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Magnetization reversal and coercive force in ultrathin films with perpendicular
surface anisotropy: Micromagnetic theory
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Quasistatic magnetization reversal in ultrathin magnetic films with perpendicular surface anisotropy is dis-
cussed. In order to focus on the role of the surface anisotropy, magnetization is presumed uniform across the
film plane, and its variation along the film normal is subject to micromagnetic analysis of a functional includ-
ing the shape anisotropy energy from dipolar interactions. Different reversal processes—such as nucleations,
coherent and incoherent rotations, domain-wall motion, and abrupt jumps—are found in films, depending on
the values of shape anisotropy, surface anisotropy, exchange stiffness, and film thickness. The coercivity of
ultrathin magnetic films in fields perpendicular to the film plane decreases with the square of the reciprocal of
the film thickness, which coincides very well with experimental observations. Magnetization reversal processes
resulting from applying in-plane external fields are also described.
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I. INTRODUCTION

The mechanism of magnetization reversal in ultrat
films is discussed in this paper. Ultrathin magnetic films
of current interest for both academic study of magnetism
research for new technologies. Giant magnetoresista
~GMR! has been observed in Fe/Cr and other magne
nonmagnetic multilayer systems.1 The square hysteresi
loops and giant magneto-optical~MO! effects observed in
Co/Au multilayers make them good candidates for MO st
age media.2 The nature of magnetization reversal in the
materials plays a key role in determining their properties.
obtain a GMR, an in-plane external field switches a hig
resistance antiparallel magnetization configuration betw
the magnetic layers into a low-resistance parallel magnet
tion configuration. In MO recording, a field perpendicular
the film plane is applied to reverse the magnetization in
area.

The theoretical understanding of magnetization reve
has been the subject of much study, particularly as it rela
to the magnetism of fine magnetic particles. It began with
Stoner-Wohlfarth model3 in the late 1940’s and continue
with the development of the micromagnetic theory
Brown4 in the late 1950’s. Aharoni used a one-dimensio
micromagnetic model which is applicable to thin films a
multilayers to explain the reduction of coercive force
imperfections.5

In ultrathin magnetic films typically of 1 to 5 nm, th
strong normal surface anisotropy greatly affects their sta
magnetization states6–13 and complicates their magnetizatio
reversals.8,14–17 Theoretically, spin reorientation undergo
two continuous phase transitions as the film thickn
increases:10–12 The stable state of magnetization chang
from a uniform configuration normal to the film plane, to
canting configuration, and then to a uniform configurati
parallel to the film plane ifKs,AAKv, whereKs , Kv , andA
are the surface anisotropy, volume anisotropy, and excha
stiffness.10,12The two phase boundaries for the above pha
are given analytically asac15AA/Kv tan

21(Ks/AAKv) and
ac25AA/Kv tanh

21(Ks/AAKv), wherea is equal to one half
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of the film thickness.12 These phase transitions have be
observed experimentally.9 The effective volume anisotropy
is Kv

eff5Kv2Ks/a ~Refs. 8 and 12! for a>ac2. In systems
whereKs>AAKv, there is a change from normal to cantin
but the canting structure remains stable even at large th
nesses, which reduces the effect of large surface anisotr
In this case the effective volume anisotropy should beh
asymptotically as Kv

eff5Kv2Es/a, with Es52AAKv
2AKv /Ks .

12

Since spin reorientations occur in very thin magnetic film
of only several atomic layers, it is important to address
problem of whether the continuum approach is valid
these systems. For this purpose, Hu, Tao, and Kawazoe
studied a discrete model which includes the exchange c
pling between neighboring atomic layers.13 We found that
adopting two scaling variables,â(N22)AKv /A and
Ks /AAKv, whereâ is the lattice spacing andN is the num-
ber of atomic layers, makes the results of the discrete
continuum models coincide. The continuum approach is t
justified in the study of ultrathin magnetic films of sever
atomic layers, and is adopted in the present study.

