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Magnetization-reversal processes in an ultrathin Co/Au film
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Magnetization-reversal processes in a ferromagnetic cobalt film structure~Au/Co/Au!, with perpendicular
anisotropy, were investigated by magneto-optical magnetometry and microscopy. In the considered ultrathin
Co film, the magnetization reversal between the two Ising-spin equilibrium states is dominated by the domain-
wall motion mechanism. We focused our studies on processes initiated from a given demagnetized state.
Starting from a magnetically saturated state generated under a large fieldHS , applied perpendicular to the film,
this demagnetized state is created through magnetic aftereffects in a fieldHd antiparallel but smaller than
HS and applied during a selected time. Direct (RD) and indirect (RI) magnetization processes are then studied
from this state for application of the field parallel and antiparallel toHd , respectively. The dynamics of the
magnetization reversal is much faster for theRI process since it is initiated from a quasihomogeneous ‘‘Swiss
cheese’’ domain state with small nonreversed regions. The magnetic accommodation phenomenon is studied,
and a domain-shape memory effect evidenced. A theoretical analysis of the dynamics of magnetization pro-
cesses is proposed, starting from the model of a patchy inhomogeneous media with a realistic distribution of
local coercivities. The pertinent parameters for calculations are deduced from our experimental data using
appropriate analytical expressions of the magnetic relaxation time and domain-wall velocity under a field.
Computer simulations using these parameters reproduce well the time evolution of the magnetic domain
pattern and different magnetization curves both forRD and RI magnetization processes.
@S0163-1829~97!02122-X#
m
in
d
lm
le
a
fa
-
li-

ra

e
t
e
iza
to
ro
h
ee
-

al
wi
ed

o-
evi-
n
-
ex-
of
the

nge
ding
-
e
m a
ated
ne,
d by
-

m-
ex-
sed,
the
en-
tion-
zed
dy-
sults
I. INTRODUCTION

Ultrathin metallic magnetic films stand as model syste
for investigating magnetism in two dimensions and study
the important role of interfaces. New preparation metho
under ultrahigh vacuum enable us to grow ultrathin-fi
structures of high quality with sharp interfaces. This enab
recently the performance of fundamental studies on the m
netic moment interface enhancement, the role of the sur
magnetic anisotropy, and phase transitions1 and the engineer
ing of materials exhibiting new exciting properties for app
cations.

Dynamic effects control magnetization reversal in ult
thin magnetic films with perpendicular anisotropy.2 Nano-
scale crystallographic inhomogeneities or defects hav
strong influence on the magnetic domain shape and on
magnetization-reversal dynamics. The aim of the pres
study is to report on perpendicular-field-induced magnet
tion reversal in a gold-sandwiched ultrathin Co film and
give a spatial and temporal description of the switching p
cess supported by realistic computer simulations. Ultrat
Co layers (tCo58 Å) with weak surface roughness guarant
a perpendicular magnetic anisotropy3 and magnetization re
versal through domain-wall motion.4

Let us recall that domains of micrometric size have
ready been observed by scanning electron microscopy
polarization analysis in virgin ultrathin cobalt films deposit
550163-1829/97/55~22!/15092~11!/$10.00
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on Au~111!.5,6 By Faraday microscopy a metastable micr
metric magnetic domain structure has previously been
denced in Au/Co/Au~111! sandwiches during magnetizatio
reversal in a magnetic field.2 The magnetization reversal dy
namics in the considered sample may be successfully
plained assuming domain-wall pinning at the boundaries
natural patches, related to the nanocrystalline structure of
Co layer, or at the limit of atomically flat Co terraces.3,4,7

Then one has to consider some distribution of the excha
interaction between patches and of the anisotropy depen
upon the patch thickness.3 This consequently provides a dis
tribution of local coercivities which affects th
magnetization-reversal process. For example, starting fro
demagnetized state obtained from a magnetically satur
sample after applying a field perpendicular to the film pla
an asymmetry between magnetization processes induce
‘‘up-’’ or ‘‘down-’’oriented fields has been recently ob
served in Au/Co/Au.8

