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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 of the film thickness? These phase transitions have been
observed experimentalfyThe effective volume anisotropy
The mechanism of magnetization reversal in ultrathinis K®"=K,—K¢/a (Refs. 8 and 1pfor a=a.,. In systems
films is discussed in this paper. Ultrathin magnetic films areyhereK ;= \/AK,, there is a change from normal to canting,
of current interest for both academic study of magnetism an@ut the canting structure remains stable even at large thick-
research for new technologies. Giant magnetoresistanagesses, which reduces the effect of large surface anisotropy.
(GMR) has been observed in Fe/Cr and other magneticih this case the effective volume anisotropy should behave
nonmagnetic multilayer systemsThe square hysteresis asymptotically as KfﬁzKU—Es/a, with E¢=2AK,
loops and giant magneto-opticdllO) effects observed in  — AK, /K .*?
Co/Au multilayers make them good candidates for MO stor-  Since spin reorientations occur in very thin magnetic films
age medig. The nature of magnetization reversal in theseof only several atomic layers, it is important to address the
materials plays a key role in determining their properties. Tqproblem of whether the continuum approach is valid for
obtain a GMR, an in-plane external field switches a high-these systems. For this purpose, Hu, Tao, and Kawazoe have
resistance antiparallel magnetization configuration betweestudied a discrete model which includes the exchange cou-
the magnetic layers into a low-resistance parallel magnetizapling between neighboring atomic layéfsWe found that
tion configuration. In MO recording, a field perpendicular to adopting two scaling variablesa(N—2)\K,/A and
the film plane is applied to reverse the magnetization in biKs/VAK,, wherea is the lattice spacing anll is the num-
area. ber of atomic layers, makes the results of the discrete and
The theoretical understanding of magnetization reversatontinuum models coincide. The continuum approach is thus
has been the subject of much study, particularly as it relateistified in the study of ultrathin magnetic films of several
to the magnetism of fine magnetic particles. It began with thétomic layers, and is adopted in the present study.
Stoner-Wohlfarth mod@lin the late 1940's and continued ~ Because the normal anisotropy is confined to the surface
with the development of the micromagnetic theory byOf ultrathin magnetic films?‘°they are good samples for the
Brown® in the late 1950’s. Aharoni used a one-dimensionalstudy of surface effects on bulk properties. In a simple treat-
micromagnetic model which is applicable to thin films andment for surface effects, one considers a surface qua@tity
multilayers to explain the reduction of coercive force byas a modification to the bulk quanti, : Q%"=Q,+Qy/L,
imperfections‘? where L is the system size in the relevant direction. The
In ultrathin magnetic films typically of 1 to 5 nm, the System is thus governed by a uniform bulk-specified quantity
strong normal surface anisotropy greatly affects their stabl@ﬁﬁ. For ultrathin magnetic films with normal surface an-
magnetization statés'® and complicates their magnetization isotropy, one hak®"=K,—K./a® and a single, first-order
reversal$:**~" Theoretically, spin reorientation undergoes transition from the normal to the in-plane magnetization con-
two continuous phase transitions as the film thicknessiguration is derived at a critical thickness=KJ/K, . This
increases’? The stable state of magnetization changesphenomenological argument is sufficient for systems with
from a uniform configuration normal to the film plane, to a |large exchange stiffness or small surface anisotropy such that
canting configuration, and then to a uniform configurationKs/\/A_K)<1, for which a_;=a,,=a.. For systems with
parallel to the film plane iK < VAK,, whereK, K, , andA |arger surface anisotropy, the canting structure exists over a
are the surface anisotropy, volume anisotropy, and exchanggider range of film thickness, and the phenomenological ar-
stiffness'®*?The two phase boundaries for the above phasegument no longer applies. This simple phenomenological
are given analytically as., = VA/K, tan {(Ks/VAK,) and  consideration is an even poorer approximation when a per-
a.= VAIK, tanhi Y(K¢/\JAK,), wherea is equal to one half pendicular external field is applied to reverse the magnetiza-
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tion in the film. According to the phenomenological argu-

ment, the coercivity should depend linearly on the reciprocal Hi>0 Z /F H;>0
of the thicknessH, .=2(K¢J/a—K,)/Mg, for a<a.. How-
ever, experimentally the coercivity of ultrathin magnetic $ Ky
films in fields perpendicular to the film plane decreases with 2a
the reciprocal of the thickness raised to a power close to KVH
2814 18contrary to the above prediction.