Because the normal anisotropy is confined to the surf
of ultrathin magnetic films,18,19they are good samples for th
study of surface effects on bulk properties. In a simple tre
ment for surface effects, one considers a surface quantityQs

as a modification to the bulk quantityQv : Qv
eff5Qv1Qs/L,

where L is the system size in the relevant direction. T
system is thus governed by a uniform bulk-specified quan
Qv
eff . For ultrathin magnetic films with normal surface a

isotropy, one hasKv
eff5Kv2Ks/a,

8 and a single, first-order
transition from the normal to the in-plane magnetization co
figuration is derived at a critical thicknessac5Ks/Kv . This
phenomenological argument is sufficient for systems w
large exchange stiffness or small surface anisotropy such
Ks /AAKv!1, for which ac1.ac2.ac . For systems with
larger surface anisotropy, the canting structure exists ov
wider range of film thickness, and the phenomenological
gument no longer applies. This simple phenomenolog
consideration is an even poorer approximation when a p
pendicular external field is applied to reverse the magnet
8382
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55 8383MAGNETIZATION REVERSAL AND COERCIVE FORCE . . .
tion in the film. According to the phenomenological arg
ment, the coercivity should depend linearly on the recipro
of the thickness:H'c52(Ks/a2Kv)/Ms , for a,ac . How-
ever, experimentally the coercivity of ultrathin magne
films in fields perpendicular to the film plane decreases w
the reciprocal of the thickness raised to a power close
2,8,14–16contrary to the above prediction.

A theory has been proposed to explain this observed
ponent. This approach presumes uniform magnetiza
along the film normal and attributes the magnetization rev
sal in the sample solely to domain-wall motion in in-pla
directions.14,15 The coercivity, which is treated as equal
the propagation field of domain walls, is predicted to dec
with the reciprocal of the thickness with an exponent of 5
There remains a discrepancy between this predicted e
nent and the experimental value. Moreover, in cert
samples of thin magnetic film, when the external field
applied, nucleation of magnetization reversal takes pla
followed by wall motion.17 In magnetic cylinders with diam
eters of 0.5 through 2mm and thicknesses less than 2 nm, t
magnetization is reversed as a whole by the external fie20

Therefore, it is very important to investigate reversal p
cesses by other than domain-wall motion in in-plane dir
tions.

Since the existence of normal surface anisotropy is
most important feature of ultrathin magnetic films san
wiched by nonmagnetic layers,21 we believe that a theory fo
magnetic phenomena in ultrathin magnetic films will
more intuitive if the nonuniformity of magnetic anisotropy
the direction of the film normal can be treated in a dire
way. In the present work, we investigate nucleation of m
netic structures nonuniform in the direction of film normal
another possibility for the magnetization reversal in th
magnetic films, presuming that the magnetization configu
tion is uniform across the film plane. As far as magnetizat
is uniform in the directions within the film plane of infinit
extension, varying or not varying in the normal direction, t
demagnetization field is given by 4pMs(z), as discussed by
Mills,22 and the contribution to the total energy can be su
marized as 2pM2 sin2 w(z). Although these expressions tak
a ‘‘localized’’ form, which simplifies the otherwise intrac
table analytic calculation, they include effects of all lon
range dipole-dipole interactions. The above expressions h
been used frequently in study of ultrathin magnetic films a
they apply even in the presence of external field. Actua
Thiaville and Fert used an energy functional including t
‘‘localized’’ dipolar-interaction energy to study the coerciv
field.10 What is lacking in their paper and what are the ma
results of the present work, are the detailed magnetiza
processes under different fields, and the explicit estimat
the thickness dependence of the coercive field.

The remainder of this paper is organized as follows.
Sec. II, analytical equations for the magnetization configu
tion under perpendicular external field are derived usin
micromagnetic energy functional. In Sec. III, detailed rev
sal processes in ultrathin magnetic films are presented.
coercivity is evaluated and its dependences on the sur
anisotropy and film thickness are clarified. Section IV is d
voted to magnetic films subject to in-plane external fiel
Discussions and summary are given in Sec. V.
l
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II. CONFIGURATION OF MAGNETIZATION
IN PERPENDICULAR FIELD

