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We propose an analytical expression of the magnetization reversal in ultrathin magnetic layers, modeling the
after effects, and taking into account both domain-wall motion and nucleation processes. We apply our mod-
elization to quantify the dynamical properties of the magnetization of MoS2/Au/Co/Au sandwiches; we define
the Barkhausen volume, the wall velocity, and the nucleation rate depending on the applied magnetic field and
the radius and the density of nuclei sites on the surface of the sample. Finally, we investigate an original
behavior of the switch of the magnetization in high dynamic regime. An attempt is made to explain the
divergence of the coercive field in large field variation rates (dH/dt), by introducing both the thermally
activated and the viscous processes driving the wall motion.@S0163-1829~96!06630-1#

I. INTRODUCTION

Current research on the ultrathin magnetic layers is
largely focused on the magnetic domain structure and the
mechanisms of the magnetization reversal. These studies are
driven by fundamental interests~the origins and the shape of
magnetic domains, the understanding of the coercive field
value governed by the nucleation process and domain-wall
displacements, the dynamical magnetization, and the link
with the nanocrystallographic structure . . . ) andtechnical
applications in the information storage media such as higher
recording density, stability, and improvement of magnetic
bits . . . .

During the last years, in some ultrathin film cases, such as
Co/Au,1–3 Co/Cu,4 Ni/Cu,5 means of magnetic visualization
as magnetic force microscopy, scanning electron microscopy
with polarization analysis, or Faraday microscopy confirm
unambiguously the stability of a multidomain magnetic
structure in zero field and its mobility when an external field
is applied. These observations are correlated, with a good
agreement, to theoretical calculations predicting the forma-
tion and the size of bubble and stripe domains varying with
the magnetic layer thickness, the exchange interactions and
the magnetic anisotropy.5,6 Thus, it would be an unrealistic
assumption to consider that the magnetization reversal might
be modelized assuming the ultrathin film as a single mag-
netic domain. Therefore, the understanding of the magneti-
zation switch and its dynamic imply the quantification of the
nucleation and the wall motion processes depending on the
applied magnetic field (H) and its variation rate (dH/dt).
Previous works7,8 developed a phenomenological model of
dynamical properties of the magnetization reversal; the cal-
culations were based on the definition of a macroscopic re-
laxation time linked to thermally activated mechanisms: they
considered, separately, either a single domain-wall displace-
ment, either a switch of microdomains, according to the main
process of magnetization~respectively the propagation of do-
mains or the nucleation!.

The objective of this paper is to present an original and
general modelization of the hysteresis loops which allows to
consider simultaneously the dynamical effects and the com-

plex competition between domain nucleations and domain-
wall motions. This modelization allows us to deduce a gen-
eral analytical expression of the magnetization
M @H,(dH/dt)# describing all multidomain reversal pro-
cesses based on intrinsic and microscopic parameters: the
Barkhausen volume, the nucleation rateR(H), the wall ve-
locity V(H), the radiusr c , and the total number of nuclei
sitesN0 on the surface of the sample. This model is based on
the calculation of expanding areas with a variable magnetic
field, simulating the birth and the growth of the magnetic
domains through the magnetic layer.

In Sec. II, the general expression of the magnetization
M (H,dH/dt) is derived. Section III is devoted to improve
the physical validity of the model owing to several simula-
tions: the results emphasize the strong influence of the pre-
viously listed parameters on the shape of the hysteresis loop
and the coercive field value. Finally, in Sec. IV, we apply
this theoretical approach to characterize the magnetization
processes in a model magnetic system: the Au/Co/Au sand-
wiches. Surface magneto-optical polar Kerr-effect measure-
ments, with a field variation rate up to 1.2 MOe s21, were
performed at room temperature on two typical Au/Co/Au
samples, grown on MoS2 with different conditions. We shall
stress that the dynamical study of the magnetization, corre-
lated to our modelization, allows a precise and quantitative
analysis of the magnetic properties of the magnetization
switch of the cobalt layer. We also propose an extension of
our calculation to describe an original dynamical behavior of
the magnetization that we observed recently;8 our approach
attempts to explain that the experimental divergence of the
coercive field, in a high-field variation rate, occurs via the
domain-wall dynamics and the nucleation process.

