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ABSTRACT

Flux reversal in Ni-Fe thin films has been studied with the use of
10 nsec exposure time Kerr magneto-optic photographs which depict the
dynamic magnetization configuration with 10 u resolution during the
reversal process. The photographs show that at least five mechanisms
are involved in the reversal of thin films: (1) domain wall motion,

(2) coherent rotation, (3) diffuse boundary propagation, (4) nucleation
and subsequent reversal of partially reversed regions, and (5) non-
coherent rotation. The present investigation has been concerned mainly
with the latter three mechanisms as they have either been previoﬁsly
unreported or poorly understood.

Non-coherent rotation is a complex rotational reversal process
wherein the rate of the magnetization rotation varies over the surface
of the magnetic film. It occurs only when transverse fields are applied.
The Kerr magneto-optic photographs show that iﬁitially there is a fast
relaxation of the ripple and a coherent rotation of the magnetization

duringwthe risetime of the pulse field, followed by a breakup of the

_—

_—~ magnetization into a striped configuration after the field exceeds the

Stoner-Wohlfarth threshold. With fields just exceeding the Stoner-
Wohlfarth threshold, after the stripes form, regions of reversed magne-
tization nucleate throughout the stripes and complete the reversal pro-
cess. With larger applied fields, the reversal is completed by the slow
(as compared to coherent rotation) rotation of the magnetization which
is accompanied by a gradual decrease in amplitude of the stripes. The
angle at which the stripes form is dependent on the applied field and

varies from film to film, but indicates that the magnetization
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rotates coherently to angles significantly greater (5° to 20°) than

the critical angle for reversal. The previously proposed fast relaxation
models of Stein and Harte both predict that the coherent rotation should
cease before the critical angle and therefore do not agree with the

data. A model, based on ripple theory, has been constructed to show

that after the magnetization rotates past the critical angle, an in-
stability should occur in the ripple and cause a striped configuration

at the observed angles.

The nucleation and subsequent reversal of parﬁially reversed

regions is a reversal process occuring predominantly with zero or small

transverse fields. During this process the magnetization reverses in
small (0.01 mm2) regions of the film sequentially in time. With zero
transverse field, the nucleation occurs with longitudinal fields ex-

ceeding a well defined nucleation threshold (>Hk) to fields greater

~-than 2Hk. Anisotropy dispersion and magnetostatic stray fields are

believed to be important in the nucleation process.

Diffuse boundary propagation involves a poorly defined, jagged,
and diffuse boundary separating regions of anti-parallel magnetization.
With zero transverse‘field the boundary lies transverse to the easy axis
and propagates in the longitudinal direction -- just the opposite of
domain wall motion. When a transverse field is applied, the boundary
propagates rapidly from diffuse tips pointing in the direction of the
stripes which are observed during non-coherent rotation. The boundary
velocity varies roughly as the fifth power of the field and ranges from
0.033 cm/psec at fields near Hc to 1.25 cm/usec at 1.3 Hk which is one

to three order of magnitude faster than domain wall motion. The high
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velocity is in part attributed to the large width of the boundary which
widens from 0.2 mm to 2 mm as the field is increased.

Photographs taken when the drive field is terminated before
saturation of the magnetic film show that the magnetization configuration
continues to change for more than 200 nsec in the absence of an applied
field. The diffuse boundaries become more sharply defined, though still
quite jagged, and are found to change structure and propagate more
slowly during subsequent pulses. Many of the partially reversed
nucleated regioﬁs revert to the non—reversed.sfate ;hen the field is
terminated. The striped partially rotated magnetization of the non-
coherent rotation process, depending on the direction of the magnetiza-
tion and the magnitude of the magnetostatic fields arising from the
stripes, either relaxes to the non-reversed state or continues to re-
verse. Usually the static state shows no evidence of the stripes, and
those which are observed are broken up by nucleated regions and fre-
quently lie at different angles than the dynamic stripes. The large
changes which occur after the field is terminated show that it is mis-
leading to try to infer the dynamic state from the final static state
as has been previously done. The long relaxation time is attributed to
the sequential nature of the relaxation process.

Photographic materials on pages 27, 31, 52, 65, 68, 72, 96, 97,
Jou.. 102, 103, 105, 196, 107, 108, 409, 111, 113, 115, 117, 122, 327, 130,
134, 135, 142, 143, 147, 151, 152, 155, 165; 166, 168, 169, 170, 1717, 119,
180, 181, 189, 191,195, 197, 198, 199, 200, 201, 202, 206, 209 .and 211
are essential and will not reproduce clearly on Xerox copies. Photographic

copies should be ordered.
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Chapter 1
Introduction

The magnetization in ferromagnetic thin films with no applied
field is stable only when it lies parallel or antiparallel to an induced
easy axis of magnetization. The dynamic processes by which the mag-
netization goes from one stable state to another wheﬁ a magnetic field
pulse is applied have been the subject of study by numerous investi-
gators for the past fourteen years. This interest has been stimulated
largely by the potential use of the films as computer memory elements
where the stable states of the films are binary memory states. As a
result of these investigations, the very low speed quasi-static reversal
by movement of walls separating domains of antiparallel magnetization
has been identified and a phenomenological model has been found to
describe it reasonably well. The very high speed process of coherent
rotation has also been identified, although the important damping
mechanisms are not yet known. The intermediate speed reversal processes
have been investigated, but they have remained poorly understood largely
because of the lack of a suitable means of investigation. This report
describes an exploratory study of the intermediate speed processes,
made with the use of a recently constructed Kerr magneto-optic camera
equipped with a 10 nsec Kerr electro-optic shutter. The photographs
obtained show the dynamic magnetizatioﬁ configuration in a 1 em dia-
meter magnetic thin film with 10 p resolution.

The approach used in this investigation was to photograph the
reversal processes with various applied fields and to identify and

investigate the distinct reversal mechanisms. The mechanisms involved
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with and without a transverse field were found to be different, and they
are therefore treated in separate chapters of this report. Diffuse
boundary propagation and non-coherent rotation, in addition to domain
wall motion and coherent rotation mentioned above, were found to be
important in the transverse field case. Domain wall motion, diffuse
boundary propagation, and the nucleation and subsequént reversal of
partially reversed regions were found to be the mechanisms of zero
transverse field flux reversal.

