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MAGNETIC SWITCHING

Many applications of ferromagnetic materials are based on
the fact that the magnetization can move from one stable
state (direction) to another stable state. Ferromagnetic mate-
rials, like ferrimagnetic materials, possess spontaneous mag-
netic polarization in the absence of an applied field. The man-
ner in which the magnetization changes, together with the
time necessary for completing the magnetization state
change, is of primary significance. A directional change in
magnetization state can be thermally activated or result from
applying an external magnetic field. The process of changing
the magnetization direction is called magnetization switching
or reversal. The magnetic switching process is extremely com-
plex, because it is inherently nonlinear and depends nontrivi-
ally on material properties, magnetic structure, magnetic his-
tory, specimen geometry, amplitude and direction of the
applied switching magnetic field, damping mechanisms, and
switching-field time dependence. This article addresses the
physical phenomenology involved in magnetic switching and
is organized as follows:
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* Magnetic moments (phenomenological and atomic mod-
els, interactions with applied static and frequency-depen-
dent magnetic fields, magnetization equations of motion,
resonance, magnetic susceptibility, dipole interaction en-
ergy, orbital and spin moments)

* Magnetic domains (general structure; magnetocrystal-
line anisotropy, exchange, magnetostatic, and magneto-
striction energy; Bloch walls and Néel walls)

» Magnetic switching analysis (quasi-static and dynamic,
single and multiple domains, coherent and incoherent ro-
tation, damping mechanisms, hysteresis, giant magneto-
resistance, spin valves)

MAGNETIC MOMENTS

Magnetic moments can be understood by phenomenological or
atomic models. An elementary model is the magnetic dipole in
which magnetic moments are described in terms of equivalent
opposite magnetic charges separated by a distance d whose
product yields the magnetic dipole moment m,. This model is
analogous to that of an electric dipole moment of a pair of
charges, —q and +q, separated by a distance d. An equivalent
phenomenological model is given in terms of a conventional
current I flowing in a closed loop of area A [Fig. 1(a)], which
has a magnetic dipole moment amplitude my = IA. The inter-
action of a magnetic dipole with an externally applied field
H, is given by the torque imposed on the dipole in the pres-
ence of the applied field:

Ty =nomq xH, 1

= —pomgH,sin6

where w, is the magnetic permeability of vacuum (47 X 1077
H/m), 6 is the angle between the dipole axis and the exter-
nally applied field, and the sign is chosen so that T is a re-
storing torque [Fig. 1(b)]. The angular gradient of the interac-
tion (potential) energy between the magnetic dipole and the

my

(a)

(b)

Figure 1. Magnetic dipole moment of circulating charge (a) and in-
teraction of dipole with external magnetic field (b).

external field also represents the torque exerted on the dipole.
The interaction energy E is given by

E =—pymyH,coso (2)
and
oK
Ty=—— 3
a 29 3)

In an applied field, the dipole has minimum energy
(—memgH,) at 0 = 0 and increases as the dipole moment is
turned away from H,. At 0 = 7, the dipole is in unstable equi-
librium. The fundamental equation of motion of a magnetic
dipole in an external field is derived from the torque equation
because the torque is the gradient with respect to time of the
angular momentum L, of the dipole. The magnetic dipole mo-
ment my may be written as

my =y'L, (4)

where y' = mgy/Lqy. For a single electron moving in a circle, '
is given by e/(2m.), where e and m. are the charge and mass
of the electron. The torque may be written

dL,
Ta=-a (5)
= pomg x Hy

or, equivalently, the equation of motion of the magnetic dipole
in an applied field H, is

dmy
a toy'mg x Hy

=ymy xH,

(6)

where y, = uyy’ is the gyromagnetic ratio of a circulating
charge (neglecting spin). Because of spin and angular momen-
tum in a real magnetic ion, v, can differ significantly from
wee/(2m,). In fact, a magnetic material may contain several
magnetic ions so that its effective gyromagnetic ratio vy dif-
fers from those of the individual ionic species present.

It is useful to review the effects of a static field and a fre-
quency-dependent field on the equation of motion for a simple
magnetic dipole. Time-dependent equations of magnetization
motion, which will be addressed later in this chapter, can be
derived from inverse Fourier transforms of frequency-domain
expressions. In addition, specific details of individual mag-
netic fields comprising the net effective field acting on the
time-dependent magnetization vector in a ferromagnetic me-
dium may be better understood.

If the total external applied magnetic field is written as
the sum of a static field H, and a frequency-dependent field
he“, where o = 27f is the angular frequency,

H(t)=H, +he’ (7

the time-harmonic case may be examined. Equation (7) may
be substituted in Eq. (6) to give the magnetic susceptibility
tensor relating the applied static external magnetic field, the
components of magnetization, and the frequency-dependent
field transverse to H,. Their dependence on the frequency o,



Figure 2. Interaction of two magnetic dipoles in the same plane ori-
ented at arbitrary angles to a position vector separating them.

and the Larmor precessional frequency, w, = di/dt = |y|H,,
can also be derived. The phenomenological model is illus-
trated in Fig. 1(b). Allow the direction of H, to be along the z-
axis, so that

H = Hodz + (hxan + hydy + hzdz)ejwt (8)
If |h| < |H|, then |my| < |mgy,| and
hy Mgy
H=|hy|, my=|my 9
HO mg,

where m, = my, + my,d, My = med, + mgd, and mg, = mq.
The equation of motion of the magnetic dipole of moment m,
yields

ma | [vimaHo/ (v HE — %) —joymy/(y?HE —o?) 0
myy | = jwymd/(y2Hg - wz) V2de0/(V2H(% - wz) 0
my, i 0 0 0
-
hy
| Ho (10)

This may be simply written

my=I[x]1-H (11)
where [x] is the classical Polder magnetic susceptibility ten-
sor without damping. The magnetic permeability is [u] = [1]
+ [x] where [1] is the unit tensor. Equation (10) gives a reso-
nant condition when o = |y| Hy, and shows that the compo-
nents of the magnetic dipole moment depend on the orienta-
tion of the field H. Equation (10) represents a steady-state
solution for the magnetic dipole in an applied field H. Other
frequency-domain expressions can be derived that correspond
to various transient excitations.