A theory has been proposed to explain this observed ex- A a v
ponent. This approach presumes uniform magnetization ¢ Ms/]\
along the film normal and attributes the magnetization rever- T K
sal in the sample solely to domain-wall motion in in-plane 0

directions!*® The coercivity, which is treated as equal to
the propagation field of domain walls, is predicted to decay
with the reci.procal Qf the thickness with an expongnt of 5/2. Il CONFIGURATION OF MAGNETIZATION

There remains a dlsgrepancy between this pred!cted expo- IN PERPENDICULAR FIELD

nent and the experimental value. Moreover, in certain

samples of thin magnetic film, when the external field is We start with the following functional for half of the total
applied, nucleation of magnetization reversal takes placenagnetic energy per unit area in a thin magnetic film with
followed by wall motion'’ In magnetic cylinders with diam-  thickness 2 under a perpendicular fiefd:***?

eters of 0.5 through Zm and thicknesses less than 2 nm, the

FIG. 1. Geometry of the system and notation used in this study.

magnetization is reversed as a whole by the external #feld. (2 A de\? K sirfot+H M dz+ K siro(0
Therefore, it is very important to investigate reversal pro- ¥~ az) ~Kesime+H Mcosp|dz+Ksine(0),
cesses by other than domain-wall motion in in-plane direc- (1)
tions.

Since the existence of normal surface anisotropy is thevhere notations are shown in Fig. 1. The first term is the
most important feature of ultrathin magnetic films sand-exchange-coupling term, the second term represents the vol-
wiched by nonmagnetic layefSwe believe that a theory for ume anisotropy energy due to an intrinsic contributioff
magnetic phenomena in ultrathin magnetic films will beand the contribution from dipole-dipole interactiors,
more intuitive if the nonuniformity of magnetic anisotropy in EZWMg—KIUm, the third term is the Zeeman energy term,
the direction of the film normal can be treated in a directand the last term is the vertical surface anisotropy term. The
way. In the present work, we investigate nucleation of magfilm thickness 2 is related to the number of atomic layéis
netic structures nonuniform in the direction of film normal asby 2a=(N—2)a, wherea is the lattice constarif
another possibility for the magnetization reversal in thin The stable magnetization configuration is found by apply-
magnetic films, presuming that the magnetization configuraing the variational technique to the energy functiofl.
tion is uniform across the film plane. As far as magnetization! he Euler equation thus obtained can be reduced to the non-
is uniform in the directions within the film plane of infinite linear equation concerning,, the direction of magnetiza-
extension, varying or not varying in the normal direction, thetion at the film centet?* For the configuration satisfying
demagnetization field is given bymM(z), as discussed by the conditiond¢/dz>0 in 0<z=<a, this equation is given as
Mills,?? and the contribution to the total energy can be sum-

marized as 2M? sir? ¢(2). Although these expressions take K 1+ crflx: k. ltark(o./2

a “localized” form, which simplifies the otherwise intrac- == 1= nz[ 1,k1]t nz((Pa/Z) ycosp,+h, /2
table analytic calculation, they include effects of all long- VAK, Cixy ke Jtar(eq/2)

range dipole-dipole interactions. The above expressions have %,k Jdr Xy K]

been used frequently in study of ultrathin magnetic films and , 2
they apply even in the presence of external field. Actually, crixy ki

Thiaville and Fert used an energy functional including the

“localized” dipolar-interaction energy to study the coercive where

field.1° What is lacking in their paper and what are the main

results of the present work, are the detailed magnetization x;=avK,/A\cosp,+h, /2,

processes under different fields, and the explicit estimate of

the thickness dependence of the coercive field. ®a
The remainder of this paper is organized as follows. In klzsin(?) J(—14cospa+h,)/(2cosp,+h,),