Relaxation processes occuring when the drive field is terminatéd

before saturation of the magnetic film have also been investigated.
The observed relaxation has revealed important differences between the
static and dynamic magnetization configurations, and has proven the

importance of observing the dynamic configurations for an understanding

of the reversal process.



Chapter 2
Magnetic Thin Films--Background

2.1 Preparation and Quasistatic Characteristics

M. S. Blois (1955) first observed uniaxial anisotropy in ferro-
magnetic thin films and reported on film properties and methods for
their preparation. The unilaxial anisotropy and the fact that the
magnetization could reverse in direction in times of the order of 1 nsec
upon application of a magnetic field made thin films potentially suitable
as memory elements in computers. Hence there has been great interest
in the properties of ferromagnetic thin films.

Ferromagnetic thin films have been made by evaporation, electro-
plating, sputtering and chemical deposition. For the purposes of this
investigation, evaporation was used exclusively. This technique permits
reasonable control of the materials that are put into the thin films
and facilitates a mirror-like surface on the film which is necessary
for the observation of these thin films with a Kerr magneto-optic
apparatus.

The film samples used were evaporated onto glass substrates from
a Ni-Fe melt contained in an Alundum crucible and heated by induction
heating in a moderate vacuum of lO_6 Torr. The temperature of the
substrates, composition of the melt, and rate of evaporation were con-
trolled in order to produce films of the desired characteristics. The
shape of the films was determined by masking. During the evaporation a
uniform magnetic field of 63 oe was maintained in the plane of the glass

substrate in order to determine the direction of the unaxial anisotropy.
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After the films were evaporated and cocled to room temperature, before
removing them from the vacuum, a 330 R thick layer of SiO was evaporated
onto their surfaces. This layer is necessary to enhance the Kerr
magneto-optic effect used to observe the magnetization configuration in
the films. The 330 Z thickness was experimentally determined to be
optimum for this purpose. This SiO coating and the Kerr magneto-optic
effect is discussed later in Chapter 6.

The films made in this manner exhibited a uniaxial anisotropy of

the form

2

e, = K, sin” @_ (2.1)

where eu is the uniaxial anisotropy energy density, Ku is the uniaxial
anisotropy constant and Py is the angle of the magnetization with respect
to the preferred direction of magnetization or easy axis. The axis

at which . is a maximum is referred to as the hard axis. The torque

per unit vo;gme which this uniaxial anisotropy exerts on the magnetiza-
tignais o

de =
T=- a$§ = - K sin 29, , (2.2)

and the anisotropy field, Hk’ defined as the restoring field for a

virtual displacement 5@0 of the magnetization from the easy axis is

found from

dT ‘
BEle. _ o= gy STl o = - MES (2.3)
8T = =0 2.4
le o K, (2.4)

or



Hk ok (2.5)

Typical values are:

=

Kk 4.0 oe

K
u

M
s

1600 erg/cm3

800 emu

g @@ @2

If a magnetic field, H, is applied in the plane of the film at an

angle o (see Fig. 2-1) to the easy axis, the total energy density of the

film is given by

=
€ = K, sin” ¢ - M_H cos (a-mo). (2.6)

where in a uniformly magnetized film at static equilibrium 60 = n/2,

M (;,t) = ﬁo (t). Equilibrium is determined by the disappearance of

the first derivative of € with respect to @, or equivalently by the

vanishing of the torque density T = - de/dwo:
de ; P
; T=- aﬁo— MSH sin (a - @0) - K, sin 2p, = 0. (2.7)

o

In order that (2.7) describe a stable equilibrium, it is necessary that

the second derivative of the energy be positive, or again equivalently

that the field which the magnetization observes after a virtual displace-

ment, 6¢o, be positive. This field may be calculated from:

or

8T = %%06¢0 = - (2Ku cos 2p  + HM_ cos (a-¢o) ) B, - (2.8)
8T = - H (@) M, 8¢ (2.9)
h(u) = H(a) _ h cos (a-¢o) + cos 29 , {2.10)

k
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Fig. 2-1l. The coordinate system of a thin film.
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where h = H/Hk' For stable equilibrium to occur, h(a) must be positive.

Therefore a switching threshold may be defined by (2.7) and
h(a) = h cos (a-wo) + cos 29 = 0 {2 11)

By solving (2.7) and (2.11) for h = h cos @ and hy = h sin @, one

obtains:
B 3
h = - cosTp_ (2.12a)
h = sin3$ : (2.12b)
v o : : ’

This result may be plotted as in Fig. 2-2. This curve is commonly
referred to as the Stoner-Wohlfarth threshold after the two workers
who first made this calculation (Stoner-Wohlfarth (1948)). The sig-
nificance of the curve is that if a magnetic film uniformly magnetized
along the +x axis is subjected to a magnetic field which is gradually
increased at an angle a (defined from the +x axis) such that 900 <ig <
2700, then Py the angle which the magnetization makes with the easy
axis, will increase in magnitude remaining in stable equilibrium with
the magnetic field (defined by equation (2.7)) until the field reaches
the threshold curve. When the field reaches the threshold, P will
make a discontinuous jump to a new stable position in either the second
or third quadrant (depending upon a). It can be shown that at stable
equilibrium h(a) is the distance from the tip of the field vector in
Fig. 2-2 to a tangent on the Stoner-Wohlfarth threshold as shown.

The single domain field, h(x), may be thought of as the "stiffness"

of @ . That is, for large positive h(a), the restoring torque for a
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1.0
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h
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-1.0
Fig. 2-2. The Stoner-Wohlfarth threshold curves. The single

domain field h(c) is the distance from the tip of the field vector
h to the tangent on the threshold curve as shown.



virtual displacement, 5@0, of the magnetization is large. As h(a) decreases,
the restoring torque decreases until at h(a) = O, there is no longer a restor-
ing torque and P, may make a discontinuous jump to a new stable position.

When the magnetization in a film makes such a discontinuous jump, the film

is said to have switched.