Dipole-Dipole Interactions

The interaction of dipole moments influences the equations
of motion of magnetization. One simple case is the general
configuration of two dipoles that have magnetic moments
myg, and my, illustrated in Fig. 2. The dipole—dipole interac-
tion energy is given by

MoMgy - Mgy Bpg(my, 1) (Mg, - 1)

E =
r3 rd

(12)

where r is the position vector from dipole 1 to dipole 2. In a
ferromagnetic material, my; = mgy, = my and are parallel, so
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the interaction energy becomes
Homy 2
E = —= (1-3cos”0) (13)
r

If the dipole moments are parallel to the position vector
[Fig. 3(a)] and are rotated through an angle 6 from the z-axis
[Fig. 3(b)], there is a restoring torque in addition to the torque
from any external field. The restoring torque is represented
by

oK
a0

3m
= —2ugmy (r—?’d cos 9) sin6

(14)
= —uoM Hp, sin6

where My; = 2m4 and Hp, is an apparent field in the z-direc-
tion, that is,

(15)

where My, = Mj cos 6.
Then the magnetization equation of motion of two aligned
magnetic dipoles in an external field H, becomes

dM
—d4 = yMy, x H,+Hp)

at (16)

If H, is directed along the z-axis, the time derivatives of the
transverse components of the total magnetization vector be-
come

dM,,
d—td =yIMyHy — My,(—=DMgy)]
M (17)
Wdy = y[M4,(=DM,,) — M, Hy)

Similar equations can be written when magnetic dipoles
are parallel but normal to the position vector connecting
them. In this case, for an applied field H, in the y-direction

y

(a) (b)

Figure 3. Aligned magnetic dipoles parallel to a position vector sepa-
rating them (a) and rotational angle 6 causing restoring torque (b).
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Figure 4. Aligned magnetic dipoles normal to a position vector sepa-
rating them.

(see Fig. 4), the equations of motion of the resultant magneti-
zation are
dM,,
— = v[-My,(Hy - DM,,)]
M (18)
7‘12 = y[My(Hy— DM y,) — My ,(—DM 3,)]

Both Egs. (17) and (18) have the general form

D 0 0
%:dex H,-|0 D 0|M, (19)
0 0O

= VMd X (Ho - [D]Md)

where H(t) = H, — [DIM; is an internal effective field and
[D] is the two-dipole analog of the demagnetization tensor.
Similar magnetization equations of motion for many-dipole
arrays may be derived to gain insight into magnetic dipole
alignment in an external magnetic field. However, dipole
forces in solids are too weak to account for the large interac-
tion energies that maintain alignment between a distribution
of magnetic moments. These forces result from electron ex-
change, are quantum mechanical in origin, and must be un-
derstood in terms of the electron orbital and spin states of a
magnetic ion.

Microscopic moments originate in very definite magnetic
ions, elements of the periodic table. These ions are from one
of two transition series that have an incomplete inner shell.
The first transition series is that where the 3d electron shell
is incomplete and consists of the elements ranging from cal-
cium (atomic number 20) to zinc (atomic number 30). The sec-
ond is the rare-earth series with an incomplete 4f shell. This
contains elements 57 (lanthanum) through 71 (lutecium). The
magnetic moments and angular momenta of all of the elec-
trons occupying either the 3d or 4f shells combine to give a
resultant magnetic moment of the ion.

The overall orbital angular momentum of a magnetic ion
is specified by the quantum number L. In the presence of a

magnetic field, a free magnetic ion with orbital quantum
number L may only have specific discrete values of angular
momentum which are integral multiples of % = h/(27), where
h is Planck’s constant (6.625 X 1073* J -s). So the associated
orbital magnetic moment is given by

my = yLh
dL 20)
= noehL/(2me)
Electron spin also gives rise to a magnetic moment. However,
in this case, the magnetomechanical ratio yy, = 2y, and the
magnetic moment due to spin is given by

myg = 2ySh (21)
where S is the spin quantum number. Neighboring ions affect
the net orbital angular momentum. For elements of the first
transition series, orbital angular momentum and associated
magnetic moment are almost completely destroyed by electro-
static interactions with the lattice environment. The orbital
contributions for the rare-earth series are also disturbed by
neighboring ions but to a lesser extent. Therefore, for the first
transition series of elements, the overall magnetic moment is
close to that given by Eq. (21), so that the general form of the
gyromagnetic ratio is

_ 8Mg€

= @my’ (22)

14

where g is the Lande spectroscopic splitting factor (g = 2.0023
for a free electron). The value of |y| is 2.2 X 10° rad - m/(A - s).

MAGNETIC DOMAINS

Magnetic reversal, permeability, and hysteresis all depend on
the structure of the magnetic domain and the variability of
this structure under the effect of an applied external field.
There are two general approaches for magnetization analysis.
One approach, first introduced by Weiss (1) in 1907, is based
on experimental evidence of the spatial distribution of magne-
tization in magnetic domains. Another approach, proposed by
Brown (2), is based on the assumption that the magnetic po-
larization is a function of coordinates of the point at which it
is being evaluated. In the Weiss model, each magnetic domain
has a spontaneous, generally uniform, magnetic polarization
density I, oriented differently from those of its neighbors (see
Fig. 5). The different magnetic domains or Weiss domains are
separated by transition zones called Bloch walls. The atomic
magnetic moments within each domain are aligned parallel
to each other and across the Bloch wall the magnetic mo-
ments rotate to that in a neighboring domain. This rotation
is illustrated for a 180° Bloch wall in Fig. 6. Thus the parallel
orientation of magnetic moments is a local phenomenon. Sev-
eral experimental techniques make it possible to show the
distribution of magnetic polarization in a specimen.