A detailed study of the magnetization-reversal pheno
enon, based on domain imaging and magnetic aftereffect
periments in Au/Co/Au sandwiches, is presented, discus
and compared to simulations. In Sec. II, we describe
main properties of the considered sample and our experim
tal setup. The results concerning domains and magnetiza
reversal dynamics starting from a well-defined demagneti
state are reported in Sec. III. Simulations on the domain
namics are presented and compared to experimental re
15 092 © 1997 The American Physical Society



-

d-
or
n

ve

on
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FIG. 1. Starting from a spin-down~in black!
or spin-up~in white! saturated state, the applica
tion of a positive~a!, ~b! or negative fieldHd ~c!,
~d!, respectively, induces first a reverse
magnetized nucleation center. The spin-up
spin-down domain nucleation is well localized i
the upper left corner of the images~a! and~c!, as
shown here after applying a positive or a negati
field Hd56720 Oe duringt51 s. Leaving the
same positive~b! or negative~d! applied field, a
domain structure develops from the nucleati
center. The patterns~b! and ~d! are then shown
after t58 s.
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in Sec. IV. A general discussion and some conclusions
low in Sec. V.

II. SAMPLE AND EXPERIMENTAL SETUP

The preparation and structural properties of Au/Co/
sandwiches, grown on a glass substrate, have been rep
in previous papers.9,10 The present magneto-optical inves
gations are performed on a Au~250 Å!/Co~8 Å!/Au~50 Å!
sandwich. The Co film is grown on 250-Å-thick fcc Au~111!
buffer layer deposited on float glass. After annealing,
gold crystallites have a lateral size of about 2000 Å. Th
surface consists of atomically flat terraces with a typical s
of 250 Å. The cobalt film grows on Au~111! with a polycrys-
talline hcp~0001! structure, and itsc axis is closely oriented
perpendicularly to the film surface. The cobalt crystallites
slightly misoriented in the plane from each other by less th
2° and their lateral dimension is about 200 Å, while flat C
atomic terraces extend over 70–100 Å.

Usually, the magnetization-reversal process occurs via
nucleation of small reversed domains followed by the pro
gation of their domain walls. Nucleation-dominated or wa
propagation-dominated reversal mechanisms can be
denced, depending on the sample thickness and mi
structure.2 Our 8-Å-thick Co film is chosen to exhibit th
second behavior~Fig. 1!. Note that, in our case, a doma
nucleates always at the same ‘‘magnetically soft’’ extrin
center for reversed magnetic fields. Since the nucleation fi
exceeds the propagation field, such a sample exhibits a
square magnetic hysteresis loop~Fig. 2!.

Magneto-optical Faraday magnetometry is used to pr
the out-of-plane component of the magnetization over a la
sample area of about 1 mm2. The magnetic field is always
applied perpendicular to the film. These measurements
realized using a modulation technique of the state of po
l-
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ization of the light.11 A high spatial resolution~0.5mm! Far-
aday microscope, equipped with a sensitive charge-coup
device camera and subsequent image processing,12 allows
magnetic domain visualization. We report only on room
temperature measurements.

III. EXPERIMENTAL RESULTS

In real ultrathin magnetic films, all kinds of crystallin
defects, such as dislocations and atomic steps, play an
portant role on the domain structure and wall jaggedne
Therefore the demagnetized (M50) state of a real sample
cannot be simply calculated as usual for an ideal film
minimizing the overall exchange and magnetostatic ene
The spatial distribution of local energy minima related
film defects described above explains well why the magn
domain structure depends so strongly on the magnetic
tory of the sample. Consequently, we have to take into
count the distribution of local coercivities. In general, larg
scale simulations are then necessary for mapping
magnetization in these structures. For example,
magnetization-reversal behavior has been studied at
temperature in thick films with a disordered patchy lattice13