II. DERIVATION OF THE DYNAMICAL
MAGNETIZATION EQUATION

Calculations are intended to find an analytical expression
of the magnetizationM (H,dH/dt), giving a description of a
multidomain reversal process of the magnetization in an ul-
trathin magnetic layer. First of all, the methodological ap-
proach is based on a mathematical calculus of areas corre-
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sponding to the nucleation centers and the propagation of
domain walls. This model is developed in the light of the
Fatuzzo’s theory9 concerning the relaxation of the polariza-
tion reversal in Ferro-electrical crystal. Recently, Fatuzzo’s
equation was applied by Labrune10 to express the relaxation
of the magnetization of an ultrathin magnetic film. The most
fundamental difference between Fatuzzo-Labrune’s theories
and our model, is to consider a variable magnetic field ap-
plied to the magnetic layer and not a constant electric or
magnetic field as in Refs. 9 and 10. It means that magneti-
zation dependence on the magnetic fieldH and its variation
rate (dH/dt) have to be considered; the calculation steps are
tedious but finally, we shall demonstrate that resulting ex-
pressionM @H,(dH/dt)# is simple and allows us to fit ex-
perimental magnetization measurements.

To consider the delicate overrunning of nucleations and
the coalescence of domains due to their sideways expan-
sions, we first calculate the global switched area
A@H,(dH/dt)#, neglecting the possible overlap. Then, ap-
plying the Avrami’s theorem,11 the real area called
Q@H,(dH/dt)#, corresponding to the magnetization
switched by the field, can be deduced from the following
expression:

Q@H,~dH/dt!#512exp$2A@H,~dH/dt!#%. ~1!

Therefore, the magnetization is given by

M @H,~dH/dt!#

5MS†22„12exp$2A@H,~dH/dt!#%…11‡. ~2!

A. Switched areaA†H ,„dH/dt…‡

We calculate the switched area in a negative field and
neglect the possible overrunning of domains. We assume that
domains are born at random on the sample surface according
to a statistical process and go across the whole thickness of
the magnetic layer.9,12 It is defined by the nucleation rate
R(H) per unit of time and depending on the applied mag-
netic field.

Let us considerN0 the total number of the nuclei centers
~i.e., the total number of nucleation that can be formed on the
sample! and N@H,(dH/dt)#, the number of domains ap-
peared at the applied fieldH,$N@H,(dH/dt)#<N0%. Then,
the differential equation givingN@H,(dH/dt)#, in a negative
field, can be written as

dN@H,~dH/dt!#

$N02N@H,~dH/dt!#%
5
R~H !dH

~dH/dt!
. ~3!

Straightforward integration gives

N@H,~dH/dt!#5N0H 12expS 2
1

~dH/dt!E0
H

R~H !dHD J .
~4!

We assume that, once born, the nucleation might expand
sideways by radial motion defined by a radiusr (H) and a
radial velocity V(H), varying with the applied magnetic
field. Let us suppose a nucleation born in a negative field
H1 , 0.H1.H, the switched area by expansion of its cen-
ter in a fieldH, calleds(H)H1

, is assumed to be given by

s~H !H1
5

p

1
@r ~H !H1

1r c#
22

pr c
2

T
, ~5!

wherer (H)H1
is the grown radius in a fieldH, for a nucleus

site appeared in a fieldH1 (T is the global area to be re-
versed; for the numerical applications, we assume this area to
be equal to the surface of the laser beam on the sample
20.01 cm22), one obtains

r ~H !H1
5E

H1

H

V~H !
dH

~dH/dt!
. ~6!

If we assign the above area to the total number of nucleations
born between zero field andH, the switched area
A(H,dH/dt) can be calculated by the following expression:

A@H,~dH/dt!#5E
0

HdN@H,~dH/dt!#

dH U
H1

3s~H !H1
dH1

1N@H,~dH/dt!#
pr c

2

T
. ~7!

The first term is the reversed area by the sideways growth of
the magnetic domains.dN@H,(dH/dt)#/dHuH1

represents
the instantaneous number of reversed nanodomains in a field
H1. The last term is the area covered by the nuclei sites at
their birth.

From Eq.~4!, we find that

dN@H,~dH/dt!#

dH U
H1

5
N0R~H1!

~dH/dt!