One of the first experiments for observing magnetic do-
main walls in a bulk ferromagnetic specimen was performed
by Barkhausen in 1919. In Barkhausen’s experiment, a per-
manent magnet was rotated slowly with an approximate pe-
riod of one second about a solenoidal winding holding a ferro-
magnetic rod specimen. The winding around the specimen
detected variations in magnetic flux that were transmitted
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Figure 5. The magnetic domain structure of a specimen showing
magnetic polarization I, within each domain.

after amplification to a loudspeaker. Each time the polariza-
tion was reversed, audible sounds reflecting small magnetic
grain deformation could be heard. The change in polarization
of the ferromagnetic rod occurs in small successive steps, now
known to correspond to the sudden change of pinning points
on the Bloch walls (see Fig. 7). Pinning points, or points that
fix or retain Bloch wall structure, are principally caused by
various kinds of specimen inhomogeneity rather than speci-
men size or shape. The types of inhomogeneity affecting do-
main structure are voids, inclusions, fluctuations in alloy
composition, local internal stresses, and the local directional
order of crystal boundaries. Figure 7 illustrates the typical
appearance of a magnetic hysteretic loop, which results from
irreversible changes in magnetization that cause dissipation
in the form of heat in the specimen. The coercivity or coercive
field H, is that magnetic field that must be applied in the
opposite direction to restore zero magnetization. The area en-
closed by the hysteretic loop is proportional to the energy dis-
sipated into heat for each cycle around the loop. The coercive
field is the ultimate determining factor for magnetic switch-
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Figure 6. The magnetic structure of a Bloch wall of thickness & sepa-
rating 180° domains (6).
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Figure 7. Magnetization loop characteristics showing Barkhausen’s
jumps from domain wall movements. M is magnetization as a func-
tion of applied magnetic field H. M,, M, are saturation and remanent
magnetizations. H, is intrinsic coercive field.

ing energy, which is approximately equal to the product of
2H, and the remanent magnetization M,. The coercive field
also limits the minimum drive field required for domain
switching. Another important parameter of the hysteretic
loop for switching performance is the squareness ratio defined
by M./M,. Better switching performance is obtained when the
squareness ratio has a value close to one. Irreversible changes
in magnetization are addressed in the Preisach model for
magnetic switching analysis of multiple-domain particles.

Another technique for observing magnetic domains directly
is the Bitter method. The Bitter method consists of spreading
a colloidal solution of magnetic particles on the surface of a
specimen that has been electrolytically polished. Upon evapo-
ration of the solvent, magnetic flux leakage occurs where the
Bloch walls intersect the surface of the specimen. The leakage
produces an accumulation of magnetic particles that can be
observed with a microscope and which define the Bloch walls.
Other methods that permit observing Bloch walls in move-
ment are based on the rotation of the polarization of linearly
polarized light during transmission (the Faraday effect) or
during reflection (the Kerr effect). High-quality optical sys-
tems must be used to observe the small angles of polarization
rotation in the last two methods.

Recently, magnetic force microscopy (MFM) has been used
to image magnetic domain wall structures. The divergence of
the magnetization in the walls is reflected by fringing mag-
netic fields outside the specimen. The magnetostatic interac-
tion between the magnetic specimen and a magnetic sensor is
measured. The sensor is a sharp tip coated with a magnetic
thin film at the end of a flexible cantilever. When the tip is
positioned a sufficient distance (typically 50 to 150 nm) away
from the specimen surface, the cantilever responds to mag-
netic force gradients acting on the tip. MFM data permit high
resolution, high sensitivity imaging of magnetic domains and
other micromagnetic structures.

Magnetic domains can have highly variable shapes. A sim-
ple model for the modulus of the spontaneous polarization
density vector I is that it has the same value in all domains
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of a homogeneous material, provided that the temperature
distribution is uniform. The magnetic moment M of a speci-
men of volume V must lie between the limits

0<M = / Idv <LV 23)
\74

Hence the magnetic moment can vary from 0 to I,V with an
applied field Hy, which modifies the number, shape, and dis-
tribution of magnetic domains in the specimen.

General Structure of Magnetic Domains: Energy Considerations

Magnetic domain structures in either bulk or thin-film mate-
rials are expressed as statistical averages in terms of their
size, shape, and internal orientation of the polarization vec-
tor I,. Only those structures are permissible in which a local,
not absolute minimum in internal magnetic energy occurs.
The internal energy E; associated with magnetic domain
structure is the sum of the magnetic anisotropy energy E,,
the exchange energy E.,, the magnetostatic energy E,,, and
the magnetostriction energy E ;.

Magnetocrystalline Anisotropy Energy. The interaction of
atomic magnetic moments that leads to their parallel align-
ment is measured in terms of energy. In a crystal, a part of
this energy, called the magnetocrystalline anisotropy energy,
is a function of the angles that the magnetic moments have
with respect to the crystal’s axial directions. In a ferromag-
netic crystal there are easy and hard directions of magnetiza-
tion. In other words, the energy required to magnetize the
crystal depends on the direction of the applied magnetic field
relative to the crystalline axes. For single-crystal materials,
such as iron, nickel, and their alloys, the anisotropy has cubic
symmetry, provided they are prepared in the absence of a
magnetic field. For crystals prepared or deposited in the pres-
ence of a magnetic field, a uniaxial symmetry is developed. A
polycrystalline specimen of iron, nickel, or their alloys ap-
pears isotropic because of the random orientation of the con-
stituent cubic crystallites.

The difference between the energies required to magnetize
a crystal in the hard and easy directions is called the anisot-
ropy energy. The magnetic anisotropy energy E,(a;, o, o3),
where a;, ay, as are the directional cosines that the magnetic
polarization vector makes with the crystal axes, varies in dif-
ferent materials (4,5). If only magnetic anisotropy energy is
taken into account, spontaneous magnetic polarization in a
crystal specimen generally aligns itself parallel to principal
crystallographic planes that can be described by their Miller
indices. In these directions E, has local minima in which
there are easy magnetization directions. In general, the anisot-
ropy energy of cubic metals, such as iron or nickel, may be
expressed in terms of the anisotropy energy E that has the
form (3)

E,=E,+E,+E, (24)
where E, is purely isotropic and E; = Ki(cfod + odod + oda?d)
and E, = K,olodod are anisotropic. The constants K; and K,
are the first- and second-order anisotropy constants that arise
from interaction between the orbital angular momentum and
the crystalline lattice and are usually determined by fitting
experimental data. In the case of a uniaxial material, the an-

isotropy energy E, is given, to the first order, by E,, = K.(1
— o) = K, sin? 0, where K, is the first-order uniaxial anisot-
ropy constant. E, is independent of the azimuthal angle.