We start with the following functional for half of the tota
magnetic energy per unit area in a thin magnetic film w
thickness 2a under a perpendicular field:22,10,12

g5E
0

aFAS dw

dzD
2

2Kvsin
2w1H'Mscosw Gdz1Kssin

2w~0!,

~1!

where notations are shown in Fig. 1. The first term is
exchange-coupling term, the second term represents the
ume anisotropy energy due to an intrinsic contributionKv

int

and the contribution from dipole-dipole interactionsKv
[2pMs

22Kv
int , the third term is the Zeeman energy term

and the last term is the vertical surface anisotropy term. T
film thickness 2a is related to the number of atomic layersN
by 2a5(N22)â, whereâ is the lattice constant.13

The stable magnetization configuration is found by app
ing the variational technique to the energy functional~1!.
The Euler equation thus obtained can be reduced to the
linear equation concerningwa , the direction of magnetiza
tion at the film center.12,23 For the configuration satisfying
the conditiondw/dz.0 in 0<z<a, this equation is given as

Ks

AAKv

5
11cn2@x1 ,k1#tan

2~wa/2!

12cn2@x1 ,k1#tan
2~wa/2!

Acoswa1h'/2

3
sn@x1 ,k1#dn@x1 ,k1#

cn@x1 ,k1#
, ~2!

where

x15aAKv /AAcoswa1h'/2,

k15sinS wa

2 DA~211coswa1h'!/~2 coswa1h'!,

h'[H'Ms /Kv , ~3!

if 211coswa1h'.0. Here sn[x,k], cn[x,k], and dn[x,k]
are Jacobi elliptic functions. Usingwa determined by the
above equation, the total magnetization configuration
0<z<a is expressed explicitly by

FIG. 1. Geometry of the system and notation used in this stud
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tanS w~z!

2 D5tanS wa

2 D cn@~a2z!AKv /AAcoswa1h'/2,k1#. ~4!

For 211coswa1h',0, the equation forwa is

Ks

AAKv

5
dn2@x2 ,k2#1cn2@x2 ,k2#tan

2~wa/2!

dn2@x2 ,k2#2cn2@x2 ,k2#tan
2~wa/2!

2 coswa1h'

A~11coswa!~11coswa1h'!

sn@x2 ,k2#

cn@x2 ,k2#dn@x2 ,k2#
, ~5!

with

x25aAKv /AA~11coswa!~11coswa1h'!/2,

k25tanS wa

2 DA~12coswa2h'!/~11coswa1h'!, ~6!

and the magnetic configuration in 0<z<a is given by

tanS w~z!

2 D5tanS wa

2 D cn@~a2z!AKv /AA~11coswa!~11coswa1h'!/2,k2#

dn@~a2z!AKv /AA~11coswa!~11coswa1h'!/2,k2#
. ~7!
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The magnetization configuration fora<z<2a is easily
obtained from symmetry. After determining the nonunifor
magnetization configuration by Eqs.~2!–~7!, one should es-
timate the magnetic energy associated with the structure
then compare it with the energy of the trivial configurati
w50, in order to tell which state is metastable. A simp
way of accomplishing this is available: since atH'50 the
configurationw50 is stable, it will remain metastable fo
small positive fields, while the configuration determined
Eqs.~2!–~7! is unstable in these fields. As the external fie
increases, the difference between the energies assoc
with these two states decreases, and disappears at some
This field strength is defined as the nucleation field, ab
which a nonuniform magnetic structure is nucleated and
metastable. By settingwa50 in Eqs.~2! and~3!, one obtains
the equation for the nucleation fieldh'n ~Ref. 10!

Ks

AAKv

5A11h'n/2 tan~aAKv /AA11h'n/2!. ~8!

A positive nucleation field determined by the above eq
tion, can be shown analytically to be smaller th
2(Ks/a2Kv)/Ms , which happens to be equal to the coerci
force derived by the phenomenological argument, by not
thatx,tanx for 0,x,p/2. This relation guarantees that th
change in the magnetization configuration occurs at a fi
smaller than the coercive force predicted by the phenome
logical theory, which assumes uniform reversala priori and
predicts an abrupt jump in direction of magnetization at
coercive force. As the external field is increased beyon
certain value, Eqs.~2! and ~5! no longer have solutions
Magnetization reversal should occur at this field, and
system attains the new stable statew5p. The value of the
field at which this reversal occurs is defined as the coerc
force in the present approach.