A. Initial demagnetized state

In our present studies, the demagnetized state is obta
by the following procedure. The sample is first magnetized
full saturation in a field of 4 kOe, larger than the coerci
field Hc5770 Oe. A single ‘‘spin-up’’ or ‘‘spin-down’’ do-
main state is then created. An inverse fieldH5uHdu ~such as
uHdu,Hc! is suddenly applied during a fixed timet5t1/2 to
reverse exactly half of the magnetization through the m
netic aftereffect mechanism. The field is then switched r
idly to zero in order to freeze the resulting magnetic dom
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FIG. 2. Magnetic hysteresis loop and initia
magnetization curves~direct RD and indirectRI

processes! measured by Faraday rotation~marks!
and numerically simulated~solid lines!. The ini-
tial S6 states are obtained after applying a ma
netic fieldHd56740 Oe during 10 s on a spin
down or spin-up single-domain state, respe
ively. The same field-sweeping rate~15 Oe/s!
was used for all experiments.
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pattern in a demagnetized state with no net magnetizatio
it can be visualized by magnetooptical microscopy@Figs.
1~b! and 1~d!. Since this pattern does not evolve during th
last procedure, we conclude that the magnetization-revers
process is inefficient for our sample. According to the ma
netic aftereffect behavior, a convenient choice ofHd and
t1/2 allows us to realize easily this demagnetized state. Th
exists obviously a complete symmetry between the magn
domain configurations obtained when starting from spin
or spin-down saturated states and applying negative or p
tive magnetic fields with the same value during the sa
time. The demagnetized states generated from either
spin-up ~in white! or spin-down ~in black! single-domain
states~Fig. 1! will be calledS2(Hd) if Hd,0 andS1(Hd) if
Hd.0, respectively.

B. Magnetization mechanisms

Let us consider simple magnetization processes star
from one of the two demagnetizedS6(Hd) states. Two dis-
tinct cases have to be considered: A ‘‘direct’’ magnetiz
tion processRD corresponds to an applied fieldH having the
same sign asHd , and an ‘‘indirect’’ processR

I occurs when
H is opposite toHd . The two magnetization curves obtaine
for RD and RI processes starting, for convenience, eith
from theS1(740 Oe) orS2(2740 Oe) demagnetized state
respectively, and the hysteresis loop measured with the s
field sweeping rate are reported in Fig. 2. Up to applied fi
values Hm

D5670 Oe andHm
I 5480 Oe ~both smaller than

Hc5770 Oe!, respectively for theRD andRI procedures, the
susceptibility remains vanishingly small, but increases r
idly at higher fields. For theRD process the field necessary
reach the saturation of the magnetization is close toHS ,
determined as usual from the hysteresis loop, while for
RI process only a smaller field is required.

Let us consider now the dynamics of the directRD mag-
netization process. Starting from a spin-down saturated s
the sudden application of a positive fieldHd (Hd,Hc) pro-
vides the usual time-dependent magnetic afteref
M (Hd ,t) @Fig. 3~a!# which rises up to reach the saturat
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spin-up state, consistently with a domain-wall motion dom
nated mechanism.2 TheRD magnetic relaxation in a positive
field H5Hd , but initiated from theS1(Hd) demagnetized
state, follows exactly the same relaxation lawM (Hd ,t) as
that exhibited in Fig. 3~a! for t.t1/2(Hd). As expected,

4 the
magnetic relaxation is strongly accelerated when increas
the field value, betweenHd5660 and 700 Oe@Fig. 3~a!#.