3expS 2
1

~dH/dt!E0
H1
R~H !dHD .

~8!

Replacing in Eq.~7! and rearranging the terms, one obtains

A@H,~dH/dt!#5
N0p

~dH/dt!TE0
H

R~H1!

3expS 2
1

~dH/dt!E0
H1
R~H !dHD

3S E
H1

H V~H !

~dH/dt!
dH1r cD 2dH1 . ~9!

We assume that the elementary mechanisms of the reversal
magnetization are thermally activated processes;13–15 thus,
the nucleation rate and the wall motion can be expressed as
follows:

R~H !5r 0expF2SEn1HMsVn

kT D G , ~10!

V~H !5v0expF2SEp1HMsVp

kT D G , in a negative field.

~11!

En andEp are the activation energy in zero field, related
respectively to the blocking of the nucleus reversal and the
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pinning strength of the wall.Vn andVp are activation vol-
umes, supposed to be identical to an elementary volumeV,
called the Barkhausen volume.8,10,15Equations~10! and~11!
imply a single energy barrier for each mechanism. It is pos-
sible to introduce here some distribution of the activation
energies and the Barkhausen volume to simulate some inho-
mogeneities in the magnetic layer. In the following calcula-
tion, we make the choice of a single activation energy and an
average elementary volume to simplify the analytical expres-
sions. We found these assumptions to be sufficient to fit our
experimental data.

Let us write Eqs.~10! and ~11! as follows:

R~H !5R0exp~2bVMsH ! ~12!

and

V~H !5V0exp~2bVMsH !, ~13!

R0 andV0 are, respectively, the nucleation rate and the ve-
locity of the wall in zero field andb51/kT. Using Eqs.~12!
and~13! in Eq. ~9! and after integrations, the following equa-
tion is obtained:

A@H,~dH/dt!#5
N0pR0

~dH/dt!TE0
H

exp~2bVMsx!

3expS R0

b~dH/dt!VMs

3@exp~2bVMsx!21# D
3S 2

V0

bVMs~dH/dt!
@exp~2bVMsH !

2exp~2bVMsx!#1r cD 2dx. ~14!

B. Analytical expression of the magnetizationM †H ,„dH/dt…‡

From Eqs.~2! and ~14!, a tenuous calculation allows to
define an analytical formula of the magnetization without
any mathematical approximation. Only the main steps of the
development, useful for the understanding, are presented
here. Let us define:

a52bVMs , b5
R0

b~dH/dt!VMs
,

c52
V0

b~dH/dt!VMs
, d5exp~2bVMsH !, e5r c .

~15!

We substitute these expressions in Eq.~14! and it yields the
following expression of the integral:

I @H,~dH/dt!#5E
0

H

exp~ax!exp$b@exp~ax!21#%

3$c@d2exp~ax!#1e%2dx. ~16!

After successive integrations and term rearrangement, Eq.
~16! is reduced to

I @H,~dH/dt!#5„exp$b@exp~aH!21#%21…

3
1

ab3
~e2b212bce12c2!

2
1

ab3
~b2c222c2b22dc2b222ceb2

1b2c2d212cedb212dc2b!. ~17!

We now introduce the following parameters:

x5bVMsH, dx/dt5bVMsdH/dt,

k5
V~H !

r cR~H !
5

V0

r cR0
, a5

pr c
2N0

T
. ~18!

x anddx/dt are, respectively, called the reduced field and
the reduced field variation rate. The parametersk anda cor-
respond to those defined by Labrune;10 k characterizes the
competition between the wall motion and the nucleation@in a
first approximation, a predominance of wall motion~nucle-
ation! implies k@1 ~respectively,k!1)#. a represents the
density of nuclei sites, neglecting the possible overlaps.

Fortunately, using Eq.~5! and substituting Eq.~18! in
Eqs. ~17! and ~14!, the analytical expression of the area
A@x,(dx/dt)# is given by the simple equation:

A@x,~dx/dt!#52ak2H N@x,~dx/dt!#

N0
S 12

1

k
1

1

2k2D1
R0

~dx/dt!
@exp~2x!21#S 12

1

kD
1

R0
2

2~dx/dt!2
@exp~2x!21#2

J . ~19!