For systems possessing canting magnetization config
tions at zero field, the nucleation field determined by Eq.~8!
is negative. In such a system, there exists a saturation
nd
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H's, with the same absolute value of the nucleation field
which the magnetic configuration saturates to uniform n
mal configuration.

In the first equations of~3! and~6!, one finds that the film
thicknessa is multiplied by the square root of the strength
the external field. This relation between the film thickne
and the external field is characteristic only of magnetic str
tures nonuniform in the direction of film normal. It implies
decrease of coercivity with the square of the reciprocal of
thickness as observed experimentally, provided that the o
contributions from the external field in Eqs.~2!, ~3!, ~5!, and
~6! are small or cancel each other. This feature of the co
civity will be discussed later with numerical results.

Equations~2!–~7! describe magnetic states in system
possessing downward magnetizations when the field
creases to zero. With the symmetry of the magnetic prop
ties of the system, we can derive easily the hysteresis p
nomenon of the system from the above equations. We n
that Eq.~8! can also be taken as an expression of the crit
thicknessac1 at which the spin-reorientation transition from
uniform, vertical configuration to canting occurs under
external fieldh' .

III. REVERSAL PROCESSES AND COERCIVITY

The phase diagram for responses of thin films to perp
dicular external fields derived from the above equations
shown in Fig. 2. For zero field, there are three phases,
uniform normal~I!, canting~II !, and uniform in-plane~III !
phases, which are separated by the solid phase boundar
Fig. 2.10,12,13Subphases in which the system responds to
external field in different ways are observed. In the Ia pha
the system remains in a downward uniform configurat
~DUC! under small field and then jumps abruptly to a r
versed upward uniform configuration~UUC! as the field in-
creases to the coercivityH'c . The hysteresis loop in this
subphase is exactly rectangular. Since it is equal to the nu
ation field in this phase, the coercive force is determined
Eq. ~9! and is smaller than the coercive force evaluated
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55 8385MAGNETIZATION REVERSAL AND COERCIVE FORCE . . .
phenomenological argument, although both reversals are
tually sharp jumps of magnetization between two unifo
configurations.

In the Ib phase, almost perfect coherent rotation of m
netization begins as the field increases up to the nuclea
field H'n . The rotation proceeds as the field increases
ther. A sharp jump to UUC occurs as the field reachesH'c .
In the Ic phase, nucleation of the in-plane magnetizat
component occurs at the central part of film as the field
creases toH'n . Incoherent rotation of magnetization tak
place as the field is increased further, because the sur
magnetization is pinned by the surface anisotropy ene
Then a jump to UUC occurs as the field reachesH'c .

In the Id phase, as the external field increases, nuclea
of in-plane magnetization occurs first, and then the magn
zation rotates incoherently toward the direction of the fie
As the field increases further, nucleation of the upward m
netization component occurs at the central part of film, a
the walls separating the regions with opposite normal m
netization components are pushed toward the film surfa
Finally, the system jumps to UUC as the field increases
H'c . The process of magnetization reversal in a system w
aAKv /A51.25 andKs /AAKv54 is displayed in Fig. 3.

In the IIa and IIb phases, the system behaves similarly
in the Ic and Id phases, respectively, except thatH'n is nega-
tive and the jump of the system atHc' is to a nonuniform
configuration with an upward normal component. As t
field increases further, incoherent rotation of magnetizat
proceeds gradually, and the system saturates gradually t
UUC at a saturation fieldH's .

In the IIIa phase, the whole system rotates almost coh
ently toward the direction of the field as soon as the field
applied and the system saturates gradually to UUC atH's .
In the IIIb phase, as the field is switched on, nucleation
upward magnetization components occurs at the surface,
incoherent rotation proceeds when the magnetization at
central part of film is pinned by the shape anisotropy ener
Incoherent rotation of magnetization proceeds gradually,
the system saturates to UUC atH's .

