 272
subdivision of, 272-273
theory of, 266-274
Drive-current tolerance, 34-35
MAD-N vs, MAD-R, 106
range (see Range map)
vs, speed, 104-106
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Drive windings, placement of, 125, 288, 289,
291, 292
Dynamic bias, 182-187
applied to MAD-R, 187-190
in combination with bipolar transfer, 197-
199
Dynamic threshold field, 315, 317,320, 321,
323

Easy directions of magnetization (see Mag~
netization)
Eddy currents, 286-287
Elastic domain-wall motion (see Domain-
wall motion, elastic)
Elastic fast-switching experiments (see
Fast-switching experiments, elastic)
Elastic flux clipping, 35-36, 194
(See also Flux gain and loss mechanisms)
Elastic flux switching:
coefficient, e, 308-311
computation, 335
experimental, 293-294, 311-314
models (see Elastic ¢ft) models)
from partially set state, 309-310
history dependence, 310
rotation of magnetization in, 310
wall motion in, 310
shuttle, 312
step F(t), 293, 303-308, 312-313, 318,
335-336
Elastic magnetization switching:
conditions, 283-284
experimental, 293-294
Elastic ¢(z) models, 301-315
components of, 301, 311-314
domain-wall motion, 306-307
approximations in, 307
damping, 306
equation, 306
from partially set state, 310
rise-time effects, 307
stiffness, 306
susceptibility, 306
wall mass, 306
waveform, 307-308
parameters of, 305, 307-308, 311
rotation of magnetization, 301-306
approximations, 306
damping, 275-277, 304, 311, 314
equation, 303-306
Gilbert equation, 302-303
Landau-Lifshitz equation, 302-303
with low damping, 304
from partially set state, 310
rise-time effect, 306
spiral transient, 301-302
susceptibility, 303, 305
waveforms, 307-308
saturation regions, 308-313
total, 307-308
Elastic rotation of magnetization, 276-277
maximum angle in ferrites, 277
Electron:
angular momentum of, 257
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Electron:
equivalent, 260
g factor: orbital, 257
spin, 257
magnetic moment, 257
quantization, 258
orbiting, 257-261
spin, 257-261
Energy, domain;
anisotropy, 267, 269
dissipation, 280
exchange, 263, 267, 268
magnetoelastic, 267, 270
magnetostatic, 267, 268
magnetostriction, 270
wall, 282
from a dc source, 28
Engelbart orthogonal-mode scheme, 181~
182
in lattice form, 182
Engelbart reduction:
of Briggs-Lo scheme, 56
all-toroid version, 158
of MAD-N scheme, 87, 161
conversion to negation, 169-170
conversion to NRR, 209-210
in set~state notation, 152
Equalization of circumferential H, 288-289
Equivalent electrons (see Electron)
Equivalent magnetic behavior, 73-74
Excess mmf, 7, 106, 183, 325, 344
relation to flux gain, 58-59
Exchange energy, 263, 268
Exchange integral, 268
Exchange interaction;
direct, 262, 267
indirect, 262, 265
Exchange of node types in a network, 80-81
Exclusion principle, 260
Exclusive-OR functions, 222, 228-230, 244
Experimental measurement (see Measure~
ment)
Experimental verification of models:
elastic ¢ft), 312-315, 336
inelastic ¢(t) : decaying, 336
main, 336-337, 340-341
loaded core, 340-341
peak ¢ vs, F, 327
static ¢(F), 299-300
unloaded core, 312-313, 330, 336-337

Factors:
g, 257-259, 261
Lande splitting, 261
Fan-out, 113, 230-231, 235
Faraday’s law, 4
Fast-switching experiments, elastic, 311~
315
core and windings in, 293-294, 311
correlation with magnetic spectra, 314
determination of anisotropy constant
by, 314-315
determination of viscous damping by,
314
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Fast-switching experiments, elastic (con-
tinued)
effects of transverse field on, 313
elimination of wall-motion component
in, 313
rise time of F(t) in, 311-313
waveforms of F(t) and ¢(t) in, 312-313
Ferrimagnetism, 262-264
Ferrites, 262-265
crystal structure of, 264
interstices of, 264-265
inverse, 265
magnetic spectra of polycrystalline, 314
normal, 265
sites of, 265
spinel structure of, 264-265
sublattices of, 265
superexchange in, 265
unit cell, 264, 265
Ferromagnetism, 262-264
Field:
anisotropy, 270-271, 276
demagnetizing, 268, 270
exchange, 267
magnetic (see Magnetic field)
Flip-flop:
in design example, 237
in sequential logic systems, 216-218
in shift registers, 31
transistor-core analogy, 218-219
Flux, air (see Air flux)
magnetic (see Magnetic flux)
Flux clipping (see Flux gain and loss
mechanisms)
Flux creep, 81
Flux dissipation in resistance, 8, 27, 103
Flux-doubler schemes, 92-98
all-toroid, 92-93
continuous-structure, 97-98
in decimal arithmetic unit, 234~239
demonstration of doubling effect in, 93-