From a physical point of view, let us note an interesting boundary condition of Eq.~19!: for a negligible wall motion
(k→0) and in a high negative field~to reach the magnetic saturation!, the real switched surface is reduced to
Q'12exp(2a). It means that, for anya value, the fundamental condition is respected:Q<a. The total switched area must
be smaller than the total area of nucleation sites, neglecting their overlap.

Finally, referring to Avrami’s theorem11 and Eq.~19!, we obtain the general analytical expression of the magnetization, in
a negative magnetic field, considering the nucleation, the wall motion and the dynamic of the applied field:
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M @x,~dx/dt!#

Ms
522S 12expH 22ak2FN@x,~dx/dt!#

N0
S 12

1

k
1

1

2k2D1
R0

~dx/dt!
@exp~2x!21#S 12

1

kD
1

R0
2

2~dx/dt!2
@exp~2x!21#2G J D 11. ~20!

Magnetization is defined by five fundamental and intrinsic
parameters:R05R(H50), the nucleation rate in zero field,
V05V(H50) is the wall velocity in zero field,V is the
Barkhausen volume,N0 is the total number of the nuclei
sites,r c is the radius of the nucleation.

The three first parameters allows us to express the nucle-
ation rateR(H) and the velocityV(H) in a negative field,
using Eqs.~12! and ~13!. UsingR0, V0, andr c , we deduce
the ratiok to estimate the main reversal mechanism; finally,
the Barkhausen volume is related to the interfacial length
between pinning centers andN0 could correspond to some
specific defects responsible for the nucleation~like atomic
steps in the magnetic layer!.

III. SIMULATION OF
THE MAGNETIZATION REVERSAL

To improve the potentiality of our model, we first propose
an academic approach which consists of studying the varia-
tion of M @H,(dH/dt)# versus typical values ofV, R0, V0,
andN0. Figure 1 shows the drastic dependence of the mag-
netization@calculated by Eq.~20!# on the values ofR0 @Fig.
1~a!#, N0 @Fig. 1~b!#, V0 @Fig. 1~c!#, andV @Fig. 1~d!#. For
example, we notice that increase in the nucleation rate modi-
fies the magnetic transition1MS /2MS @Fig. 1~a!#: the more
predominant the nucleation rate becomes, compared to the
wall motion, the more the coercive field decreases and the
more the transition is smooth; we find here a classical result
describing the slope of the magnetic transition versus the
main reversal process.2,8,16 In Fig. 1~b!, we show that the
generally unknown valueN0 may induce large modifications
on the hysteresis loop: whatever the value of the nucleation
rate, few nuclei sites in the magnetic layer tend to favor the
wall motion process. Figure 1~c! shows the variation of the
magnetization reversal when the wall motion becomes less
efficient compared the nucleation. The last curve~corre-
sponding tok>331023) is an interesting case; it shows that
the magnetization can reverse in two steps when the two
processes are energetically uncoupled enough: the first step
related to the major part of the reversal is only due to the
nucleation, but because of the low velocity, if the total num-
ber of nuclei sites cannot recover all the area of the sample,
the nucleation process cannot reverse by itself the magneti-
zation. That is why, we have to reach a higher field to acti-
vate the wall motion and complete the switch of the magne-
tization. Finally, Fig. 1~d! confirms that Barkhausen volume
is a very sensitive and delicate value to define the width of
the loop: little volumes need more energy to be reversed, it
could be correlated to a higher density of magnetic defects in
the interfaces.

Those simulations confirm that the shape of the hysteresis
loop and the coercive field value depend directly on the com-
petition between nucleation and wall motion, the number of
nuclei sites and the Barkhausen volume. The interest in
quantifying these parameters appears to be evident.