Sec. Il, analytical equations for the magnetization configura-

tion under perpendicular external field are derived using a

micromagnetic energy functional. In Sec. I, detailed rever- h,=H M/K,, 3

sal processes in ultrathin magnetic films are presented. The

coercivity is evaluated and its dependences on the surfagé —1+cosp,+h, >0. Here snk,k], cn[x,k], and dnf,K]

anisotropy and film thickness are clarified. Section IV is de-are Jacobi elliptic functions. Using, determined by the

voted to magnetic films subject to in-plane external fieldsabove equation, the total magnetization configuration in

Discussions and summary are given in Sec. V. O=z=a is expressed explicitly by
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z
tar( #) =tar< %) e (a—2) VK, TA\cospat h, 12,k ]. 4)
For —1+cosp,+h, <0, the equation forp, is
Ks  drf[x;,ko]+cr[xp, koltart(¢a/2) 2 cosp,+h, s X, ,k»] ©
VAK, dre[x;, ko] — e[ X, k,]tart(@./2) J(1+cosp,)(1+cosp,+h, ) CNXz,ka]dn Xz, ko]
with
X,=aK, /AV(1+cosp,)(1+cosp,+h,)/2,
Pa
k2=tar<7) J(1—cosp,—h,)/(1+cosp,+h,), (6)
and the magnetic configuration inz<a is given by
tar(qo(Z))_ r(g)cr[(a—Z)JKU/AJ(1+COSPa)(1+COSrpa+hi)/Z,kz] @
2 2 Jdn(a—2) VK, /A(1+cosp,)(1+cosp,+h, )/2,k,]

The magnetization configuration fa<z=<2a is easily H, ., with the same absolute value of the nucleation field, at
obtained from symmetry. After determining the nonuniformwhich the magnetic configuration saturates to uniform nor-
magnetization configuration by Eq®)—(7), one should es- mal configuration.
timate the magnetic energy associated with the structure and In the first equations of3) and(6), one finds that the film
then compare it with the energy of the trivial configuration thicknessa is multiplied by the square root of the strength of
¢=0, in order to tell which state is metastable. A simplerthe external field. This relation between the film thickness
way of accomplishing this is available: sincekt =0 the  and the external field is characteristic only of magnetic struc-
configuratione=0 is stable, it will remain metastable for tures nonuniform in the direction of film normal. It implies a
small positive fields, while the configuration determined bydecrease of coercivity with the square of the reciprocal of the
Egs.(2)—(7) is unstable in these fields. As the external fieldthickness as observed experimentally, provided that the other
increases, the difference between the energies associatedntributions from the external field in Eq®), (3), (5), and
with these two states decreases, and disappears at some figl). are small or cancel each other. This feature of the coer-
This field strength is defined as the nucleation field, aboveivity will be discussed later with numerical results.
which a nonuniform magnetic structure is nucleated and is Equations(2)—(7) describe magnetic states in systems
metastable. By setting,=0 in Egs.(2) and(3), one obtains possessing downward magnetizations when the field de-
the equation for the nucleation field ,, (Ref. 10 creases to zero. With the symmetry of the magnetic proper-
ties of the system, we can derive easily the hysteresis phe-
K nomenon of the system from the above equations. We note

> =1+ h, /2 tanayK,/Ay1+h, . /2). (8) that Eq.(8) can also be taken as an expression of the critical
VAK, thicknessa;; at which the spin-reorientation transition from
uniform, vertical configuration to canting occurs under an