FIG. 3. Dynamics of the~a! RD(S1) and ~b! RI(S2) processes
under fieldH56uHdu, respectively, withuHdu5660 or 700 Oe.
Note the faster magnetic relaxation for theRI process at the sam
field value.
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Starting now from a spin-up saturated state and applyin
reverse fieldHd,0, one obviously obtains a symmetr
M (Hd ,t) relaxation behavior@compare the correspondin
curves in Figs. 3~a! and 3~b! for t,t1/2(Hd)#. For theR

I

process a positive fieldH5uHdu is subsequently applied a
the demagnetized state, i.e., fort5t1/2(Hd). The dynamics
of the RI magnetization process is much faster@Fig. 3~b!#
than for theRD process at the same field@Fig. 3~a!#.

In order to clear up the origin of the magnetization rev
sal and of such asymmetry in the dynamic behavior, we
sualized the evolution of the magnetic domain pattern for
two differentD and I procedures. Since the magnetizatio
reversal process can be stopped for a long time at any
ment by switching the field off,2 it is easy to visualize the
change of the magnetic domain pattern under a given fi
H as a function of time.

The images of the Figs. 4~a!–4~c! illustrate well the evo-
lution of the magnetic domain structure after applying firs
field Hd5700 Oe at timet50 on a spin-down~in black!
single-domain state, which corresponds to the magnetic
tereffect data reported in Fig. 3~a! measured on a large
sample area. As already shown in Fig. 1, after nucleatio
time t50, in a region which is presently located outside fro
the field of view of our microscope a lacunary spin-up~in
white! domain expands by wall motion at the expense of
initial spin-down state. It results in a quasihomogeneo
large domain structure in which only small nonreversed sp
down areas are embedded inside the created spin-up ma
tized state@Figs. 4~a!–4~c!#. We call this magnetic state
‘‘Swiss cheese’’ structure. As we shall see later, the ex
tence of remaining nonreversed entities can be explained
suming a distribution of the local coercive force. Such
effect is predicted in inhomogeneous patchy materials
which domains expand by avoiding the hardest magnetic
gions. The local magnetization in these last regions switc
progressively and disappears~at least at our optical resolu
tion of 0.5 mm! with elapsed time or when increasing th
applied field.

The asymmetry of the magnetization relaxation betwe
the RD and RI processes can therefore be investigated
applying an inverse negative field with amplitudeuHu>Hm

I

~Fig. 2!. Figures 4~d!–4~f! illustrate theRI process starting
from the nearly demagnetized stateS1(Hd5700 Oe) @Fig.
4~c!# and after applying a negative fieldH52550 Oe with a
magnitude smaller thanHd . Such a behavior corresponds
the RI magnetic relaxation shown above in Fig. 3~b!, but
recorded here under a weaker applied field in order to s
the dynamics and obtain time-dependent magnetiza
changes comparable to the direct process. The magnetiz
reversal occurs through domain-wall motion initiated from
large number of spin-down entities@Figs. 4~d!–4~f!# which
act as an assembly of nucleation centers. The consid
magnetization-reversal dynamics is obviously accelerate
theRI process because, first, the sum of the perimeters
iting the spin-down entities by far exceeds the length of
main boundary separating the initial spin-up and spin-do
quasihomogeneous states@Fig. 4~c!#, and next the magneti
zation process now takes place at all magnetically softer
gions.

Switching the magnetic field again along the positive
rection, we still observe@Figs. 4~g! and 4~h!# fast changes of
the magnetization due to the expansion of the spin-up ph
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tending to reconstruct the initialS1 state@compare Figs. 4~c!
and 4~h!#. This phenomenon deals with a domain-structu
shape memory effect due to the fact that the magnetiza
process goes on, as was mentioned above, in magneti
softer areas.

The magnetic accommodation phenomenon gener
from a magnetization procedure starting from t
S2~2740 Oe) demagnetized state~Fig. 5, left! is also stud-
ied. Minor magnetization loops resulting from the applic
tion of a sequence of alternated rectangular magnetic fi
pulses with amplitudeH @Fig. 5~c!# are recorded. For rela
tively small field values,Hm

I ,H,Hm
D , we observe@Fig.