FIG. 1. Variation ofM (H,dH/dt) versus typical values ofR0,
N0, V0, and V for thin magnetic films.~a! V0510213 cm/s,
r c53.2531026 cm,N0523108, V53310218 cm3 for several val-
ues ofR0 (R0510212,210,28,27 s21) corresponding tok533104,
33102, 3, and 0.3;~b! R0510218 s21, V0510220 cm/s, r c5
3.2531026 cm, V53310218 cm3 for several values ofN0

(N052.103,8,12,14) corresponding toa5631026, 0.6, 63103, and
63105; ~c! R051024 s21, N0563108, r c53.2531026 cm, V5
3310218 cm3 for several values ofV0 (V051026,28,210,212 cm/s!
corresponding tok533103, 30, 0.3, and 331023; ~d! R0510213

s21, V0510215 cm/s,r c53.2531026 cm,N05231028 for several
values ofV (V54310218, 3310218, 2310218 cm3).
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IV. APPLICATION TO THE Au/Co/Au SANDWICHES

We apply our model to investigate the magnetic reversal
of a cobalt ultrathin layer. We shall show that a dynamical
study of hysteresis loops performed by surface magneto-
optical Kerr effect with a field variation rate up to 1.2 mOe/s
~for experimental device, see Ref. 8! and an analysis of the
data based on our calculations, allows us to define the main
reversal process and to quantify the Barkhausen volume, the
nucleation rate, the wall motion, the number, and the radius
of nuclei sites.

Our Au~40 nm!/Co~0.8 nm!/Au~3 nm! sandwiches, elabo-
rated in an ultrahigh-vacuum preparation chamber and de-
posited on a natural molybdenite~MoS2) ~for preparation
and structural studies, refer to Refs. 17 and 18! may be con-
sidered as a model system to investigate the magnetization
reversal phenomenon: in changing the temperature and the
deposition rate, and in varying the conditions of annealing of
the gold buffer, we obtain drastic changes of the coercive
field value and of the shape of the hysteresis loops. Such
variations are linked to the magnetic properties of the mag-
netization reversal varying with the structural quality of the
layer. We focus our dynamical study on two MoS2/Au~40
nm!/Co~0.8 nm!/Au~3 nm! samples: sample I is elaborated at
room temperature with a thermal annealing of the gold buffer
at 350 °C. For sample II, the 40 nm gold layer is first depos-
ited at 250 °C with a deposition rate of one atomic plane per
minute. In both cases, the cobalt layer and the gold overlayer
are elaborated at room temperature.

The measurements by polar Kerr effect on sample I are
sketched in Figs. 2~a! and 2~b!: Fig. 2~a! shows the magne-
tization in a negative field for several field variation rates
~open circles! and, in Fig. 2~b! are plotted the corresponding
coercive field versus logarithm ofdH/dt. First of all, we
notice that the quite linear variation ofHc , all over the
dH/dT range, implies that the increase of the coercive field
is a direct consequence of aftereffects without modifications
of the reversal process with thedH/dt values.8 By using the
analytical expression of the magnetization Eq.~20! depend-
ing ondH/dt, we compare our theoretical results to the ex-
perimental data, adjusting the five intrinsic parameters:V,

R0, V0, N0, andr c . Even if a fit is usually perilous with too
many unknown variables, we avoid this uncertainty by real-
izing the fitting procedure on each magnetization curve cor-
responding to a specificdH/dt values. As the parameters
defined above are intrinsic properties of the sample, the va-
lidity of the modelization implies to find constant values
whateverdH/dt.

TABLE I. Values of V, R0, V0, r c , andN0, obtained by fitting the experimental Kerr-effect data of
Sample I, for several values ofdH/dt and using Eq.~20!.

dH/dt
~Oe/s! V (10219 cm3) R0 (10210 s21) V0 (10215 cm/s! r c (1026 cm! N0 (108) k

381 10.3 9.7 1.49 1.89 1.84
804 10.5 9.42 1.49 1.82 1.98
5380 9.83 8.83 1.44 1.83 2.09

10 964 9.5 10.1 1.1 1.94 2.1
26 000 9.59 9.85 1.5 1.83 2.0
47 700 9.55 12.1 1.3 1.9 2.05
103 600 9.35 10.6 1.03 1.98 2.24
209 200 9.09 10.0 1.48 1.82 2
510 000 8.86 10.3 1.44 1.83 2.01
763 200 8.64 10.2 1.5 1.79 2.03
815 500 9.07 10.1 1.48 1.79 2.01
874 000 9.26 10.2 1.43 1.79 2.01
Average 9.46 10.1 1.39 1.85 2.03 0.75