A positive nucleation field determined by the above equaexternal fieldh, .
tion, can be shown analytically to be smaller than
2(KJ/a— I_(U)/MS, which happens to be equal to the coerci\_/e Ill. REVERSAL PROCESSES AND COERCIVITY
force derived by the phenomenological argument, by noting
thatx<tanx for 0<x</2. This relation guarantees that the = The phase diagram for responses of thin films to perpen-
change in the magnetization configuration occurs at a fieldlicular external fields derived from the above equations is
smaller than the coercive force predicted by the phenomenshown in Fig. 2. For zero field, there are three phases, the
logical theory, which assumes uniform reveragbriori and  uniform normal(l), canting(ll), and uniform in-planglll)
predicts an abrupt jump in direction of magnetization at thephases, which are separated by the solid phase boundaries in
coercive force. As the external field is increased beyond &ig. 21%1213Subphases in which the system responds to the
certain value, Eqs(2) and (5) no longer have solutions. external field in different ways are observed. In the la phase,
Magnetization reversal should occur at this field, and thehe system remains in a downward uniform configuration
system attains the new stable states. The value of the (DUC) under small field and then jumps abruptly to a re-
field at which this reversal occurs is defined as the coercivaersed upward uniform configuratigyUC) as the field in-
force in the present approach. creases to the coercivitfl | .. The hysteresis loop in this

For systems possessing canting magnetization configurgubphase is exactly rectangular. Since it is equal to the nucle-
tions at zero field, the nucleation field determined by @j. ation field in this phase, the coercive force is determined by
is negative. In such a system, there exists a saturation fielg. (9) and is smaller than the coercive force evaluated by




55 MAGNETIZATION REVERSAL AND COERCIVE FORE . . . 8385
ayK,/A z z Z z
h<0.21 h=1.50 h=2.50 h=2.70
2.5 T X 3 3 3 3
\ \
” ,“ \\\‘ 2 2 & 2 x 2 §
] \ I \ AN = ==
\ . b 1 1 § 1 — 1 -
K e NS s —
1.5 \ Ila NNy ? NS
\ A 0 0 0 0
Ma ] 1d \\ \ N
1.0+ T - - . -1
¢ Ic -1 0 1 -1 0 1 -1 0 1 -1 0 1
S~ X X X X
Ib NN e
0.5 e R s Z z z z
o In h=2.90 h=3.10 h=3.47 h>3.48
- 3 3 3 3
00 1 2 3 4
2 § 2 §> 2 § 2
K./vAR, —= = =
1 — 1 -z 1 = 1
_ FIG. 2. Phase dlagr_am_ for t_he domlna_nt process of magnetiza- \\\ o \\‘ 0 ? o
tion reversal in magnetic films in perpendicular fields. See text for
explanation. R EECEE T o
X X X X

phenomenological argument, although both reversals are ac-
tually sharp jumps of magnetization between two uniform
configurations.

FIG. 3. Magnetization reversal process in the fiImanKU/A
=1.25 andKs/VAK,=4.0 in perpendicular fields. Nucleation of

In the Ib phase, almost perfect coherent rotation of magnonuniform configuration takes places at=MgH,/K,=0.21.
netization begins as the field increases up to the nucleatioNucleation of an upward magnetization component occurs in the
field H, ,. The rotation proceeds as the field increases furcentral part of the film at a field di=2.6.

ther. A sharp jump to UUC occurs as the field reacHes.

In the Ic phase, nucleation of the in-plane magnetizatiorfeversal of ultrathin magnetic film by a perpendicular field.
component occurs at the central part of film as the field inWhich process is dominant for a given film depends on the
creases tdH . Incoherent rotation of magnetization takes relative strengths of the anisotropies and exchange stiffness,
place as the field is increased further, because the surfa@®d on the film thickness, as described above and summa-

magnetization is pinned by the surface anisotropy energyized in Fig. 2.

Then a jump to UUC occurs as the field reachks. .

Hysteresis loops for an averaged normal magnetization

In the Id phase, as the external field increases, nucleatiofomponent in perpendicular fields are plotted in Fig. 4 for
of in-plane magnetization occurs first, and then the magnetithin magnetic films withKs/AK,=0.5. As the film thick-
zation rotates incoherently toward the direction of the field.ness increases, the shape of the hysteresis loop changes
As the field increases further, nucleation of the upward maggradually from rectangular, atyK,/A=0.4, to S-shaped, at
netization component occurs at the central part of film, andiyK,/A=0.5, and finally shrinks to a single curve, at
the walls separating the regions with opposite normal magaK,/A=1. This change in shape of the hysteresis loop

netization components are pushed toward the film surfaces.
Finally, the system jumps to UUC as the field increases to
H, .. The process of magnetization reversal in a system with
avK,/A=1.25 andK/JAK,=4 is displayed in Fig. 3.