It is easily verified with use of equation (2.7) and the stability
criterion, h(a) > 0, that if a magnetic film with a uniaxial anisotropy
given by equation (2.1) could be made to remain in a single domain form
it would exhibit low frequency hysteresis loops in the easy and hard
directions like those diagrammed in Fig. 2-3. The easy axis coercive
force, HC, would be equal to Hk’ the anisotropy field. In reality
magnetic thin films do not exhibit these ideal characteristics. Seldom
is the coercive force equal to the anisotropy field. In some films
Hc < Hk because domains do form and domain wall motion does occur. 1In
because of reaction torques from ripple which will

k
be disecussed later. Furthermore, the ideal hard axis loop shown in

other films Hc > 1

,,”””/'Fig. 2-3 is not always obtained. One of the causes of this is anisotropy

dispersion or variationms in the easy axis direction (angular dispersion)
or magnitude of the anisotropy field (amplitude dispersion) as a function
of position in the film. Fig. 2-4 shows the easy and hard axis hysteresis
loops of a typical permalloy thin film in which H, = 1.8 oe and H = 3.6
oe. By properly calibrating the hysteresis loop tracer for each comﬁo-
sition of the film, it is possible to determine the thickness of a film
by the magnitude of the hysteresis loop. This was done for the loop

tracer used to observe the hysteresis loops of films used in this study.
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Fig. 2-3. (a) An idealized easy axis hysteresis loop for a film
with anisotropy field equal to H . (b) An idealized hard axis

hysteresis loop for a film with anisotropy field equal to Hk-
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Vertical: relative.
Horizontal: 2 oe/div.

(a) A typical easy axis hysteresis loop.

typical hard axis hysteresis loop.

(p) A



(For a description of the loop tracer see Humphrey (1967)). The cali-
bration was done by determining the composition of films by X-ray
fluorescence and the thickness by Tolansky multiple beam interferometry
(Tolansky(1948)).

The ﬁOrquemeter provides a means of measuring Hk in films at high
fields where the effects of dispersion are reduced. Humphrey and
Johnston (1963) have previously described the torquemeter used in this
study and also gave a summary of the measurements which could be made
with it. In this study the torquemeter was used to determine the
relative values of Ku and Mé; from these Hk = EKu/MS was determined.
The method used to determine the relative value of Ku was to apply a
field in the plane of the film and to measure the resultant torque on

the film. The torque on the film is given by

Tp=VWMx H= iZVMSH sin (a-wo), (2.13)

~where V is the volume of the film. It is known from (2.7) that at

equilibrium M_H sin (a-mo) = K, sin 29 so that

T, = 1,VK, sin 29 . (2.14)

If the applied field is greater than Hk and is rotated about the film,
the magnetization will also rotate. At some time during the rotation

Pg will be equal to hSO and the torque will be at its maximum value Tp.

Then K,u may be determined from

K, = T/ V. {2.15)
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In practice this torque measurement is usually done at several different
values of field much greater than H . A plot of Tm‘vs. 1/H is then
extrapolated to H = @ to determine the value of Tp to be used for a
determination of Ku. In the films used in this study Tp was constant
from 50 oe to LOO oe. .

To measure MS with a torquemeter a field is applied at some angle
o to the plane of the magnetic film. With the easy axis perpendicular
to the torsion axis there will then be a torque parallel to the plane.
of the film. So long as the applied field is much less than the
demagnetizing field, MnMS=a th gauss, the magnetization will remain

approximately in the plane of the substrate. The torgue on the film

from the applied field will then be given by

T = - MHV sinw (2.16)
w s

so that the saturation magnetization may be determined by

M, = - T, ; (2.17)

HV sin w

Using (2.15) and (2.17) , H_ = 2K.u/MS may be determined independently

k
of the calibration of the torque meter.

Many methods of measuring anisotropy dispérsion in magnetic films
have been used. Crowther (1959) proposed a method of measuring angular
anisotropy dispersion. Basically his method was to switch a magnetic

film from one hard axis to another and to observe the voltage induced

in a pickup loop oriented to measure the longitudinal (easy axis direc-

tion) flux. If the mean hard axis were correctly aligned with the pulse
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field then the voltage induced would be zero as half the magnetization
in the film would rotate in one direction and half in the other. If
the hard axis‘of the film is rotated by an angle P from the switching
field direction then more magnetization will rotate in one direction
than another and a signal will be induced in the pickup loop. A
distribution function describing the percentage of mégnetization
rotating in one direction versus B can be deduced from the induced
voltage versus P data. As a simplification, the angles a90 and a50
can be measured at which the voltage is 90% and 50%,respectively3of its
peak value. Although a90 and aSO measured in this way do give a measure
of the anisotropy dispersion, it is not clear that that is all one is
measuring when he uses this technique. Exchange and magnetostatic
coupling between regions of high and low angular dispersion, for
example, can and probably does effect the measured values. Hoffmann
(l96h) in his ripple theory did calculate expressions to relate the
values ago and a50 to the r.m.s. anisotropy dispersion (both angular
and amplitude), however his calculation does not take into account
macroscopic anisotropy dispersion in which large fractions of the film
have different uniaxial anisotropy. Rather, his calculation includes
only microscopic anisotropy dispersion such as crystalline anisotropy
which varies over regions much smaller than the dimensions over which
one can expect exchange and magnetostatic coupling. Many films do
exhibit macroscopic anisotropy dispersion and therefore Hoffmann's

calculation is frequently not applicable. In spite of the poor present

understanding of « and & o they do give a qualitative description of

90 5
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anisotropy dispersion in magnetic films. Because they are commonly
used to characterize magnetic films, they will be given for each of
the films investigated in this study.

Table 2-I lists the films used in this study and their character-
istics. They were all evaporated at a rate of roughly 1000 )| per
minute. The compositions of the melt and of the film differ because
the iron evaporates more quickly than the nickel. The coercive force,
Hc’ and thickness, d, of the films were determined with a hysteresis
loop tracer; the anisotropy field, Hk’ with the torque magnetometer;
the saturation magnetization, Mé, from the values given by Bozorth
(1951) for bulk materials; the anisotropy constant, K,, from the
relation Ky = 1/2 HKMS; and the quantities a50 and a90 were measured
by the method of Crowther (1959). Also listed in the table is the
temperature of the glass substrafe at the time of deposition.