5~a!# that successive magnetization extrema slightly decre

FIG. 4. Time evolution of the magnetic domain structure~image
width 150 mm! starting from an initially saturated spin-dow
sample~in black! induced by the following sequence of magne
fields: ~i! positiveH15Hd5700 Oe@images~a!–~c!# applied dur-
ing t1

156 s ~a!, t1
159 s ~b!, and t1

1511 s ~c!. The directRD pro-
cess is illustrated as the development of a quasihomogen
spin-up domain~in white!. ~ii ! In order to study theRI magnetiza-
tion process starting from theS2 state, the magnetic field was the
reversed suddenly. Starting from the state~c!, the field is reversed
to H252550 Oe and duringt2

257 s ~d!, t2
2525 s ~e!; and t2

2

5100 s ~f!. ~iii ! At state ~f! a positiveH35uH2u5550 Oe field is
applied@images~g! and~f!# during t3

1510 s~g! andt3
15100 s~h!.

A memory effect is revealed@compare images~c! and ~h!#.
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FIG. 5. Magnetic accommodation phenomena@~a!,~b!# induced by a sequence of successive rectangular6uHu field pulses~c!. The
measurements are performed starting from theS2(2740 Oe) demagnetized sample state. Experimental data~left set! and corresponding
simulations~right set! in the ~a! low- (H5530 Oe) and~b! high- (H5590 Oe) field regimes.
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to stabilize finally at a constant value. At the same time
total amplitude of the oscillations remains nearly constan

For stronger fields (H.Hm
D) @Fig. 5~b!#, but smaller than

the coercive field~to avoid the saturation of the magnetiz
tion!, the maximum magnetization value increases prog
sively with time up to reach a symmetric variation of th
magnetization between almost-saturated spin states. The
ter applying a strong enough field the Swiss cheese ph
spreads over the whole sample area.

IV. THEORETICAL ANALYSIS
OF THE MAGNETIZATION PROCESS

A detailed theoretical description of magnetization p
cesses in high-defect-density thin and ultrathin films is li
ited by some serious mathematical problems. Even a de
mination of the static distribution of the magnetization
such systems faces many difficulties. The influence of h
erogeneity on the magnetization processes in thick films~of
about 500 Å! was examined atT50.13 Reversal dynamics in
ultrathin magnetic films have been recently investigated
computer simulations.14 Unfortunately, these simulation
were done for patchy samples having an homogeneous c
civity which cannot reflect the experimental reality in th
present case.

A. Simple description and model choice

To describe our experimental results, we have carried
numerical computer simulations of the magnetization p
e
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er-

ut
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cesses starting from the knowledge of pertinent physical
rameters. These parameters are either deduced from pre
experimental data4 or extracted from the analytical expre
sions of observable quantities such as the coercivity
t1/2, as presented below. Magnetization processes are de
dent upon two mechanisms, namely, the nucleation of
mains and the domain-wall motion. In accordance with o
presented experimental data~Fig. 1!, the thermoactivated
nucleation of many centers is negligible at room temperatu
We then suppose in the following that the numberc of origi-
nally created nucleation centers per surface unit does
depend on time at a given field.

Extrapolating previous experimental results,4,15 we as-
sume that local domain-wall motion is governed either b
thermally activated pinning mechanism or by viscous mot
in an external magnetic fieldH smaller or higher than the
local coercive fieldHl , respectively. The local wall velocity
v l may then be expressed as

v l~H !5v0exp@a~H2Hl !# if H,Hl , ~1a!

v l~H !5v01m~H2Hl ! if H.Hl , ~1b!

with a52MSVp /kT, where MS stands for the saturate
magnetization.Vp is the activation volume for propagation
k is the Boltzmann constant, andm is the domain-wall mo-
bility.
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The main part of the demagnetizing energy in ultrath
films with large magnetic domains only renormalizes the
isotropy energy.16 In our model local demagnetizing field
variations are taken into account in the field valueHl .