Generally, coercive fields increase monotonically with K|
because of higher domain-wall energies and stronger pinning
of domain walls at voids, inclusions, and fluctuations in ferro-
magnetic material composition. Where frequent and rapid
switching of the magnetic state is required, materials are cho-
sen that have small first-order anisotropy constants and low
domain-wall energies.

Exchange Energy. Exchange energy takes into account the
interaction between the atomic magnetic moments. This in-
teraction can be understood only in terms of quantum-me-
chanical exchange integrals, which have no classical analogs.
The exchange energy of an assembly of spins S is given by

Eex =—-2 ZJijSi 'Sj

i.J

(25)

where the subscripts i,/ distinguish two atoms with different
spin quantum numbers S; and S; which are given in terms of
f = h/(2m), J;; is the exchange integral that has dimensions of
energy, and the sum represents the total exchange energy of
all atomic spins in the specimen. The spin quantum numbers
S; and S; are always multiples of 1/2 and are related to the
atomic magnetic moments by m = 2Smjg, where mg is the
Bohr magneton, that is, the magnetic moment of electron
spin, 9.273 - 1072 A - m?% The ground state for a ferromagnetic
assembly has all spins parallel, so that the exchange integral
J;; is positive. If the spins vary from point to point (as in a
ferrimagnetic specimen), then J; is negative, and the ex-
change energy is increased above its maximum negative
value. In general, both the magnetocrystalline anisotropy and
exchange energies increase inside a domain wall. The sum of
the anisotropy and exchange energies usually characterizes
the energy associated with the domain wall itself and can be
used to approximate the thickness of the domain wall. How-
ever, the domain-wall energy limits the area of the wall be-
cause the magnetostatic energy due to demagnetization de-
creases in direct proportion to the number of domains formed.
The actual number of domains formed in a specimen stabi-
lizes when the reduction of magnetostatic energy is compen-
sated by the increase in domain-wall energy due to anisotropy
and exchange. Again, the total energy must be a local
minimum.

The domain-wall energy per unit area U,,; for a planar
domain wall in a bulk specimen that has average anisotropy
energy per unit volume U,, wall thickness &8, and n lattice
planes in § may be written approximately as

— JS272
U,.1 =Uad + P

W

(26)

where a is the atomic lattice spacing. This relationship is
valid only when rotation is uniform within the wall (so the
anisotropy energy is independent of wall thickness), when the
exchange energy of two parallel magnetic moments in Eq. (25)
is set equal to 0, and when the spin quantum numbers S; and
S; are the same. The cosine of the angle 6 between the spin
quantum numbers S; and S; is also expanded in a power se-
ries in 6. Terms higher than the second term are neglected.
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Figure 8. Nonuniform variation of rotational angle of magnetic mo-
ments across a Bloch domain wall as a function of distance from the
center of the wall.

For a minimum in domain-wall energy, 0U,./d8 = 0, which
yields the approximate relationship for evaluating domain
wall thickness:

27

JS272\ 12
§ = —
< alU, >

For a body-centered cubic iron crystal, Eq. (27) yields a do-
main-wall thickness that is approximately 0.04 um or 146
base vectors of the lattice. In fact, the rotation of magnetic
moments across a Bloch wall is not uniform but has the form
given in Fig. 8.

The minimum energy state of a bulk ferromagnetic speci-
men is generally one of multi-domain formation. For very thin
films, whose easy axis is along the film normal, domain struc-
ture is approximately parallel to the surface of the film in the
main body of the film, and closure domains form at the edges
of the film (3). As film thickness increases, however, planar
multidomains and domains whose planes tilt away from the
film surface form. The direction of magnetization in the do-
main wall of a thin film (whose thickness is much less than
the domain-wall thickness) also changes from that of a Bloch
wall, normal to the plane of the film, to that of a Néel wall
(6), parallel to the surface of the film (see Fig. 9). This is ener-
getically favorable because the surface energy associated with
demagnetization in such a film is minimized. This is particu-
lar true for thin films of ferromagnetic materials that have
negligible crystalline anisotropy, such as Permalloy. In gen-
eral, the thickness of Bloch domain walls increases, whereas
the thickness of Néel walls decreases with increasing film

=

Bloch wall

_ %//
[~ |

Néel wall

e

Figure 9. A Bloch wall and a Néel wall in a magnetic thin film (6).
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thickness. The domain-wall energy of Bloch walls, on the
other hand, decreases with increasing film thickness and that
of Néel walls increases.

Magnetostatic Energy. The magnetostatic energy of a speci-
men results from the effects of demagnetization and is highly
shape-dependent. Equivalent magnetic poles occur at the in-
tersection of a domain wall with the surface of the material
and give rise to stray fields external to the specimen. These
create an opposing general demagnetizing field Hy with orien-
tation opposite to the polarization vector internal to the speci-
men. The energy associated with the demagnetizing field may
be written

EmS:J/M.Hde (28)
2 Jy

Minimization of magnetostatic energy in bulk materials in-
creases the number of domains until the decrease of magne-
tostatic energy associated with domain growth is compen-
sated for by the increased energy of the Bloch walls. This
gives a net minimum in energy. For magnetocrystalline an-
isotropy that has cubic symmetry, there are special domain
configurations in which no external fields are created because
adjacent domains may produce equal and opposite equivalent
magnetic mass densities. In a thin film the configuration of
the magnetization vector in the domain wall changes from
that of a Bloch wall to a Néel wall or a cross-tie wall (3) to
mimimize surface regions that would have high demagnetiza-
tion energies.