FIG. 2. Hysteresis loops at 300 K of Au/Co~0.8 nm!/Au sand-
wich ~Sample I! obtained from Kerr rotation and analysis from Eq.
~20!. ~a! Perpendicular hysteresis loops for several field variation
rate (dH/dt). Experimental data~open circles! and theoretical
curves~full lines!; ~b! plot of the corresponding coercive fieldHc

versus the logarithm ofdH/dt. The dashed line is a guide for eyes.
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The theoretical curves from Eq.~20! and the experimental
measurements are given in Fig. 2~a!. From their fitting, the
V, R0, V0, N0, and r c values are deduced and reported in
Table I. An excellent agreement between the experimental
~open circles! and calculated~full line! loops~only the nega-
tive field is presented! is observed. The weak dispersion of
theV, R0, V0, N0, and r c values insures the validity of the
investigation. The average Barkhausen volume is about

0.95310218 cm3, which corresponds to a 35 nm characteris-
tic interfacial lengthLb in the magnetic layer. From the de-
ducedR0 andV0 values, we derive the analytical expression
of V(H) and R(H); besides, we evaluate the ratio
k, k>0.75. That means that both nucleation and wall mo-
tion take part in the reversal process. Reported to the unit of
area, the total number of nuclei is about to 231010 cm22

and the calculated valuea (a>0.23) confirms the mixed
behavior of the magnetization.

Let us underline that we attempted unsuccessfully to
study these dynamical measurements, using our previous
works developed elsewhere.8 This unsuccess arises from the
fact that the precedent phenomenological approach cannot
take into account, simultaneously, the nucleation and the
wall motion processes, contrary to our actual modelization.
We conclude that the main interest of our calculation is that
it works for mixed regimes which are the general cases. The
microscopic parameters can be defined just by studying the
magnetization reversal by dynamical Kerr-effect measure-
ments.

Figures 3~a! and 3~b! show the polar Kerr results obtained
in sample II. The drastic transition observed on the variation
of Hc versus ln(dH/dt) @Fig. 3~b!# and the widening of the
magnetization reversal@Fig. 3~a!# in high dH/dt values
~open circles! emphasize an original dynamical effect occur-
ring in the switch of the magnetization. We first mention this
behavior in a previous paper8 and we assumed that, beyond a
critical field variation rate, the nucleation might be predomi-
nant. In Fig. 3~a! ~full lines! and in Table II are reported the
fitting results of the experimental data, using Eq.~20!. We
unambiguously establish that below 180 kOe/s, the main
mechanism is the wall motion (k>9) with a Barkhausen
volume of 2310218 cm3. For a 190 kOe/sdH/dt value, one
observes a transition through the variations of theR0 and
V0 values~increase ofR0 and decrease ofV0, Table II!. In
the range of higher field variation rate, the narrow distribu-
tion of the parameters and the evaluated ratiok, equal to
531023 improve the nucleation to be the main process. In
addition, the corresponding theoretical curves are perfectly
adjusted to the experimental measurements, in the range of
low and highdH/dt values. Let us specify that, in a logical
way, we find the Barkhausen volume, the number, and the

FIG. 3. Hysteresis loops at 300 K of Au/Co~0.8 nm!/Au sand-
wich ~Sample II! obtained from Kerr rotation and analyzed from
Eq. ~20!. ~a! Perpendicular hysteresis loops for several field varia-
tion rate (dH/dt). Experimental data~open circles! and theoretical
curves~full lines!; ~b! plot of the corresponding coercive fieldHc

versus the logarithm ofdH/dt. The dashed line is a guide for eyes.

TABLE II. Values of V, R0, V0, r c , andN0, obtained by fitting the experimental Kerr-effect data of
Sample II, for several values ofdH/dT and using Eq.~20!.

dH/dt
~Oe/s! V (10218 cm3) R0 (10213 s21) V0 (10217 cm/s! r c (1026 cm! N0 (108) k

381 1.94 3.77 1.45 4.31 3.15
1898 1.97 3.73 1.44 4.33 3.17
3796 2.01 3.7 1.4 4.32 3.11

42 800 2.09 3.75 1.4 4.42 3.03
85 840 2.9 3.75 1.42 4.42 3

Average 2.02 3.73 1.42 4.35 3.08 9
193 600 2.01 3.793102 1.4331021 4.31 3.1
562 000 1.89 1.63102 331022 4.4 3.94
767 400 1.86 1.23102 6.231022 3.5 4.27
914 400 1.8 3.723102 4.5631022 4.5 3.49
Average 1.85 2.193102 4.5831022 4.13 3.9 51023
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radius of nucleations quite constant, whatever the field fre-
quency.