2.2 Flux Reversal in an Ideal Single Domain Film

The gyromagnetic equation for describing the motion of the

magnetization, M (7,t), is

=4I

= -1 Mx Ef + (damping term), (2.18)

where v is the absolute vélue of the gyromagnetic ratio and E* is the
total effective magnetic field. For the idealized model in which

M (r,t) = Eo(t), not a function of position, H¥ is the sum of the
external applied fields; the effective uniaxial anisotropy field; and
the demagnetizing field, -hﬂﬁb(t)-fz Ez’ where Ez is a unit vector normal

to the plane of the film.
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Table 2-I

FIIM PROPERTIES

Film 81-4-6 81-4-12 81-10-4 84-8-7 88-14-3 B88-14-3a%
Composition of

Melt (Ni-Fe) 83-17 83-17  75-25  83-17 83-17  83-17
Composition of

Film (Ni-Fe) 81-19 81-19 68-32 81-19 - 81-19 81-19
gﬁ%ﬁériie (°c) 200 200 200 27 50 300%
d (a°) 930 960 1225 90 525 525
H, (oe) 17 1.7 2.5 3.0 BT L.z
Hy (oe) 3.6 3.6 a7 5.1 6.5 4.5
M, (emu) 780 780 990 780 780 780
K, (ergs/cm>) 1hoo  1koo 3900 2000 2540 1760
%5p (deg) 0.5 0.4 0.9 0.75 0.6 1.5
%o (deg) 2.1 L 2.2 5 e 3.9

*¥Film 88-14-3 was annealed for 18 hours at 300°C in a vacuum with a
30 oe field applied parallel to the easy axis, after evaporation onto

a substrate at 50°C. The annealed film is referred to as 88-14-3a.
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The precise damping term is unknown. Various phenomenological
damping terms have been proposed, but no adeguate description of the
actual damping mechanism has been found. Indeed, one of the purposes
of the research described in this thesis is to find explanations for
the observed damping. However, since we do not know the damping that
exists but still would like to examine what type of effect damping
might have, we shall consider a damping term proposed by Landau and
Lifschitz (1935). They proposed the term

dT

H’" x (M x €), (2.19)

where aﬁ is the so-called damping parameter and Iﬁ[ =
Assume the coordinate system shown in Fig. 2-1 in which the Ex
direction is the easy direction of anisotropy nearest to ﬁb(O). i 1 4

eo(eo’wo) is the energy density of ﬁb(t) in the applied, demagnetizing,

and anisotropy fields, then the effective field is
- i 7 (2.20)
o]
Using (2.18) with (2.19) and (2.20):

deo _ =Y BEO adY aeo

W 3 - (2.21a)
dt M, 3%, M 98
and
sin 6 d% & %t %%2 gﬁf- %ﬁ- : (2.21b)
o S

Assuming uniaxial enisotropy perpindicular to the plane of the film

equal to that in the plane,
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€, = - MH sin GO cos (¢b43)+2ﬁM§ cosgeo'Kﬁ(l'51n260005%$0)- (2.22)
Then, let wo = 90 - % and assume

L] <1 (2.23)
which should be well satisfied if

1+1rMs >> H . _ | (2.24)
Furthermore if

NHMS >> H (2.25)

which is almost always true in practice, by substituting (2.22) into

(2.21a,b) one obtains:

dyy _ . X - _
== T H sin ($) + 5 H, =in 29 adrhnMS ¥, (2.26a)
g g aqr v

=Y hﬁMs ¢O +QvH sin (¢042) + ——H_sin 29_ . (2.26b)

Now consider the case usually used in thin film flux reversal in which
a pulse field Hp is applied at an angle ap in the presence of a static

bias field Hb applied at an angle ¢ By introducing the dimensionless

b

variables
o /IR vt (2.27a)

o, = (TmM , (2.27b)
Yo

fp

into (2.26a,b) and again using (2.24), two coupled equations describing
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the flux reversal process are obtained:

. T LM

o, = M£§gl - oy ﬁ 2 o (2.28a)
s D 1Y

¢o =0, . (2.28b)

where T (wo) is given as in (2.7), but is not zero when the magnetiza-
tion is not at equilibrium.

The equations (2.28a,b) describe thin film flux reversal by unifdrm
rotation. They demonstrate that there is a primary precession about
the applied and anisotropy field followed by a secondary precession about
the demagnetizing field. Except for a small term which was neglected in
obtaining (2.28b), it is seen that the primary precession about the
demagnetizing field is all that is damped.

In general (2.28a,b) cannot be solved analytically for an aniso-
tropic film with an arbitrary value of ad; instead, numerical methods
must be used. In the few cases which can be solved analytically and

in those solved numerically, using typical values of .01l found from

d%
ferromagnetic resonance, the reversal time is found to be field dependent
and to be on the order of a nanosecond when fields on the order of one

oersted over the Stoner-Wohlfarth threshold are applied.

2.3 Flux Reversal-Experimental Background.

2.3.1 General. It was suggested by Humphrey and Gyorgy (1959)

that three different mechanisms were involved in the reversal process.
They based this proposal on the fact that a plot of the reciprocal of

the time for flux reversal versus applied longitudinal field for constant
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transverse bias field, could be divided into two linear and one non-
linear region. The low speed nonlinear region was ascribed to domain
wall motion and nucleation processes. The facts that supported this
conclusion were that no current was induced in a transverse sense loop
around the film and that low speed quasistatic reversal was observed
to be by domain wall motion with the Kerr magneto-optic effect and
Bitter techniques. The process believed to be involved in the high
speed region was uniform rotation. Olson and Pohm (1958) showed that
for reversal in this region, the slope of the curves predicted values
of ad, the damping parameter in the Landau-Lifschitz equation, to be
within a factor of 2 or 3 of that obtained by ferromagnetic resonance
in thin films. However, as Humphrey and Gyorgy (1959) pointed out,
the threshold for this high speed region did not correspond to the
Stoner-Wohlfarth threshold as it should if the uniform rotation model
was truly correct. In fact, it was found that the intermediate speed
region extrapolated roughly to the Stoner-Wohlfarth threshold. Yet,
the flux reversal times in the intermediate speed region were much too
slow for uniform rotation. Humphrey and Gyorgy (1959) suggested that
in this intermediate region, the magnetization rotated coherently at
first and then broke up into "noncoherent rotation" whereby the phase
of the precession varied with position in the film. They based this
proposal on the observed signals induced in longitudinal and transverse
pickup loops around a film.