Magnetostriction Energy

Magnetostriction energy is the elastic energy associated with
the dimensional change in a specimen resulting from mag-
netic polarization between neighboring domains. Magneto-
striction occurs because of anisotropy. Magnetostrictive
expansion or contraction of a crystalline lattice during the
magnetization process is the reaction of the lattice to rotation
of the magnetization vector from easy to hard directions. A
material has positive magnetostriction if a specimen expands
in the direction of the magnetization and negative magneto-
striction if it contracts in the direction of magnetization.
Hence, this energy varies according to the structure of the
domains. Magnetostriction deforms domain configuration so
as to minimize magnetostrictive energy. Magnetostriction en-
ergy is defined as the work necessary to reassemble domains
to their initial states.

MAGNETIC SWITCHING ANALYSIS

Magnetic switching depends strongly on the dynamics, or the
time dependence, of the process. The timescales required for
magnetic switching cover a wide range. Magnetization rever-
sal processes in some applications are on the order of seconds,
while others are on the order of 10 ns or less. Switching
speeds are limited by both eddy currents and by the intrinsic
or relaxation damping mechanisms. Because of the wide
timescales, the process of magnetic reversal can be studied
either by seeking information about the final equilibrium po-
sition of the magnetization vector at a given point in the ma-
terial without determining the details of the magnetization
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process before equilibrium is attained or by following the posi-
tion of the magnetization vector as a function of time during
the magnetization reversal process. The approach followed
depends on the application, but the second approach is more
complex. The analysis for both approaches is outlined and dis-
cussed.

Thin metallic films represent the principal media for pres-
ent-day high density magnetic recording. They are prominent
examples of dynamic, fast magnetic switching applications.
Hence we refer here mostly to thin films. The films of Permal-
loy (Nig,Feyg) are widely used in manufacturing more than one
billion recording heads annually.

In the process of magnetic recording, information must
first be stored on special magnetic media. Next, this informa-
tion must be retrieved by reading the information stored on
the media. Both the writing and reading are strongly tied to
the magnetic switching process and to the relevant properties
of the medium. During writing, the magnetization of the me-
dium has to be locally switched from the well-defined orienta-
tion corresponding to the negative remanent state to the well-
defined positive remanent state. These two magnetization
states may be represented by “0” or “1” to store information
on the binary system. The dimensions of the switched area
are usually on the order of micrometers that have submicro-
meter separation between magnetization states. For example,
the transition spacing between oppositely magnetized regions
on present-day hard disk drives is about 0.2 um, and track
periods are on the order of 3 um to 4 um. Future applications
will have even smaller transition spacings. To decrease noise,
the switched area should have sharp boundaries and be stable
with time, while allowing complete erasure. All of these pa-
rameters define the properties of the recording medium and
the writing head. In reference to the switching process, they
determine the amplitude of the bias field necessary to reverse
the position of the magnetization, or the so-called switching
field, and the switching time. The switching time is the time

Figure 10. Giant magnetoresistive Fe/Cr
layered structures (a) and possible equi- |
librium positions of magnetic moments for ‘
several applied fields H (b).

needed to reverse the magnetization position that uniquely
defines the desired state.

During reading, the reading head moves above the re-
corded signal, and the response to the presence of the 0 or 1
state is monitored. Formerly, recording heads were inductive,
and the response of the head corresponded to the voltage in-
duced in a coil coupled to the magnetic structure. More re-
cently, these heads have been replaced by magnetoresistive
heads, whose response is proportional to the change in electri-
cal resistivity of the head in a magnetic field. This change in
resistivity occurs as the head moves over the recorded infor-
mation. Other reasons for using magnetoresistive heads are
not discussed here. What is important is the fact that the
resistivity of the head depends on the strength and orienta-
tion of the magnetic field produced by the orientation of the
magnetization on the recording medium. The first resistive
reading heads were based on the effect of anisotropic magne-
toresistance (AMR). The resistivity depends on the relative
orientation of the current I through the film with respect to
the direction of the magnetization M in the film. For Permal-
loy films deposited on silicon wafers, the resistivity at room
temperature with M parallel to I is about 2.5% larger than
when M is perpendicular to I.

Giant Magnetoresistance

The possibility for significantly enhancing the sensitivity and
dynamic range of recording magnetoresistive heads resulted
from the discovery of the giant magnetoresistance (GMR) in
coupled iron-chromium layered structures (7,8). GMR is char-
acteristic of electric current behavior in materials consisting
of alternating ferromagnetic and nonmagnetic layers of ferro-
magnetic and nonmagnetic metals deposited on an insulating
substrate. The resistance, measured with current flowing par-
allel to the layers, is greater when the magnetic moments in
the alternating ferromagnetic layers are oppositely aligned

Cr

Fe
(a)
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Figure 11. Structure of spin valve showing two uncoupled ferromag-
netic films separated by a nonmagnetic metal layer. The bottom film
is pinned.

and smallest when they are all parallel. The measured rela-
tive change in resistivity can be several hundred percent at
low temperatures. The structure is shown for two single-do-
main layers in Fig. 10. Figure 10 also shows possible equilib-
rium positions of the layers’ magnetic moments for several
applied fields. In contrast with AMR, GMR depends only on
the relative orientation 6 of the magnetic moments of the lay-
ers. GMR results from spin-dependent scattering of the con-
ductive electrons at the interfaces and may be expressed as

AR
R=R, - 7(c0s9+1) (29)

where R, is the resistivity in zero field (H = 0), and AR is the
maximum difference in resistivity corresponding to the paral-
lel and antiparallel orientation of moments. Even larger ef-
fects are observed in a perpendicular geometry where the cur-
rent flows perpendicular to the layers. GMR has also been
observed in heterogeneous alloys and granular multilayers.