In order to perform semiquantitative computer simu
tions, we have to estimate the time scale and space pa
eters for the investigated magnetization-reversal proc
from experimental data. As discussed below, the magn
field dependence of the mean domain-wall velocityv has
allowed us to deduce the local coercive field distributi
f (Hl) over a wide field region. This distribution satisfies t
usual normalization condition

E
0

`

f ~Hl !dHl51. ~2!

In the low-field regime, only thermally activated stocha
tic wall motion takes place.15 Thus, as long asH̄p1

,*0
`Hl f (Hl)dHl and forH,940 Oe, the mean domain-wa

velocity can be written as

v~H !5v0E
0

`

f ~Hl !exp@a~H2Hl !#dHl

5v0 exp@a~H2H̄p1!#. ~3!

The above conditions are fulfilled in our experimen
case, whereH is smaller than 750 Oe. In the high-field re
gime, i.e., forH higher than 1.2 kOe (H.H̄p2), we are
entirely in the viscous-wall motion regime, so that

v~H !5v01mE
0

`

f ~Hl !~H2Hl !dHl5v01m~H2H̄p2!.

~4!

The values ofH̄p1 andH̄p2 were found experimentally to b
close to each other.15We shall assumeH̄p15H̄p25H̄p in the
following.

Let us now focus on the low-field stochastic regime (H
,750 Oe) in which our domain observations were done
order to describe the magnetization reversal, it is enoug
consider a unit area with periodic boundary conditions c
taining a single nucleation center~this area is inversely pro
portional toc, the concentration of nucleation centers!. This
description is useful for deducing analytical expressio
which support numerical simulations of the magnetizat
processes, as discussed in Sec. IV B. The most conven
way to fulfill periodic boundary conditions is to consider th
magnetization reversal of the surface 4pR25c21 of a ferro-
magnetic sphere of radiusR. Starting from a magnetically
saturated sphere att50, the magnetic-field-induced domain
wall motion causes the demagnetization of a fraction a
c(t) at time t such as

c~ t !5sin2F 12R E
0

t

v~ t8!dt8G . ~5!

This expression holds for a domain-wall-dominat
magnetization-reversal phenomenon initiated from only f
nucleation centers, which is the case in the consideredtCo
58 Å thick sample whenH,0.75H̄p .
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In a steady fieldHd the mean wall velocity is found to be
constant so that theS1(2) demagnetized state is realized f
c(t)50.5 at a timet1/2(Hd) given by

t1/2~Hd!5
pR

2v0
exp@a~H̄p2Hd!#. ~6!

It is then interesting to relate the coercivity to pertinent p
rameters, in particular the constant field sweeping rates used
in hysteresis loop measurements. Then, starting from exp
sion ~5! and considering thatH5st, we deduce

c~H !5sin2F v0
2asR

e2aH̄p~eaH21!G
>sin2F v0

2asR
ea~H2H̄p!G

5sin2F p

4ast1/2~Hd!
ea~H2Hd!G . ~7!

The coercive field valueHc , measured from the hyster
esis loop at a fixed field-sweeping rate, is determined w
c(H)50.5, i.e.,

Hc5H̄p1
1

a
lnFpasR

2v0
G ~8a!

or

Hc5Hd1
1

a
ln@ast1/2~Hd!#. ~8b!

As already demonstrated,3 the coercive field varies loga
rithmically with the field-sweeping rate, but also depends
the nucleation center concentration sinceR;c21/2.