Nevertheless, one could object that it is physically criti-
cizable to modify the nucleation rate and the wall velocity in
zero field versus the range of the field variation rate to adjust
the experimental data~Table II!. Such an approach just tra-
duces that the magnetic energy given by the variable applied
field cannot be stored,ad infinitum, by the domain wall.
Above a critical field, the exponential law of the wall mo-
tion, Eq.~13!, exhibits a saturation, the domain-wall changes
of propagation regime, and, in high magnetic field, their mo-
tion is limited by a theoretical value.19 One could assume a
transfer of the excess energy to the nucleation process, which
makes it predominant.

Our calculation, described in Sec. II, only takes into ac-
count some thermally activated jumps of the domain wall

and the nucleation reversal. In the light of the works devoted
to the wall motion measurements in ultrathin magnetic
layers,20,21 we propose to generalize our modelization to
some nonthermally activated processes which can occur in
high dynamical stimulations: the authors observe that, above
a critical magnetic field, the wall displacement leaves the
thermally activated regime to a complex viscous motion with
a linear variation of the velocity versus the applied field.
Therefore, we attempt to modelize the dynamical magnetiza-
tion using the following expression of the wall motion:

V~H !5@12u~H02H !#3V0exp~2bVMsH !1u~H02H !

3V0exp~2bVMsH0!@12bVMs~H2H0!#, ~21!

whereH0 is the specific field of the transition between the
thermally activated regime@first term of Eq.~21!# and the
viscous regime~corresponding to the last term!; u(H) is the
classical unit step function. A straightforward calculation
confirms the continuity of the velocity nearH0.

Substituting Eq.~21! in Eq. ~9!, we obtain a new expres-
sion of the switched areaA8@H,(dH/dt)#, given by

A8@H,~dH/dt!#5@12u~H02H !#3A@H,~dH/dt!#1u~H02H !
N0p

~dH/dt!TE0
H

R~H1!expS 2
1

~dH/dt!E0
H1
R~H !dHD

3S E
H1

H V0exp~2bVMsH0!@12bVMs~H2H0!#

~dH/dt!
dH1r cD 2dH1 . ~22!

After integrations and term rearrangement, the above equation is reduced to

A8@H,~dH/dt!#5@12u~H02H !#3A@H,~dH/dt!#1u~H02H !
N0pR0

~dH/dt!TE0
H

exp~2bVMsx!

3expS R0

b~dH/dt!VMs
@exp~2bVMsx!21# DV0exp~2bVMsH0!

~dH/dt!

3F ~H2x!2bVMsSH2

2
2
x2

2
2H0H1H0xD1r cG2dx. ~23!

This yields to the general expression of the magnetization, taking into account the viscous motion of the domain wall above
a critical field:

FIG. 4. Fit of perpendicular Kerr effect of Au/Co~0.8 nm!/Au
sandwich ~Sample II! performed at 300 K withdH/dt50.76
mOe/s. Experimental data~open circles!, theoretical curve taking
into account the viscous wall motion@full line, using Eq.~24!# and
theoretical curve with only thermally activated processes@dashed
line, using Eq.~20!#.

FIG. 5. Plot of the theoretical variation ofk(H) as a function of
the coercive fieldHc , deduced from Eq.~25!.
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M @H,~dH/dt!#5MsF22S 12expH 2@12u~H02H !#A@H,~dH/dt!#2u~H02H !
N0pR0

~dH/dt!TE0
H

exp~2bVMsx!

3expS R0

b~dH/dt!VMs
@exp~2bVMsx!21# DV0exp~2bVMsH0!

~dH/dt!

3F ~H2x!2bVMsSH2

2
2
x2

2
2H0H1H0xD1r cG2dxJ D11G . ~24!

Using this new equation, we simulate the dynamical be-
havior of sample II. We observe that, keeping constant the
values ofV, R0, V0, N0, andr c defined in the fitting proce-
dure in low-field variation rate@Eq. ~20!, first part of Table
II #, we reproduce the dynamical transition around 180 kOe/s,
just introducing the viscous displacement of the wall. The
only unknown parameter of Eq.~24! is the critical transition
field H0.