Spin Valve. The magnetoresistance of GMR structures in-
creases with the number of alternating layers. This, however,
complicates mass production and could decrease manufactur-
ing yield. One question is whether it is possible to find a com-
bination that allows GMR behavior and to make a more sim-
ple head structure. One of the solutions that fulfills these
criteria is the spin valve (9). The schematic structure of the
spin valve is shown in Fig. 11. A spin valve consists of just
two uncoupled ferromagnetic films (Permalloy or cobalt) sepa-
rated by a nonmagnetic metal layer (copper, silver, gold)
spacer. The magnetization of one layer is pinned through ex-
change coupling with an underlying antiferromagnet (iron
manganese) in a specific direction. Like GMR structures, the
resistance of the spin valve is proportional to the angle be-
tween the magnetic moments in the magnetic layers. Because
the ferromagnetic layers are only weakly coupled, the magne-
tization of the free layer is easy to rotate relative to the
pinned layer, making the spin valve sensitive to low fields.

The previous examples demonstrate that a clear under-
standing of the magnetization reversal process is requisite to
optimize heads for recording applications. In the following
sections we outline the essential features of the magnetic
switching process. The analysis is performed in two steps.
First, only the quasi-static magnetization reversal is consid-
ered. Second, the more complex problems of dynamic switch-
ing are discussed.
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Quasi-static Magnetization Reversal

Single-Domain Particle Behavior. Many models have been
employed to explain hysteresis properties of single-domain
particles (10). These models may be classified into those in
which the particle reverses its magnetization in the single-
domain state (coherent rotation) and those in which the mag-
netization does not remain uniformly parallel during the
switch (incoherent rotation). The single-domain particle re-
mains physically fixed during these rotations. Only the mag-
netization changes direction. The classical model of Stoner—
Wohlfarth (11) involves only coherent rotation. Although this
model does not completely apply to even single-domain parti-
cles, it provides an important understanding of magnetic
switching and of more complicated models of the magnetiza-
tion reversal process. It also permits systematic introduction
of the necessary terms describing magnetic switching.

In static equilibrium, the torque on the magnetization ex-
erted by the total magnetic field must vanish at every point
in the medium, that is,

MxHg=0 (30)

where the effective magnetic field consists of the external ap-
plied magnetic field H,, a magnetic field due to the magnetiza-
tion of the medium, the magnetostatic or demagnetizing field
H;, the magnetic anisotropy field H,, and the magnetic ex-
change field H,,.

Assume a single-domain particle in the form of a thin film
as portrayed in Fig. 12, where the saturation magnetization
of the particle is M, and where M is tilted from the z-axis by
an angle 6, with an applied bias field H, in the y-direction. If
the particle has a preferred direction of magnetization along
the z-axis, the minimum energy state is obtained in this easy
direction. In such a uniaxial material, any deviation of M
away from the easy axis by an angle 6 leads to an increase of
the energy. When M is inclined by an angle 6 to the easy axis,
the anisotropy field can be simply interpreted as the magnetic
field H, appearing perpendicular to the easy axis that is op-
posed to the component of M in this direction. This may be
expressed mathematically by

Easy, Easy,
axis axis
,t=0
0, 7
M N
Yy \ Yy
M
HZ
—>H, —=Hy

(a) (b)

Figure 12. A single-domain particle in the form of a thin film. M is
magnetization and H, is the applied field.
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1
Hq = 3 Velalu, (31)

where M; is the saturation magnetization of the material and
the gradient of the anisotropy energy E, is evaluated at the
equilibrium position. The z-component of the anisotropy field
in a uniaxial material may be written directly from Eq. (31)
as

2K,
M;

H,, = cos® = H, cos 6 (32)

When a switching field H, is applied (Fig. 12), the static equi-
librium condition expressed by Eq. (30) gives the following
relationship between 6 and the magnetic field H,:

H, = —H,(cos6 — sinf, cot ) (33)
A plot of M,/M, versus H,/H, in Fig. 13 shows the quasi-static
magnetization characteristic of a single-domain particle when
pure rotation of the magnetization takes place. Even for this
simple case of magnetic reversal by uniform rotation, mag-
netic hysteresis is evident. In other words, decreasing or in-
creasing the applied field does not necessarily lead to the
same magnetic state. The field H, in Fig. 13 was chosen arbi-
trarily so that 6, = 30°. Magnetic switching of the particle
must occur when 6 = 6,, at which point dH,/d# = 0. From Eq.
(33)

sin® 4, = sin 6, (34)
and
H,
cos® 0, = H: (35)

A plot of H,, versus H, is usually known as the switching as-
teroid that has a minimum critical switching field for 6, =
45°. The previous results are also obtained from energy con-
siderations. The free energy density of the single-domain par-
ticle in Fig. 12(b) is given by

E, = K, sin” 6, + M H, sin 6, (36)
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Figure 13. Hysteresis plot of M,/M, versus H,/H, showing the quasi-
static magnetization characteristic of a single-domain particle in uni-
form rotation.

for the initial state and

E = K, sin0 + M H, sin6 — M H, cos 6 (37
for the final state. The equilibrium condition is obtained at a
(local) minimum of the free energy with respect to the angles
0 and 6,, that is, 0E/360 = 0 and dE/96, = 0. The latter equilib-
rium conditions yield Eq. (33).

In general, for single-domain particles, the lowest energy
eigenmodes of magnetic reversal are sought. For ellipsoids of
revolution, these are either the fanning modes of coherent ro-
tation or the curling and buckling modes of incoherent rota-
tion (10). The fanning modes are named from the model of
individual domains of equal volume spheres forming chains,
where the magnetization vector in each sphere rotates in a
direction alternate from its neighbor. Recent measurements
of the angular dependence of the switching field in single-do-
main ferromagnetic particles (12), however, show that switch-
ing generally differs from the uniform rotational model. Both
measurement data and analysis indicate that switching is
represented by curling modes for § ~ 0°. For 6 > 30°, switch-
ing agrees closely with the coherent rotational model pre-
viously described. Incoherent reversal is usually thought to
occur as a result of inhomogeneities in the particles, such as
grain boundaries, voids, dislocations, cracks, and mechanical
strains.