Then the pertinent set of parameters used later in sim
tions is evaluated from experimental data. The mean dom
wall velocity v was measured over a wide range of magne
field ~Refs. 2 and 4 and Fig. 6! for the tCo58 Å thick cobalt
film. The v(H) dependence over the two field regimes c
be exactly modeled from expressions~3! and~4! only if one
consider an asymmetricf (Hl) distribution function. Thus we
constructed it from two halves of Gaussian functions w
different widths~Fig. 7!:

f ~Hl !5AH expF2SHl2Hmax

DH1
D 2G

expF2SHl2Hmax

DH2
D 2G

if Hl,Hmax,

if Hl.Hmax
, ~9!

whereA is a normalization factor. The shape of thef (Hl)
distribution function varies from sample to sample and d
pends only on details of their nanostructure.DH2 gives rise
to the high-field tails of the hysteresis loop.

The experimentalv(H) variation~Fig. 6! is well fitted by
the theoretical curve using the set of parametersv0
5420 cm/s, a50.035 Oe21, m513.9 cm/s Oe, Hmax
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51166 Oe, DH1586 Oe, and DH25125 Oe. The mean
propagation fieldH̄p51107 Oe@expression~3!# can be cal-
culated from the knowledge of thef (Hl) function. This
means that the viscous regime becomes more efficient th
the thermally activated one at fields larger thanH̄p . The
fitting errors are estimated to be typically 1% ofHmax, a few
percent ofDH1 , DH2 , anda. Since the available range of
high-field values in the pure viscous regime was too limite
in our experiments, larger errors up to 40% can be done
v0 andm.

An asymmetry of thef (Hl) distribution is needed to fit
accurately thev(H) data. There is no reasonable physica
basis to assume a symmetricHl distribution aroundHmax
since it is related to the Co thickness distribution or to th
variable exchange interaction between patches. The value
DH1 andDH2 depend drastically on the involved local de
fects and on the sample preparation conditions.

From thea parameter value the mean activation volum
Vp55310219 cm3 is estimated. Inserting the values of the
parametersv0 anda and of the calculatedH̄p mean propa-
gation field into expression~6!, it is possible to deduce a
concentration of nucleation centersc52.13103 cm22 for
theRD process taking into account that the sample dema
netizes from the saturation state in a timet1/2535.5 s
when applyingHd5700 Oe. This value ofc is consistent
with our experimental observation of fewer than one nucl
ation center per 1.531024 cm2 area~Fig. 1!. We also deduce
Hc5784 Oe from expression~8b! for s515 Oe/s, a coercive
field which is very close to the experimentally measure
value ~Fig. 2!.

B. Computer modeling and numerical simulations

Computer simulations of the spatial and tempor
magnetization-reversal phenomenon have been performed
a (2003200)-cell square lattice. Considering the value o
the nucleation centers concentration for theRD process, we

FIG. 6. Domain-wall velocityv̄ measured~j! as a function of
the applied fieldH ~Ref. 4!. The solid curve is a fit with the theo-
retical function @expression ~3!# using parameters valuesv0
5420 cm s21, a50.035 Oe21, m514.7 cm/s Oe, and thef (Hl)
distribution function@expression~9!# shown in Fig. 7.
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FIG. 7. f (Hl) distribution function of the coercivity used in
calculations with parametersHmax51166 Oe, DH1586 Oe, and
DH25125 Oe.

FIG. 8. Simulated domain patterns for an array of identical ce
taking Hl5H̄p51107 Oe, starting from a saturated spin-dow
~black! state and applying a fieldHd5700 Oe. In theRD process
we successively obtain theM520.6MS and demagnetizedS1

state~b!. The field is reversed afterwards (Hd52700 Oe) to real-
ize aRI process. The last image~c! presents a restored magnetize
M520.6MS state.
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FIG. 9. Simulated magnetization relaxatio
curves ~solid line! under a fieldH57700 Oe
compared with experimental data~d! for ~a! an
array of identical cells having the same coercivi
Hl5H̄p51107 Oe; this case corresponds to d
main patterns shown in Fig. 8; and~b! a sample
characterized by thef (Hl) distribution function
of local coercive fields~Fig. 7! randomly distrib-
uted in space; this case corresponds to dom
patterns presented in Fig. 10.
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are able to simulate the magnetization reversal over
L3L area, whereL5c21/25220mm. This leads to a cel
length d51.1mm, which is larger than the elementa
propagation lengthl p5(Vp /tCo)