Thus, such processes as nucleations, coherent and
herent rotations, domain-wall motion, and sharp jumps in
direction of magnetization are observed in the magnetiza

FIG. 2. Phase diagram for the dominant process of magne
tion reversal in magnetic films in perpendicular fields. See text
explanation.
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reversal of ultrathin magnetic film by a perpendicular fiel
Which process is dominant for a given film depends on t
relative strengths of the anisotropies and exchange stiffne
and on the film thickness, as described above and sum
rized in Fig. 2.

Hysteresis loops for an averaged normal magnetizat
component in perpendicular fields are plotted in Fig. 4 f
thin magnetic films withKs /AAKv50.5. As the film thick-
ness increases, the shape of the hysteresis loop cha
gradually from rectangular, ataAKv /A50.4, to S-shaped, at
aAKv /A50.5, and finally shrinks to a single curve, a
aAKv /A51. This change in shape of the hysteresis loo

a-
r

FIG. 3. Magnetization reversal process in the film ofaAKv /A
51.25 andKs /AAKv54.0 in perpendicular fields. Nucleation o
nonuniform configuration takes places ath[MsH'/Kv.0.21.
Nucleation of an upward magnetization component occurs in
central part of the film at a field ofh.2.6.

FIG. 4. Hysteresis loops of̂cosw&, the average normal compo-
nent of magnetization normalized by the saturation magnetizati
for films of thicknessesaAKv /A50.4, 0.42, 0.46, 0.5, and 1 in
perpendicular fields. The surface anisotropy isKs /AAKv50.5.
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8386 55XIAO HU
reflects the fact that the spin-reorientation transition occ
as the thickness increases in zero field and is consistent
experimental observations.

The coercivity of ultrathin magnetic films is estimate
numerically by the present model. According to the disc
sion on the form of the equation of the magnetization c
figuration in the preceding section and the experimental
servations on the thickness dependence of coercivity, we
the evaluated coercive force as a function of the square o
reciprocal of the film thickness in Fig. 5. The linearity dem
onstrates that the coercivity decays in proportion to
square of the reciprocal thickness, as has been observe
experiments.8,14,15We have calculated the coercive force f
Ks /AAKv down to 0.1, and have found similar thickne
dependences as shown in Fig. 5. The data for the small
face anisotropies are omitted from Fig. 5 because the a
ciated values of the square of the reciprocal thickness are
large.

The origin of this thickness dependence of coercivity is
follows: The film thickness appears in Eqs.~2!, ~3!, ~5!, and
~6! only in the form aAKv /AAcoswa1h'/2. At external
fields close to the coercive force, a relation coswa;h'1c,
wherec is a constant, is established for various thickness
as shown in Fig. 4. Therefore, the thickness is scaled by
strength of field asaAKv /AAh'12c/3 at fields near to the
coercivity. Since the other contributions from the strength
external field in Eqs.~2!, ~3!, ~5!, and~6! cancel each other
the scaling between the thickness and the external field
sults in the dependence of the coercivity on the square of
reciprocal thickness. Therefore, we obtain the following e
pression for the coercivity:

H'c5B
Kv

Ms
1C

A

Msa
2 . ~9!

Figure 5 also shows that the coercive force increases line
with the surface anisotropy. We thus haveB andC propor-

FIG. 5. Thickness dependence of coercivity of ultrathin films
perpendicular fields. Solid lines are for fixed values of surface
isotropyKs /AAKv50.5 through 2. The difference between the s
face anisotropies for neighboring lines is 0.1.
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tional to the surface anisotropyKs . A similar expression to
Eq. ~9! has been derived for nucleation field withB52 and
C52p2.24

IV. MAGNETIZATION REVERSALS
IN IN-PLANE FIELDS

The approach in the preceding section can be applie
external fields of any orientation. As an important case,
discuss the case of in-plane field. For convenience of ca
lation, the energy functional is expressed using the anglc
defined in Fig. 1:

g5E
0

aFAS dc

dzD
2

2Kvcos
2c1H iMscoscGdz1Kscos

2c~0!.

~10!