Multiple-Domain Particle Behavior. In multiple-domain par-
ticles the reversal process occurs through domain-wall motion
that consists of both rotation in unison and “incoherent” rota-
tion. The incoherent rotation depends on the magnitudes of
both the switching and biasing fields. The quasi-static magne-
tization characteristics of reversal in this case are not unlike
the hysteresis shown for the single-domain particle in Fig. 13.
Ferromagnetic hysteresis has its origin, as illustrated by the
previous simple analysis, in the multiplicity of metastable
states in the system’s free energy. This very general state-
ment is difficult to quantify for predictive use. Just as difficult
is the task of following the behavior of each domain and do-
main wall during the reversal process at each spatial position
of the specimen—even for quasi-static treatment. Hence a
more viable approach pursued by many researchers is based
on phenomenological models in which all essential hysteresis
characteristics are obtained as a direct consequence of a few,
simple, initial assumptions. These assumptions are usually
not concerned with the details of the magnetic state at a given
point in the specimen nor are they concerned with the details
of the domain walls and structure. Instead, they rely on a
set of experimental data, collectively called an identification
process, to determine a few constants relating a specific model
to the specimen that permit predicting magnetic material be-
havior as a function of the applied magnetic field in a given
direction.

Among the most widely known models are the Preisach
(13) and the Williams—Comstock (14). The Preisach model
was later extended by DelaTorre (15,16), Mayergoyz (17), and
Jiles and Atherton (18). In the Preisach model, hysteresis is
described by a collection of a large number of elementary re-
versible A, and irreversible vy,, bistable units (see Fig. 14),
each characterized by the values o and B, a > B, at which the
external field H, makes the unit switch up or down. The bista-
ble unit y,; can be considered a quasi-domain that switches
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Figure 14. Preisach model of hysteresis described by a collection of
elementary reversible A, and irreversible v,z bistable units.

with increasing applied field from the state —M, to the state
+M; at the field . With a decreasing applied field, the bista-
ble unit reverses from the +M, to the —M, state at the field
value B. For such a quasi-domain a local coercivity (switching
field) A, = (@ — B)/2 and an effective field from the neigh-
boring quasi-domains A, = (o + B)/2 correspond. For 8 < H,
< @, Y, depends on the previous state of the specimen. Then
a system of multidomain particles is described by the switch-
ing distributions p(a, B) and @), and the magnetization is
expressed as

M(t)=/ / plo, B, Hy@)ly,pHy(¢)]da dp
. (38)
+ / 0 (@) kol Ho ()] da

oo

Although Eq. (38) contains time-dependent variables, none-
theless the model is static and does not take into account the
speed at which magnetization changes. The time-dependent
magnetization corresponds to a step-by-step field change, but
the output is still a sequence of equilibrium states that de-
pend only on the value of the field H,. Mayergoyz (17) proved
that a system with hysteresis is equivalent to the Preisach
model if it obeys the “wiping out or return-point memory” and
“congruency or geometrical equality” properties. The first con-
dition means that each local maximum H,, field value wipes
out the influence of the previous local maxima. The congru-
ency property that defines the geometric equivalence of all
minor loops delimited by the same peak field values has not
been verified for real systems. Experimentally observed minor
hysteresis loops become smaller when remanence is ap-
proached. However, this defect in the second condition is elim-
inated if a feedback correction to H, is added which produces
an internal effective field H;:

H, =H,+CM (39)
As the constant C becomes larger, the hysteresis loop becomes
more rectangular or the squareness ratio defined by M,/M, in
Fig. 7 becomes closer to one. The squareness ratio depends on
the ratio of the average magnetostriction constant to the first-
order anisotropy constant. A smaller ratio of the magneto-
striction constant to the first-order anisotropy constant yields
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more hysteresis-loop squareness. The completely reversible
magnetization process is given by the second term in Eq. (38).

Dynamic Magnetization Reversal

The quasi-static models describing magnetic reversal do not
give the system’s time response straightforwardly, especially
for fast switching processes. A different approach is necessary
to calculate the fast magnetization switching response at an
arbitrary time and at each point of the recording medium. All
forces acting on the magnetization at any point in space on
the recording medium and at any time must be used to char-
acterize the complete magnetization reversal. In general, it is
assumed that the direction cosines and the magnitude of the
magnetization vector vary continuously with position. De-
pending on the actual problem, changes may vary on a scale
that is smaller or comparable to the domain size. This type of
treatment forms the foundation of the micromagnetic model-
ing approach advocated by Brown (2).

Here a procedure based on the Landau-Lifshitz equation
is followed (19). Landau and Lifshitz first introduced the phe-
nomenological representation of the interactive forces with an
effective internal field H.;. The action of this field is equiva-
lent to the applied field but also includes other interactions
in the ferromagnetic material. Generally, the magnetization
becomes parallel to the effective field. Therefore Landau and
Lifshitz next proposed an ad hoc damping term into the mag-
netization equation of motion which has the direction of
H.; — M and an amplitude that approaches 0 when H,.; and
M become parallel. The Landau-Lifshitz equation, which con-
serves total magnetization, can be written as

aM
—— =—lyrIM xH ) +R

g7 (40)

where the specific forms of the damping term R most used
are

M
R =171 [Ho~ o M) 375 | (41)
R=-" s mxn,y (42)
and
a dM

Equation (43) is known as the Gilbert damping form. A is the
damping parameter that has the dimension of magnetization.
The dimensionless Gilbert damping parameter o = A/M..

Now the effective field H., which represents all interac-
tions, is introduced. If the free energy of the system is evalu-
ated by the variational principle, the amplitude and direction
of the internal field can be determined with good approxima-
tion. However, the resulting form is too general, and it is
more practical to express the effective field as the power se-
ries:

E S 0 0F
Heff(M)=—W+2i:a_xi[Mwa,-)]

=H,¢)+H.M)+H,M) +HxM)

(44)



190 MAGNETIC SWITCHING

The H, and H, terms of Eq. (44) are the time-dependent ap-
plied field and the anisotropy field. The term Hy(M) repre-
sents the demagnetizing field of the specimen [see also Egs.
(15, 16)], which is solved by Maxwell’s equations for the par-
ticular specimen shape of interest, that is,

V.-[Hy@r, t) +M@r, t)]=0

VxHpr t)=0 (45)
For the quasi-static case, this set of equations leads to the
Poisson equation, and, for a specimen that has the shape of
an ellipsoid of revolution, the solution for Hy can be expressed
in terms of the demagnetizing tensor [N]. If the specimen is
magnetized along one of its principal axes, the tensor is diago-
nal with the individual components N,, Ny, and N, satisfying
the condition 3 N; = 1. The ensuing solution for Hp is given
by

(46)

Hyr) = iv(/ v'MOZVJF/ MdS)
4 v T s T
The first integral is taken over the entire volume of the mag-
netized specimen, the second integral over the enclosing sur-
face of the magnetized specimen, and the unit normal vector
n to the surface is directed inward.