Typical examples of flux reversal curves are shown in Figs. 2-5

and 2-6 where the reciprocal of the reversal time is plotted against
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Fig. 2=5. Plots of the reciprocal of the switching time, t ,
versus applied longitudinal pulse field, H , with transverse bis
field, H_ , (given in Oersteds) as a pa.rame:Eer for film 81-4-6. Data
indicated by °were taken using inductive sense loops. The symbols
0 represent the values of field at which the reversal process has
been photographed. Figure numbers are indicated.
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Fig. 2-6. Plots of the reciprocal of the switching time, t ,
versus applied longitudinal pulse field;, H , with transverse bifs
field, H , (given in Oersteds) as a paramefer for film 81-L4-12.
Data indY¥cated by °were taken using inductive sense loops. The
symbols O represent the values of field at which the reversal
process has been photographed. The figure numbers are indicated.
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longitudinal pulse field with the transverse bias field as a parameter
for films 81-4-6 and 81-4-12. The data represented by . were taken

by observing the integrated signal induced in a single turn loop
oriented so as to pickup the easy axis flux change in the magnetic
film. The 10% - 90% risetime of the observed signal was defined as

the reversal time, ts. The apparatus with which thié data were taken
is similar to that described by Humphrey (1967). It is seen that the
curves taken with a transverse field may indeed be fitted by two linear
and one nonlinear curve, as Humphrey and Gyorgy (1959) suggested.

The nonlinear portion is only slightly visible on these curves and
corresponds to very low speed switching. The intermediate linear region
is fairly well defined and extends up to t;l:x 20 usec-l for transverse
, fields of 0.175, 0.25, and 0.5 oe. The high speed linear portion
extends up from the intermediate linear region.

Also shown in Figs. 2-5 and 2-6 are some of the values of applied
fields at which the flux reversal process has been photographed with
the Kerr magneto-optic camera described in Chapter 6. The figures in

.Which the reversal process 1s shown is indicated. The symbols, O, are
not true data points as the reversal time determined from the Kerr
photographs is frequently different from that determined with the
inductive sense loops because bandwidth limitations of the inductive
sense loop apparatus prevent some of the reversal process from being
sensed. These bandwidth limitations will be discussed in more detail
later in Section 3.2.6.

The photographs obtained from the Kerr magneto-optic camera have
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made it possible to observe the detailed dynamic flux reversal processes
occurring in magnetic thin films. The reversal processes have been found
to be extremely complex. Due to the complexity, they are most easily
described with reference to Kerr photographs which show the dynamic
magnetization configuration. Many of these photographs will be shown

in subsequent chapters. From these photographs it has been found that
rather than three mechanisms of flux reversal there are at least five.
All of these mechanisms are quite distinct. They are (1) domain wall
motion, (2) diffuse boundary propagation, (3) non-coherent rotation,

(4) coherent rotation, and (5) nucleation and subsequent reversal of
partially reversed regions. Non-coherent rotation and coherent rota-
tion occur only during flux reversal with a transverse field, while

all of the other mechanisms occur during flux reversal either with

or without a transverse field. ZEach of these mechanisms will be
discussed in some detail later. It should be stressed that the class-
ification was made on the basis of the observed magnetization configura-
tion rather than on the basis of the flux-reversal curves. Previously
the term "non-coherent rotation" has been used to describe whatever
processes were occurring during the intermediate linear portion of the
flux-reversal curve obtained with a transverse field and also during the
linear portion of the zero transverse field curve.

2.3.2 Domain Wall Motion. Domain wall motion is a relatively well

known phenomenon occuring in the flux reversal of most ferromagnetic
materials. In thin films possessing a uniaxial anisotropy, when no

transverse fields are applied, the magnetization is normally along the
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easy axis so that the 180o domain wall is the expected configuration.
Magngtostatic fields created by the change in the component of ﬁ perpen-
dicular to the wall cause the wall to lie parallel to the easy axis.
When an easy axis field greater than the coercive force is applied, the
wall moves in the hard axis direction causing the domain whose magnet-
ization lies parallel to the applied field to grow at the expense of
the other. The velocity of the wall is field dependent and goes to
zero near the coercive force of the film. Typically the velocity versus
field plot has a constant slope or mobility.

Landau and Lifshitz (1935) first calculated expected welocities of
a wall separating reverse domains in bulk material by considering losses
in a phenomenological manner. Their analysis was based on the previously
mentioned Landau-Lifshitz equation. Galt (1952) advanced their
phenomenological treatment to obtain the domain wall velocity of walls
with arbitrary magnetization distribution. Eddy current losses in
bulk material were considered by Williams, Schockley, and Kittel (1950)

who approximated the wall by a transition region of zero width. Ford

—(1960) adapted the calculation of eddy current losses to thin films,

but retained the assumption of a zero-width wall. Subsequently Patton,
McGill, and Wilts (1966) calculated eddy current losses for a wall of
finite width and found them to be not significantly different from the
zero-width prediction.

Experimentally Menyuk (1955) observed the thickness dependence of
the reversal time of permalloy tape cores and concluded that eddy

L
current losses were negligible for tape thinner than 3 x 10 k. Ford
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(1960), on the other hand, found domain wall velocities in films
700-4000 R thick that were in agreement with his predictions of eddy
current losses. However, more recent wall motion measurements by
Copeland and Humphrey (1963), Il'icheva and Kolotov (1965), Patton
and Humphrey (1966), and Middelhoek (1966) do not agree with Ford's
data and indicate that eddy-current losses are negligible in thin films.