The orientation of magnetization at the center of the film
determined by

Ks

AAKv

5
cn2@x3 ,k3#1tan2~ca/2!

cn2@x3 ,k3#2tan2~ca/2!
Acosca2hi/2

3
sn@x3 ,k3#dn@x3 ,k3#

cn@x3 ,k3#
, ~11!

where

x35aAKv /AAcosca2hi/2,

k35cosS ca

2 DA~11cosca2hi!/~2 cosca2hi!,

hi[H iMs /Kv , ~12!

if 211cosca2hi.0. The total configuration is

tanS c~z!

2 D5
tan~ca/2!

cn@~a2z!AKv /AAcosca2hi/2,k3#
.

~13!

For 211cosca2hi,0,

Ks

AAKv

5
dn2@x4 ,k4#1tan2~ca/2!

dn2@x4 ,k4#2tan2~ca/2!

3
2 cosca2hi

A~11cosca!~11cosca2hi!

3
sn@x4 ,k4#cn@x4 ,k4#

dn@x4 ,k4#
, ~14!

where

x45aAKv /AA~11cosca!~11cosca2hi!/2,
~15!

k45A~4 cosca22hi!/@~11cosca!~11cosca2hi!#,

and the total configuration is

-
-
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55 8387MAGNETIZATION REVERSAL AND COERCIVE FORCE . . .
tanS c~z!

2 D
5

tan~ca/2!

dn@~a2z!AKv /AA~11cosca!~11cosca2hi!/2,k4#
.

~16!

By puttingca50 in Eqs.~14! and~15!, we can derive the
equation for nucleation field of nonuniform magnetizati
configuration10

Ks

AAKv

5A12hin tanh~aAKv /AA12hin!. ~17!

A positive nucleation field determined by Eq.~17! can be
shown analytically to be smaller than 2(Kv2Ks/a)/Ms , the
coercive force obtained from phenomenological argume
by noting thatx.tanhx for x.0. For a system with a nega
tive nucleation field, there is a saturation field with the sa
absolute value of the nucleation field.

The phase diagram for response of the system to in-p
external fields is presented in Fig. 6. In the Ia8 phase, the
magnetization of the system rotates coherently from
DUC to the direction of field as soon as the field is applie
and saturates gradually to the leftward uniform configurat
~LUC! at the saturation fieldH is . In the Ib8 phase, nucleation
of in-plane magnetization components occurs in the cen
part of the film as soon as the field is applied. As the fi
increases, incoherent rotation of magnetization occurs as
magnetization at the surface is pinned by the surface an
ropy energy. The system saturates gradually to LUC atH is .

In the IIIa8 phase, the system remains at an initial rig
ward uniform configuration~RUC! until the field reaches the
coercivityH ic , at which the system jumps abruptly to LUC
In the IIIb8 phase, magnetization begins to rotate cohere
toward the direction of the field after the field strength b
comes larger than the nucleation fieldH in . The rotation pro-
ceeds as the field increases further, and finally the sys
jumps sharply to LUC atH ic . In the IIIc8 phase, nucleation
of the perpendicular magnetization components occurs a
surface after the field reachesH in , and then incoherent rota

FIG. 6. Phase diagram for the dominant process of magne
tion reversal in magnetic films in in-plane fields. See text for exp
nation.
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tion of magnetization toward the direction of the field pr
ceeds as the field increases. The system jumps to LUC
H ic .

In the II8 phase, the system behaves similarly as in
IIIc 8 phase, except that the nucleation field is negative
that atH ic the system jumps to a leftward nonuniform co
figuration. As the field increases further, incoherent rotat
of magnetization proceeds and the system saturates grad
to LUC atH is .

As was the case for perpendicular fields, nucleations,
herent and incoherent rotations and abrupt jumps in the m
netization reversal of ultrathin magnetic films are again o
served for in-plane magnetic fields. In this case,
nucleation of opposite in-plane magnetization componen
the initial configuration occurs before the sharp jump of t
direction of magnetization atH ic . Thus, domain-wall motion
in the direction of the film normal does not contribute
magnetization reversals of thin magnetic films in in-pla
fields.