In the lla and llb phases, the system behaves similarly as
in the Ic and Id phases, respectively, except that is nega-
tive and the jump of the system Bi;, is to a nonuniform
configuration with an upward normal component. As the
field increases further, incoherent rotation of magnetization
proceeds gradually, and the system saturates gradually to the
UUC at a saturation fieltH , 5.

In the llla phase, the whole system rotates almost coher-
ently toward the direction of the field as soon as the field is
applied and the system saturates gradually to UUE at.

In the Illb phase, as the field is switched on, nucleation of
upward magnetization components occurs at the surface, and
incoherent rotation proceeds when the magnetization at the
central part of film is pinned by the shape anisotropy energy.
Incoherent rotation of magnetization proceeds gradually, and
the system saturates to UUCH ..
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FIG. 4. Hysteresis loops gtosp), the average normal compo-

Thus, such processes as nucleations, coherent and incgent of magnetization normalized by the saturation magnetization,
herent rotations, domain-wall motion, and sharp jumps in théor films of thicknessesiyK,/A=0.4, 0.42, 0.46, 0.5, and 1 in
direction of magnetization are observed in the magnetizatioperpendicular fields. The surface anisotrop¥ig vVAK,=0.5.
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tional to the surface anisotrogys. A similar expression to

Eqg. (9) has been derived for nucleation field wigh=2 and
C=27"%

IV. MAGNETIZATION REVERSALS
IN IN-PLANE FIELDS

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

o

0 1 2 3 4 5
Al(K.a%)

a duws\ 2
yzf [A(d—li) —K,coy+H M cosy|dz+ Kcogy(0).

T 0
¥ (10)

The orientation of magnetization at the center of the film is
FIG. 5. Thickness dependence of coercivity of ultrathin films to determined by
perpendicular fields. Solid lines are for fixed values of surface an-
isotropyKs/+/AK,=0.5 through 2. The difference between the sur- Ke  cr{xs ks]+tarf(,/2)

face anisotropies for neighboring lines is 0.1. = \eosy,—h,/2

P gnboring VAK,  ofXg kel —ta(gi2) VOOFaT M
reflects the fact that the spin-reorientation transition occurs s X3,ks]dn x3,Ks]
as the thickness increases in zero field and is consistent with Xz Ka] ) (11

experimental observations.
The coercivity of ultrathin magnetic films is estimated where
numerically by the present model. According to the discus-
sion on the form of the equation of the magnetization con- x3=ayK, /A\cosp,— h,/2,
figuration in the preceding section and the experimental ob-
servations on the thickness dependence of coercivity, we plot
k3=cos(

a

%) V(1+cosp,—hy)/(2 cogpa—hy),

the evaluated coercive force as a function of the square of the
reciprocal of the film thickness in Fig. 5. The linearity dem-
onstrates that the coercivity decays in proportion to the
square of the reciprocal thickness, as has been observed in hy=H,M/K,, 12
experiment$:**1®We have calculated the coercive force for

Ks/VAK, down to 0.1, and have found similar thicknessf —1+€08/,—h,>0. The total configuration is
dependences as shown in Fig. 5. The data for the small sur-

face anisotropies are omitted from Fig. 5 because the asso- ¥(z) B tan( ¢,/2)
ciated values of the square of the reciprocal thickness are too ta 2 | e (a—2) VK, /A\cosh,— hy/2,ks] :
large. v a ' (13)