The most complete and recent study is that of Patton and Humphrey
(1966). Their data clearly indicate that eddy current losses are
negligible in thin films. They found that a phenomenological treat-
ment of losses based on the Landau-Lifshitz equation and calculated
static wall shapes did fit the data for films in the 300-800 & range.
However, for thicker films the data did not agree with this treatment,
and they suggested that the calculated static wall shapes may be in
error for the thicker films. This view is supported by Suzuki, Wilts,
and Patton (1968) who found large differences between calculated wall
shapes and wall shapes experimentally observed by Lorentz microscopy
 for films thicker than 800 A.

Although a detailed study of domain wall motion has not been made
with the use of the Kerr magneto-optic camera described in Chapter 6,
for purposes of comparison with other processes some photographs show-
ing domain wall motion are displayed in Fig. 2-7. This figure shows
static domains on film 81-4-6 during interrupted-pulse flux reversal
with zero transverse field and a 1.9 oe longitudinal pulse field. The
1 cm diameter thin film appears as an ellipse because the camera is

oriented at 60° to the normal of the film. In these photographs, like
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Fig\a 2_7 °

Film 81-4-6 in the process of quasi-static domain wall
motion with a 1.9 oe longitudinal pulse field.

The total time
duration in microseconds of the applied field (applied in 10 usec

long pulfes) before the taking of each photograph is indicated.
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all others in this thesis, the easy axis corresponds to the minor axis
of the ellipse (vertical in the photographs shown here). In the lighter
regions on the photographs, the direction of the magnetization is
toward the top of the photograph. In the darker regions the magnetiza-
tion is directed toward the bottom which is the direction of the applied
pulse fieid. '

It should be emphasized that these are photographs of static,
not dynamic, domain configurations. These photographs were not takgnA
during the actual reversal process like others thch will be shown
later, but rather were taken some time after the application of 10 usec
long pulses. The total duration in microseconds of the 1.9 oe magnetic
field pulses applied before the taking of each photograph is indicated
by the number at the right of each photograph.

In the O psec photograph no reverse domains are visible because
no pulse field has yet been applied. After a single 10 pusec pulse,
reverse domains are visible as dark areas at the upper and lower edges
of the magnetic film. With subsequent 10 psec pulses these reverse
demains grow in the easy axis direction, until at roughly 60 usec the
domains from the upper and lower edges join. After 60 psec domain wall
motion occurs. It is seen in the 70 usec photograph that the walls
are sharply defined and lie approximately parallel to the easy axis.
With subsequent pulses after 70 usec the domain walls move in the hard
axis direction, sweeping out the unswitched portion of the film. There

are clear differences between the reversal process occuring before and

after 60 usec. In this study and in that made by Patton (1967) only
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the process after 60 psec is called domain wall motion. The velocity
of propagation occuring before 60 psec in the easy axis direction is
on the order of 0.0l cm/psec while the velocity of domain wall motion
occuring after 60 psec is on the order of .00075 cm/usec. Furthermore
the propagation before 60 psec involves diffuse tips rather than well
defined domain walls.

The practice of observing flux reversal processes by interrupting
the drive field and observing the.resultant static domain pattern-must
be used with extreme care. It will be shown in Chapter 5 that if a
pulse field is interrupted during high speed flux reversal processes,
considerable change occurs in the magnetization configuration before
static equilibrium is obtained. Interrupted pulse techniques were
used in obtaining the photographs of Fig. 2-7 for two reasons. First
of all, the Kerr magneto-optic camera is presently equipped with a pulser
which allows no longer than 10 psec pulses to be gpplied. Secondly,
there is evidence that the interrupted pulse technique is valid if
‘used with care during domain wall motion processes. Patton (1967)
showed that the measured velocity of a domain wall was independent of
pulse length from 1 psec to 50 pusec indicating that any changes from
the static to dynamic configuration occured in much less than 1 psec
and therefore that so long as pulses longer than 1 psec were used that
the technique should be valid.

‘2.4 Ripple Theory.

Fuller and Hale (1960) used a defocused electron microscope to

observe the Lorentz deflection of electrons by the magnetic induction
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ﬁ = hﬂﬁ(;) in a thin magnetic film. They observed not only the expected
discontinuities of domain walls, but also a wave-like magnetic structure
which they called ripple. Subsequently Fuchs (1961) and Suzuki and
Wilts (1968) have confirmed this discovery. Fig. 2-8 is a Lorentz
micrograph taken by Takao Suzuki which shows ripple structure. Both
longitudinal and transverse ripple with wave vector parallel and perpen-
dicular, respectively, to the mean magnetization are assumed to exist

in a thin film. The two types are diagrammed in Fig. 2-9. Since -the
volume divergence of the magnetization is large for the transverse
ripple and small for the longitudinal ripple, while the exchange and
anisotropy energies are equal, the longitudinal component is the
dominant type of ripple existing in static equilibrium. Hence the

mean magnetization is perpendicular to the observed fine structure
lines. Suzuki (1969) has shown that the mean wave length is dependent
upon the applied field and that it varies from about lp to 7u for

fields applied aleong the easy axis in the range —Hk<-H < 3Hk'

The cause of ripple is not entirely clear. Suzuki (1969) and
Suzuki and Wilts (1968) indicate that, at least for films which have
been removed from their substrates, the random crystalline anisotropy
produced by the random orientation of the crystallites in the magnetic
film is a major factor. It is probable that other sources of local
anisotropy such as magnetostrictive effects also contribute to ripple
'in films still attached to a substrate.

Hoffmann (1968) and Harte (1968) have both treated the origin of
ripple theoretically. Using different viewpoints, they arrived at

results which differ only by numerical factors. Hoffmann (1968)
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Fig. 2-8, A Iorentz micrograph of ripple structure in a
magnetic film--taken by T. Suzuki.
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Fig. 2-9. (a) Iongitudinal ripple. (b) Transverse ripple.
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approached the problem by considering the spatial dependences of the
various components of fields and magnetization. In order to do this
he used a Taylor series expansion for the magnetostatic energy keeping
only the low order terms. Harte (1968), on the other hand, made a
Fourier analysis of the ripple. By doing this he was able to include
the magnetostatic energies without a Taylor series expansion and there-
fore, as Brown (1969) pointed out, made a more rigorous treatment in
that respect. Because Hoffmann included the spatial.dependences of
the fields and magnetization, local effective fields may be computed
by his method, while with Harte's method only average effective fields
may be computed. Harte's method is useful because time dependences of
the various Fourier components can easily be investigated. Since

both local fields and time dependences are important in the flux
reversal problem, it i1s necessary to combine their analyses, being
Jg,/=’éé£sistent in choice of numerical factors. Because of the general
agreement among thelr results, and because both models are reasonably
‘well established by experiment, such an approach is justified.