The last term in Eq. (44) is the exchange field which quan-
tifies the quantum mechanical exchange interactions between
neighboring spins:

H. M) = A%WM @, t) %))

where G = 4JS%/(aM,) = 2A/M, is the exchange parameter, J
is the exchange energy integral, S is the spin quantum num-
ber, a the lattice constant of the magnetic unit cell, and A =
2JJS%a ranges between 107! and 1072 J/m.

One example that gives insight into the dynamic switching
process is the uniform rotation of magnetization in a thin
film. The procedure is outlined by Soohoo (20). For coherent
rotation in a single-domain particle, magnetization does not
depend on position in the specimen, so that the analysis is
considerably simplified. However, the magnetization is a
function of both azimuthal and polar angles (see Fig. 15). The
effective field in Eq. (44) may be expressed in terms of the
free energy and its derivatives. If the Gilbert modification of

H

z

Figure 15. Rotation of magnetization as a function of azimuthal and
polar angles in a thin film, where z represents the easy axis and the
vertical line is x.

the Landau-Lifshitz equation is expressed in spherical coor-
dinates,

(40 ZWIIE asing &
dt  sinf 93¢ dt
and
. d¢ oE dé
MSSIDQE_|V|£+QMSE (48)

Now the dynamic behavior of the magnetization is obtained
by numerically solving the two coupled differential Eqs. (48)
as a function of 0 and ¢. Standard numerical techniques, such
as the Euler and Runge—Kutta-type methods or predictor-cor-
rector methods (21) may be employed. For sufficiently small
switching speeds, d¢/dt ~ 0 and the switching time (A¢), can
be written from the second of Eqgs. (48) as

(49)

oM, (% de
(At)s = - /
6

! oE /90

where 60, and 6; are the initial and final orientations of the
magnetization.

Two significant differences are apparent when comparing
quasi-static reversal analysis to dynamic analysis. The first
difference is that the switching time depends on the damping
constant of the system and on the time-dependent torque act-
ing on the magnetization during its entire reversal. The sec-
ond difference is that even in the simplest case of single-do-
main uniform rotation, the motion of magnetization is more
complicated and is not confined to the plane of the film. Because
the torque M X H 4 for uniform rotation of a single-domain is
directed out of the plane of the film, in the process of rotation
the magnetization M tips slightly out of the plane of the film.
This gives rise to an x-component AM, and an accompanying
demagnetizing field Hp, =~ N,AM,. The demagnetizing field, in
turn, exerts a torque on the magnetization in the plane of the
film so as to rotate the magnetization toward the negative z-
axis. The previous analysis is simplified and does not predict
switching times observed experimentally. However, it gives
proper insight into the general switching process. The dis-
crepancy between calculated switching times from Eq. (49)
and experimentally observed times is attributed to an incor-
rect assumption of a position-independent magnetization. In
fact, thin films have initial magnetization ripples, and the
magnetostatic field originating from V - M of the ripple distri-
bution plays a significant part in the reversal process (22—24).

In this article we investigated the simple case of the dy-
namic behavior of a single-domain particle in a thin ferromag-
netic film. Recent technological applications involve magnetic
systems of much greater complexity. These systems possess
complicated geometries and have nonuniform demagnetizing
fields within multidomain particles, which leads to highly
nonuniform distributions of the magnetization within the par-
ticles. The Landau-Lifshitz equation expressing damping is
used almost exclusively to calculate the dynamics of polycrys-
talline, thin-film recording media and thin metallic films. It
is also used to calculate the dynamic micromagnetics of sub-
micrometer ferromagnetic particles.

The analysis of more complex systems can be the same as
that outlined. In principle, the Landau-Lifshitz equation can



be solved for a continuous magnetic medium in three-dimen-
sional regions of arbitrary geometry and arbitrary properties
for nanosecond time-dependent processes. All interactions,
based on calculating the effective field from free energy sys-
tem considerations, are included in the micromagnetic ap-
proach. The magnetic specimen can be discretized and the
magnetization as well as the acting effective fields can be
taken as position-dependent (spatially inhomogeneous). Then
appropriate boundary conditions may be applied. Computa-
tional times for the analysis depend on the number of cells
used in the model. For some cases, computational time is re-
duced by assuming that the magnetization in each cell is uni-
form and that the switching process in the cell is described by
pure rotation. Numerical simulations of the dynamic process
reveal that the magnetization switching process is divided
into three stages that are not significantly different from the
micromagnetic calculations outlined previously or from exper-
imental data: (1) precursor nucleation process (critical field or
coercive field for magnetization reversal); (2) magnetization
curling (incoherent rotation); and (3) actual switching and
damping.

During the first stage, the motion of magnetization is al-
most stationary, and precession occurs along the equilibrium
direction. If the switching field is less than critical, the mag-
netization settles in the equilibrium position without switch-
ing. In the curling stage, the magnetization along the applied
magnetic field direction increases exponentially. For an ellip-
soid of revolution, the curling starts from the center of the
ellipsoid and extends from this center with time. Parts of the
specimen switch first. This results in the appearance of do-
main walls and subsequent events that depend on both the
damping and switching field, such as the generation of vorti-
ces (25—28). Additional complexity can be introduced in the
model by taking into account possible random orientation of
the crystalline anisotropic axes and interactions between
neighboring cells. The same analytic procedures apply.
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