The origin of this thickness dependence of coercivity is as
follows: The film thickness appears in Eqg), (3), (5), and  For —1+cosy,—h,<0,
(6) only in the form a\K,/A\cose,+h /2. At external

fields close to the coercive force, a relation ggsh, +c, Ko  drf[xs,ks]+tar(./2)

wherec is a constant, is established for various thicknesses, = AP Kk o2

as shown in Fig. 4. Therefore, the thickness is scaled by the VAK, [Xa:Ke]—tart(4/2)

strength of field aayK,/AVh, +2¢/3 at fields near to the 2 “h

coercivity. Since the other contributions from the strength of % cosfa—hy

external field in Eqs(2), (3), (5), and(6) cancel each other, V(1+cosp,)(1+ cosp,— h))

the scaling between the thickness and the external field re-

sults in the dependence of the coercivity on the square of the Srixq,KalCniX4 K] (14
reciprocal thickness. Therefore, we obtain the following ex- dn(X4,K4] ’

pression for the coercivity:
where

v

_p v xa=avK, /Ay(1+cosp,)(1+coss,—h))/2,
H, . BMS+C M 9) 4 sp, Sha—hy a5

_ _ _  ka=\(4 cogpy—2h))/[(1+cospy)(1+cosp,—h))],
Figure 5 also shows that the coercive force increases linearly

with the surface anisotropy. We thus haBeandC propor-  and the total configuration is
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FIG. 6. Phase diagram for the dominant process of magnetiza-
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tion reversal in magnetic films in in-plane fields. See text for expla-

nation. . .
FIG. 7. Hysteresis loops d@tos)), the average in-plane compo-

nent of magnetization normalized by the saturation magnetization,
tar( ‘/'(Z)) for films of thicknesseaK,/A=0.4, 0.5, 0.6, 0.8, and 1 in in-
2 plane fields. The surface anisotropykg/\AK,=0.5.

_ tan ya/2) _ tion of magnetization toward the direction of the field pro-
dn (a—2) VK, /AV(1+cosp,)(1+cosp,—h)/2,K,] ceeds as the field increases. The system jumps to LUC at
Hc.
(16) llc

In the II' phase, the system behaves similarly as in the

By putting #,=0 in Eqgs.(14) and(15), we can derive the llic’ phase, except that the nucleation field is negative and

equation for nucleation field of nonuniform magnetizationthat atH,¢ the system jumps to a leftward nonuniform con-
configuration® figuration. As the field increases further, incoherent rotation

of magnetization proceeds and the system saturates gradually

K to LUC atHs.
== v1-h,, tanavK,/Ay1-hy,). 17 As was the case for perpendicular fields, nucleations, co-
VAK, herent and incoherent rotations and abrupt jumps in the mag-

A positive nucleation field determined by E€(L7) can be netization re\_/ersal of ultrathin_magnetic films are again ob-
shown analytically to be smaller thanR(—KJa)/M, the ~ S€rved for in-plane magnetic fields. In this case, no
coercive force obtained from phenomenological argumentd}ucleation of opposite in-plane magnetization component to
by noting thatx>tanhx for x>0. For a system with a nega- the |n!t|al conﬁgurayon_ occurs before the sharp jump pf the
tive nucleation field, there is a saturation field with the samélirection of magnetization &, . Thus, domain-wall motion
absolute value of the nucleation field. in the direction of the film normal does not contribute to

The phase diagram for response of the system to in_p|an@agnetization reversals of thin magnetic films in in-plane
external fields is presented in Fig. 6. In thé [ghase, the fields. _ _ o
magnetization of the system rotates coherently from the Hysteresis loops for an averaged in-plane magnetization
DUC to the direction of field as soon as the field is applied comPonent in in-plane fields are displayed in Fig. 7 for thin
and saturates gradually to the leftward uniform configuratiodmagnetic films withKs/yAK,=0.5. As the film thickness
(LUC) at the saturation fielth 5. In the I phase, nucleation decreases, the shape of the hysteresis loop changes gradually
of in-plane magnetization components occurs in the centrdfom rectangular, atyK,/A=1, to S-shaped, aK,/A
part of the film as soon as the field is applied. As the field=0.5, and finally shrinks to a single curve, ayK,/A
increases, incoherent rotation of magnetization occurs as the 0.4. This variation of the shape of the hysteresis loop again
magnetization at the surface is pinned by the surface anisogorresponds to the spin-reorientation transition occurring as
ropy energy. The system saturates gradually to LUBIgt  the thickness varies in zero field.