Both authors considered contributions to the total energy or
alternatively the torque on the magnetization, from exchange, uniaxial
anisotropy, applied fields, magnetostatic fields, and.10cal anisotropy.
A central result of their calculations is the root-mean-square ampli-
tude of the ripple, or the magnetization dispersion,

KSDUJ_
n

/= = 0.243 ’ (2.29)
)

(ax )35 @2 (E_(@))/°
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where:
'KS = r.m.s. value of the local anisotropy constant.
D = mean crystallite diameter.
g, = standard deviation of the angular function describing the

local anisotropy.
n = number of crystallites through the film thickness with

different preferred directions of local anisotropy.

A = exchange constant. i
Ku = uniaxial anisotropy constant.
MS = saturation magnetization.
and
d = film thickness.

The term heff(a) is a mean effective field defined by:
heff(a) = hia) + hd(a) * hkg(o‘) + hu3(a) + ... (2.30)

where h(c) is the single domain field given by (2.10), E;(a) is a mean
~effective field caused by the nonlinear magnetostatic stray fields of
the longitudinal ripple, E;g(a) is a nonlinear mean effective field
caused by the random anisotropy variations, and E;;(a) is the nonlinear
mean effective field caused by uniaxial anisotropy and applied fields.
The derivation of each of these terms will be discussed later.

The notation used above is that of Hoffmann (1968). Harte (1968)

" treated only the case in which 0. = 1//2 and n = 1. The numerical

1

factor of 0.243 was chosen in a manner thought to reconcile the theories.

Because Harte (1968) did not approximate the magnetostatic energy while
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Hoffmann (1968) did it is believed that Harte's results are more
accurate. On the other hand in real films local anisotropy variations
with other than sinusoidal energy dependences surely occur and there-
fore Hoffmann's theory is slightly more general in that it allows for
angular fluctuations for which the standard deviation, Ul, is other
than 1//2. 1In order to retain the accuracy of Harte's (1968) calcula-
tions and also the more general form of Hoffmann (1968), Hoffmann's
notation with the numerical factor of Harte (1968) was used but
multiplied by /2 to account for the more general case in which

o $1//2,n £ 1. Numerical factors throughout all the calculations in
this study were chosen to be consistent with this method.

Suzuki (1969) has pointed out that because of wave optical limita-
tions, Lorentz microscopy camot be used to measure ripple amplitude.
Nevertheless, Fuchs (1961), Baltz (1964), and Suzuki (1969) did show
that ripple vanished at the composition at which magnetocrystalline
anisotropy goes to zero. This is in agreement with (2.29) and shows
~that for films which have been removed from substrates, magnetostric-
tive effects do not add significantly to ripple.

Both Harte and Hoffmann's analyses may be used to calculate the
Fourier components of the ripple. The expressions obtained indicate
how exchange and transverse magnetostatic fields affect the ripple and
also can be used to determine the wavelength of ripple expected to be
seen with an electron microscope, thereby providing an important
contact with experiment. Furthermore, the Fourier expressions

illustrate the nature of Hoffmann's magnetostatic field approximation.
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Hoffmann's approach leads to

Tk L (2.31)

where
2 A
2 (2.32a)
e K, Beee
' Cy'MS2
*'s T KR . ° (2.32b)
u eff . : ; > =

The quantity @E is the angle which the wave vector K makes with the
easy axis, and flE is a Fourier component of a random function describing
the local anisotropy. The parameter, Cy’ which Hoffmann evaluated by

a self consistency argument is
C_ = 16 d -KT'—._ s (2,33)

Harte (1968) on the other hand calculates pp to be:

—_

K 1k

P2 E 2 .2 _ 2rm~ .0 (2.34)
Wt Lokyl k +%‘XE sin (cpo -QE)
where
L4 M§2 d
m Ku eff & (2'35a)

and

~ kd kd -1 X kd

X (—2—-) =l (—2—) e 2 sinh (-2—) . (2'35b)

For long wave length ripple (%% << 1), X may be approximated by
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+ o ; (2.361)

The only difference in equations (2.31) and (2.34) for the Fourier
components of the ripple is in the terms involving sin2(¢o - @E).

These terms come from the magnetostatic fields produced by transverse
components of the ripple. Harte's result which was éalculated without

a Taylor series expansion of the magnetostatic field, varies as k for
ripple with wave-length long compared to the film thickness and is
independent of k for wave-lengths short compared to the film thickness.
On the other hand, Hoffmann's result varies as k2 at all times. Hence
Hoffmann's approximation underestimates the long wave-length magneto-
static interaction and overestimates the short wave-length magnetostatic
interaction. In obtaining the r.m.s. ripple amplitude he effectively
averages over both long and short wave-length components and the

result is that his approximation is good.

Harte's expression for op (2.34) characterizes the ripple. Because
of the term reekg, ripple with wave-length less than_Enre is attenuated.
For a film with no applied field, a typical value is 2nr_~ 1.5 x lO—LLcm.
Furthermore, transverse ripple (for which Py - QE = %) with wave lengths
less than Enrm is also strongly suppressed. Typically 2nrm ~ 8 x lO_gcm.

Hence, it is seen that indeed components of transverse ripple are very

strongly suppressed, and as expected the ripple is mainly longitudinal.