multileg, 95-97, 234
Flux gain and loss mechanisms, 35-37
coherent rotation, 199-202
flux clipping: bipolar, 194
elastic, 35-36, 194
inelastic, 36, 130, 144-145, 235
flux doubling, 92-98
flux pumping, 25-27
flux transformation, 15, 41
soft-threshold effect, 59-61
turns ratio, 19
Flux-gain curve, 33-35
bipolar, 34, 192-194
negation, 166~-169
ternary, 194
unipolar, 34
Flux-limited drive, 134
Flux modes, orthogonal, 175~180
applied in dynamic bias, 182~185
Biax element, 176, 178
Engelbart orthogonal-mode scheme of,
181-182
in exclusive-OR functions, 228-230
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Flux pumping, 25-27, 81
(See also Flux gain and loss mechanisms)
Flux reversal (see Flux switching)
Flux sources:
for dynamic bias, 185
for MAD-R logic, 240-241
for negation transfer, 172-175, 235
Flux steering, 179, 201, 232-233
Flux storage in inductance, 12
effect on flux-gain curve, 23, 36, 120~
121
Flux switching:
computation of (see Computation of flux
switching)
elastic (see Elastic flux switching)
experiments (see Flux-switching experi-
ments)
inelastic (see Inelastic flux switching)
loaded core, 338-342
ramp F(t), 329, 334, 336-337
shuttle, 312
step F(t) (see Step F(t) switching)
switching resistance, average, 343~
346

time, 317, 334, 343-345
unloaded core, 333-337
ramp F(t), 329, 334, 336-337
step F(t), 293, 303-308, 312-313, 318~
319, 321-322, 325, 328-332, 334~
336
voltage drive, 342-343
(See also Switching)
Flux-switching experiments, 291-294
coaxial transmission line, 292
core arrangement in, 291-292
drive currents, 291-294
integrator decay, 294
interrupted F(t), 319
waveforms of F and ¢, 292-294
Flux tipping (see Flux steering)
Flux transfer, nondestructive (see Nonde-
structive flux transfer)
Flux~transfer curve (see Flux-gain
curve)
Flux-transfer ratio, 17-25
effect of: loop inductance, 23
loop resistance, 19-21
receiver loading, 23-26, 37
receiver threshold, 21-23
transmitter threshold, 21-23
turns ratio, 19
relation to excess mmf, 58-59, 231
(See also Flux-gain curve)
Flux transformation in capacitance, 15
core-~capacitor scheme, 41
as a flux-gain mechanism, 41
Force:
coercive, 283, 293-294, 296
between currents, 256
on domain wall, 278, 306
exchange interaction, 262, 267-268
magnetomotive (see Magnetomotive force)
superexchange-interaction, 265
Forward decoupling, 32, 37

SUBJECT INDEX

Forward decoupling (continued)
use of a series diode in, 37-38
Frequency of shifting (see Shifting rate)

g factor:
atomic, 261
electron: orbital, 257-259
spin, 257-259
Gain curve (see Flux-gain curve)
Gain mechanisms (see Flux gain and loss
mechanisms)
Gilbert equation, 275-277
elastic rotation of magnetization, 301~
304
Ground=-state, atomic, 261
Gyromagnetic constant, 257

Holding mmf, 39, 42, 81, 103, 107
analogy to diode forward bias, 46
eliminating need for, 40, 55, 112
Hund’s rule, 261
Hyperbolic model, static M(H) , 295-296
Hysteresis loop, 6, 135
(See also Static M(H) ; Static ¢(F) measure-
ment; Static ¢(F) models)

Implicit drive phases, 27
for MAD-R priming, 103-104
Implicit equations, numerical solution of,
339, 340
Inclusion, nonmagnetic, 273
Incremental time step, 333-334
Inductance of coupling loop (see Elastic flux
" clipping; MAD=-R circuit design,
coupling-loop)
Inductive core loading, 9-12
(See also Core loading)
Inelastic domain-wall displacements;
conditions, 279-284
major, 280-283, 293-294
minor, 280-283, 293-294
models (see Inelastic ¢(#) models)
Inelastic flux clipping, 36, 130, 144-145, 194,
235

(See also Flux gain and loss mechanisms)
Inelastic flux switching:

components, 319-332

computation, 333-337

experimental, 293-294

major, 318-320

mechanisms, 319-320

minor, 318-324 .

models (see Inelastic ¢(z) models)

step F(t), 293, 318-322, 325, 328-332, 334,

336

time, 317, 334, 343-345
Inelastic magnetization switching, 280-284
peak M vs, applied H, 317
