Hysteresis loops for an averaged in-plane magnetiza
component in in-plane fields are displayed in Fig. 7 for th
magnetic films withKs /AAKv50.5. As the film thickness
decreases, the shape of the hysteresis loop changes grad
from rectangular, ataAKv /A51, to S-shaped, ataAKv /A
50.5, and finally shrinks to a single curve, ataAKv /A
50.4. This variation of the shape of the hysteresis loop ag
corresponds to the spin-reorientation transition occurring
the thickness varies in zero field.

We evaluated the coercivity of thin films to in-plane e
ternal fields. The values of coercive force are displayed a
function of the reciprocal of the film thickness in Fig.
where the strength of surface anisotropyKs /AAKv is a pa-
rameter and is taken from 0.1 to 2. The coercivity increa
linearly with the reciprocal of the thickness for small surfa
anisotropy. This behavior can be explained as follows:
films with small surface anisotropies the direction of magn
tization at the center of the film remains almost in-plane, t
is ca.0, even in the vicinity of the coercivity. In these films

a-
-

FIG. 7. Hysteresis loops of^cosc&, the average in-plane compo
nent of magnetization normalized by the saturation magnetizat
for films of thicknessesaAKv /A50.4, 0.5, 0.6, 0.8, and 1 in in
plane fields. The surface anisotropy isKs /AAKv50.5.
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Eq. ~17! gives a good approximation of the coercive forc
Since surface anisotropy is small, one has from Eq.~17!

Ks

AAKv

5~12hic!aAKv /A. ~18!

For large surface anisotropy, the coercive force show
more complex thickness dependence. However, as see
Fig. 8, the linear reciprocal-thickness law for the coerciv
gives a fairly good description for all values of surface a
isotropy.

V. DISCUSSIONS AND SUMMARY

Since direct experimental observation of microsco
magnetization processes occurring on the length scale
nm is not yet available, theoretical analyses and predicti
are useful for the development of imaging techniques and
improvement of the performance of high-density memo
storage devices. In this work, we studied the magnetic re
sal processes in ultrathin magnetic films using a continu
micromagnetic model.

An approximation on the magnetization configuration
in-plane directions is adopted in the present work. Althou

FIG. 8. Thickness dependence of coercivity of ultrathin films
in-plane fields. Solid lines are for fixed values of surface anisotr
Ks /AAKv50.1 through 2. The difference between the surfa
anisotropies for neighboring lines is 0.1.
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the dipolar interactions favor a structure of stripes of an
parallel oriented magnetic domains next to each other ac
an ultrathin magnetic film, the domains are typically of t
order of micrometers in size.9 These are much larger than th
domain-wall thicknesses of the order of tens of nanome
and film thicknesses of the order of 1 nm. Therefore,
magnetic structure can be considered as virtually unifo
and of infinite extension in the in-plane directions. In liter
ture, on the other hand, the uniformity of magnetization
the film-normal direction is assumed and the effect of surf
anisotropy is merely included in a total effective anisotrop
Therefore, the two approaches are complimentary to e
other.

Our approach shows analytically that, for a magnetic fi
with normal/in-plane uniform configuration in zero field
change in magnetization configuration is caused by
strength of perpendicular/in-plane field smaller than
value predicted by phenomenological arguments. The m
ner of change in the magnetization configuration of an ult
thin film can proceed by nucleation of structure nonunifo
in the direction of the film normal, or by coherent rotation
magnetization toward the direction of the field, or by abru
jumps to reversed uniform configuration. Incoherent rotat
of magnetization and domain-wall motion also occur duri
reversals. The dominant process of magnetization revers
a thin magnetic film is determined by the two scaling va
ablesaAKv /A and Ks /AAKv as shown in two phase dia
grams for perpendicular and in-plane fields.

We derived equations for the magnetization configu
tions of ultrathin films under external fields and obtain
both analytic and numerical evidence of the dependenc
the coercivity on the square of the reciprocal thickness
perpendicular fields. Our theoretically derived thickness
pendence of the coercivity coincides very well with expe
mental observations.

We also studied the magnetization reversal in thin m
netic films by an in-plane field. Particularly, the coerci
force increases linearly with the reciprocal thickness. D
crepancies between the predicted and measured value
coercivity remain an important problem.
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