We compare the calculated magnetization Eq.~24!, to the
experimental results~Fig. 4! and we adjust the theoretical
curve, by varyingH0. We deduce a critical field of 430 Oe
and we obtain a good agreement between the modelization
~full line! and the experimental data~open circles!. Never-
theless, one remarks that, in high-field variation rate, it is
usually difficult to fit the approach to the magnetic satura-
tion. In fact, we assume that the dynamical stimulation in-
creases the effects of a weak distribution of the Barkhausen
volume on the hysteresis loop: the dynamical behavior of the
wall motion would depend on the size of the jump; a ther-
mally activated regime is supposed to persist in some little
volumes. Therefore, a more adjusted fit would imply a dis-
tribution of the critical transition field. The dotted line rep-
resents the calculated magnetization without considering the
viscous wall motion aboveH0 @using Eq.~20!#. The large

discrepancy with the experimental curve improves the dy-
namical divergence of the coercive field and the crucial role
played by the viscous motion of the domain wall.

We notice that, in low-field variation rate, the viscous
behavior of the wall motion does not influence the magnetic
transition1MS /2MS ; the transition fieldH0 and theHc

values are too close to modify the loop. On the other hand,
near the coercive field corresponding to highdH/dt values,
the discrepancy between the theoretical exponential law of
the velocity~in the case of thermally activated process! and
the linear law~for a viscous motion! becomes very large; it
implies an additional delay in the magnetic switch, due to the
viscous process. Consequently, one observes the divergence
of the coercive field and the widening of the1MS /2MS

transition in high-field variation rate.
Finally, we conclude that considering the nucleation pro-

cess to become predominant or the viscous wall motion
above a critical field, yields satisfactory results. In fact, our
interpretation strongly suggests that a delayed propagation of
the walls due to a viscous displacement implies a predomi-
nant nucleation process. Besides, let us remark that, consid-
ering the general expression of the velocity, Eq.~21!, the
ratio k depends on the magnetic field according to

k~H !5
@12u~H02H !#3V0exp~2bVMsH !1u~H02H !3V0exp~2bVMsH0!@12bVMs~H2H0!#

r c3R0exp~2bVMsH !
. ~25!

A simple numerical application, with the parameters defined
above, allows us to express the variation ofk versus the
coercive field. It allows us to observe directly the evolution
of the prevailing reversal process with the dynamical stimu-
lation of the sample. The plotted data in Fig. 5 clearly show
that, in low-field variation rate~i.e., for lowHc values!, the
main process is the wall motion. IncreasingdH/dt, ~i.e., the
coercive field!, the wall motion mechanism becomes less and
less efficient. One observes that the theoretical transition,
corresponding tok>1, occurs forHc>490 Oe. Compared
with the experimental results@Fig. 3~b!#, the agreement is
rather good.

V. CONCLUSION

The present paper has proposed an original modelization
of the magnetization reversal in an ultrathin magnetic layer.

An analytical expression of the magnetization is established,
considering the after effects due to the dynamic of the ap-
plied field and the competition between the wall motion and
the nucleation processes.

We have shown that a dynamical study related to our
calculation, allows us to define unambiguously the mecha-
nisms of magnetization reversal and to give quantitative in-
formation on the nucleation rate, the velocity of the domain
wall, the density and the radius of nuclei centers, and the
Barkhausen volume.

We have applied our modelization to the magnetization
reversal of Au/Co/Au sandwiches. We quantified different
reversal processes depending on the structural quality of the
sample. In the high dynamic regime, we have observed that
the nucleation is usually the most efficient mechanism to
switch the magnetization. This original behavior is reason-
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ably well taken into account by introducing a viscous wall
motion above a critical field.

We conclude that, due to the sharpness of the experimen-
tal hysteresis loops, we succeed to fit the magnetization with-
out using any distribution of the activation energy. However,
a more realistic approach would consider a weak distribution
of the Barkhausen volume, it would imply a distribution of
the transition fieldH0, depending on the size of the volume.

Modelizations extended to spatial inhomogeneities are under
development and will be applied to heterogeneous ultrathin
magnetic layers.
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