In the llla’ phase, the system remains at an initial right- We evaluated the coercivity of thin films to in-plane ex-
ward uniform configuratiodtRUC) until the field reaches the ternal fields. The values of coercive force are displayed as a
coercivity H,, at which the system jumps abruptly to LUC. function of the reciprocal of the film thickness in Fig. 8
In the llIb’ phase, magnetization begins to rotate coherentlyvhere the strength of surface anisotrdfy/VAK, is a pa-
toward the direction of the field after the field strength be-rameter and is taken from 0.1 to 2. The coercivity increases
comes larger than the nucleation fiddg,, . The rotation pro- linearly with the reciprocal of the thickness for small surface
ceeds as the field increases further, and finally the systemnisotropy. This behavior can be explained as follows: In
jumps sharply to LUC aH,.. In the Ilic’ phase, nucleation films with small surface anisotropies the direction of magne-
of the perpendicular magnetization components occurs at thézation at the center of the film remains almost in-plane, that
surface after the field reachek,, and then incoherent rota- is ¢,=0, even in the vicinity of the coercivity. In these films,
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the dipolar interactions favor a structure of stripes of anti-
parallel oriented magnetic domains next to each other across

2.0 an ultrathin magnetic film, the domains are typically of the
ol order of micrometers in sizEThese are much larger than the

\ domain-wall thicknesses of the order of tens of nanometers

1.5 and film thicknesses of the order of 1 nm. Therefore, the
magnetic structure can be considered as virtually uniform
and of infinite extension in the in-plane directions. In litera-

1.04 ture, on the other hand, the uniformity of magnetization in

HyM,/K,

the film-normal direction is assumed and the effect of surface
anisotropy is merely included in a total effective anisotropy.
Therefore, the two approaches are complimentary to each
other.

Our approach shows analytically that, for a magnetic film
00 with normal/in-plane uniform configuration in zero field,
700 05 1.0 15 2.0 2.5 change in magnetization configuration is caused by a

JATR.Ja strength of perpendicular/in-plane field smaller than the
value predicted by phenomenological arguments. The man-

FIG. 8. Thickness dependence of coercivity of ultrathin films to ngr O.f change in the magnet|zat|_on configuration of an .uItra-
in-plane fields. Solid lines are for fixed values of surface anisotrop)}hIn film can proceed by nucleation of structure nonuniform

K./JAK,=0.1 through 2. The difference between the surface!” the direction of the film normal, or by coherent rotation of
ar?isotro;v)ies for neighboring lines is 0.1. magnetization toward the direction of the field, or by abrupt

jumps to reversed uniform configuration. Incoherent rotation

Eq. (17) gives a good approximation of the coercive force.of magnetization and domain-wall motion also occur during
Since surface anisotropy is small, one has from &) reversals. The dominant process of magnetization reversal in

a thin magnetic film is determined by the two scaling vari-

s ablesayK,/A and K¢/ AK, as shown in two phase dia-
TAK. =(1-hiavK,/A. (18 grams for perpendicular and in-plane fields.

v We derived equations for the magnetization configura-

For large surface anisotropy, the coercive force shows &ons of ultrathin films under external fields and obtained
more complex thickness dependence. However, as seen hoth analytic and numerical evidence of the dependence of
Fig. 8, the linear reciprocal-thickness law for the coercivitythe coercivity on the square of the reciprocal thickness in
gives a fairly good description for all values of surface an-perpendicular fields. Our theoretically derived thickness de-

0.5

K./VAR, =2

isotropy. pendence of the coercivity coincides very well with experi-
mental observations.
V. DISCUSSIONS AND SUMMARY We also studied the magnetization reversal in thin mag-

netic films by an in-plane field. Particularly, the coercive
Since direct experimental observation of microscopicforce increases linearly with the reciprocal thickness. Dis-
magnetization processes occurring on the length scale of drepancies between the predicted and measured values of
nm is not yet available, theoretical analyses and predictiongoercivity remain an important problem.
are useful for the development of imaging techniques and the
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