-38-

Both Hoffmann (1968) and Harte (1968) calculated the dimensions of
a coupling region within which the magnetization was strongly coupled
by magnetostatic and exchange forces. Hoffmann's region is elliptical
in shape with the minor axis parallel to the mean magnetization in the
film, while Harte's is diamond shaped with a similar.arrangement of

axes. The minor axis of Harte's region is

dy = Enre = 2xn KTI_A;GZ—)‘ ] (2-378.)

u ef

and the major axis is

3/2 1/2  1/4
8=
d, = Enrm / r, / o 27ud A§7h . (2.37p)
K G gt )
u eff

Hoffmann's value for d, is 1.6 times Harte's while both values for q

are the same. For a typical saturated film with no applied field so
LR -y -3

that heff T B dll s 1% x 10 cm and d_L & 3.9 X 10O (o] 4118

Also, from both Harte and Hoffmann's expressions for PR it isg
_possible to calculate the dominant ripple wave length which one expects
to see in an electron microscope. Fuller and Hale (1960) showed that
the variation in intensity of the electron beam in the electron
microscope due to the Kth component of ripple varied as k[@gl. Hence,
the most intense periodic variations in intensity seen with the electron
microscope should be those with a wave length such that k|¢K| is @
maximum. Using either (2.31) or (2.34) the wave length A, expected

to be observed is
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A = 2x /k7(Kuh;}?5 ; (2.38)

Noté that this is equal to d”, the longitudinal dimension of the

coupling region which was calculated above to be 1.5u. This is roughly
the wavelength observed with zero applied field by Fuller and Hale (1960).
Furthermore, Suzuki (1969) has examined the field dependence of the
wavelength observed in thin films and found a dependence like that

indicated by (2.38).

The average effective field, heff , was calculated by both

Harte (1968) and Hoffmann (1968). Hoffmann, however, in addition to

heff which

calculating calculated the local effective field,

N

includes the spatial variations in the effective field which are lost

when one averages to obtain he Since local effective fields are

£ °
important in the flux reversal process, it is necessary to follow

heff
with those of Harte (1968). For this calculation the coordinate system

Hoffmann's calculation and compare the values of which he obtains

shown in Fig. 2-1 will be used. Since this calculation is based on

static energy considerations only, 80 = %

In order to calculate h_.. Hoffmann (1968) began with an equation

ff
for the total energy density, €. This total energy density included

energy from applied fields, uniaxial anisotropy, exchange, magnetostatic
fields and local anisotropy. In order to find the equilibrium condition

Hoffmann took the first variation of the energy density integral and

set it equal to zero:

8fedar = 0 . (2.39)



This was used to calculate Euler's equation.
obtained Jacobi's differential equation by variation of Euler's

equation.

where

and h(a) is given by (2.10).

by

where &

density.

included for completeness here.

=g TP and

The terms h
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Such an analysis leads to

= + + + +
heff(a) h(a) + B, hk3 b hu3 hy
K
=
ho =3¢ %o
u
Kq
h =

k3 ~ 2K 9 f3

ho=9 [h sin (o - @O) -2 sin 2 qu
_ 2
hu3 = %% [h cos (@ - @) + 4 cos 2 ¢0]
hd=‘MSCX l2p 28 + (2%
u

I 3
g d§§ ®o,T

%3 and hu3

Hoffmann (1968) then

where F_ (3,7) is the local anisotropy energy

(2.40)

(2.41a)

(2.41b)

(2.41c)

(2.414)

(2.41e)

The functions f f ., and £ are defined

(2.L42a)

(2.42b)

(2.42¢c)

were neglected by Hoffmann, but are

As in calculating Cy for the transverse

magnetostatic fields, Hoffmann evaluates Cx from a self-consistency
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argument,

A
c = ka W . (2.43)

The mean effective field, heff(a) may be found by averaging heff(a):

h @) = h(a) +h. +h _ +h
eff( ) (o)

d w3 K3 (2.44)

and E;é = E;é = 0. Each of the terms in (2.44) calculated by Hoffmann's

method may be compared-to Harte'é corfesponding ferms. The resuits for
E; and E;g show all the same dependences on film parameteré, but they
do differ by G, fasiins. Using Hoffmann's (1968) notation and
Harte's (1968) numerical factors generalized to account for cases in

which 0, # 1//2, n¥l, it is found that

‘. : M_ /d 52 .
h, = 0.l 2
T T R
2
— 8 [h(a) + 3 cos 2]
B = = 0:03 Msﬁ(AKu)B/u (h ff)3/l* @ (2.45b)
e

where the structure factor, S, has been defined as S = (KSDUl//E).
In the calculation of E;g » Harte and Hoffmann's methods lead to
different dependences on the applied field and film parameters. As
was done in arriving at (2.45a,b), the result obtained with Harte's
analysis is used but with Hoffmann's notation and suitably corrected
for cases in which 0, % 1Z, n gl

2

—_ S
hk3 il - Ms K 75D ) (2.45¢)
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is independent of h_.. , unlike h. orh

Therefore, a u3

hk3 3
Blocking is caused by a local instability in the magnetization.
Before blocking occurs the ripple is in equilibrium with the magnetiza-

tion and

heff(a) ~ h(a) + hy - (2.6)

That is, the local effective field, heff’ mainly consists of h(x),

the single domain field, and of h the magnetostatic stray fields

d,
produced by the divergence in the magnetostatic ripple. All other

fields are sufficiently small that they can be neglected. The local

effective field, h is the normalized effective field acting to

eff’

produce the local torque

8T = - M_ H 59 h, (2.47)

1)1 18

which arises with a virtual displacement, &p, of the local magnetiza-

tion. So long as hef > 0, the torque, 8T, acts to restore the

f
magnetization to equilibrium. However if heff =< 0, 8T acts to increase
(- Hence the condition for stability of the magnetization is heff > 0%
Now from (2.4le) it can be seen that in the vicinity of ¢ = O, hy

becomes

(2.48)

When fields are applied that approach the Stoner-Wohlfarth threshold
with angle, ¢, such that 90O L 2700, the single domain field, h(x),

is decreased. This is most easily seen from Fig. 2-2 where h(x) is the
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length of the line segment connecting the tip of the field vector to
the point of tangency on the Stoner-Wohlfarth threshold. Before the
Stoner-Wohlfarth threshold is reached (h(a) = 0), however, the condi-

tion h = 0) = O is obtained. When this occurs the direction ¢ = 0

ore(®
is no longer a stable direction for the magnetizatiom. Yet, large
values of both pdsitive and negative ¢ are still stable positions as

in those regions h., > 0. Thus the theory implies that when blocking

d
occurs, the only stable states are those for which I@[ is greater than
some ¢ . > and it might be expected that a discontinuity occurs in the
ripple such th