1/2 equal to 250 Å. Thus one
assumes that the previously considered local coercive
distribution functionf (Hl) is still valid at the micronic scale

In simulations, we consider that the magnetization rev
sal by domain-wall motion starts from a spin-reversed nuc
ation region of 10310 cells chosen at the center of the la
tice. This process is characterized by a switching timetp of
a cell interacting with its reversed neighbors such as

tp~Hl ,H !5Vd/v~Hl ,H !, ~10!

whereHl is the local coercive field of a given cell, an
v(Hl ,H) is given by expressions~1! in the two regimes. The
V parameter is used to rescale the computer step unit to
time; in a very simple model, it could be equal toL/d, a ratio
equal to 43 in the present case. However, to reproduce
by simulations the experimental aftereffect timet1/2(Hd
5700 Oe)535.5 s, we have to fixV58.6. Considering the
huge sensitivity oft1/2 with the applied field value, this dif-
ference may be accounted by uncertainties on field cali
tion ~of the order of 5%! between imaging@measure of
v(H)# and magnetic relaxation experiments.

Now let us consider an elementary magnetization-reve
process occurring during a computer stepDt in the neigh-
borhood of a previously switched cell. The reversal proc
n
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ell

a-

al

s

is first examined in cells (Hl,H) where the viscous regime
occurs; thus, we definetmin as the shortest time for switchin
the examined cell over all possible paths. Then the slo
stochastic switching regime (Hl.H) is investigated taking
into consideration the surrounding cells. The magnetizati
switching probability in these unreversed cells is expres
by

P512)
i51

z

@12Dt i /tp#, ~11!

where the product is calculated over all thez neighboring
cells and theDt i is defined as~1! the real timeDt of a
computer step if the cell has been reversed in former st
~2! Dt i50 if the cell is not reversed, or~3! Dt i5Dt2tmin if
the cell has been reversed in the current simulation s
Note that, since in our domain-imaging experiments~Fig. 4!
the applied field is far smaller thanH̄p , only the stochastic
domain-wall motion regime is efficient and in this ca
tmin50.

First of all, we analyze the directRD and indirectRI mag-
netization processes in the simplest case of an array of id
tical cells, i.e., whenHl5H̄p for all l values. Let us start
from a single spin-down domain state~in black!. The com-
puted evolution of a spin-up domain~in white! in a positive
magnetic fieldH smaller thanH̄p and the related relaxation
of the magnetization are presented in Fig. 8 and by the s
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FIG. 10. Simulated evolution of the domain pattern for an array of cells with local coercivity obeying to thef (Hl) distribution function
randomly and distributed in space, starting from an initially saturated spin-down~black! state and induced by the following sequen
of applied fields: ~i! Hd51700 Oe: M520.8MS ~a! and demagnetizedS1 ~b! states. The growing size of a quasihomogeneous spin
domain upon the directRD process is illustrated.~ii ! At state ~b! the field is switched toH52700 Oe. The Swiss cheese state~c! (M
520.8MS) is obtained via theR

I process~iii ! At state~c! the field is switched again toH51700 Oe. The images~d! and~e! correspond
to M520.4MS andM50 states, respectively. The memory effect is clearly evidenced by the reconstruction~e! of the initial ~b! domain
structure.
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curve of Fig. 9~a!, respectively. As expected, in the pu
viscous regime, i.e., whenH.H̄p , we obtain a uniform
steady motion of the magnetization front. On the simula
images~Fig. 8!, for an array of identical cells, we obviousl
find that the directRD and indirectRI magnetization pro-
cesses measured at the same field are nearly symmetric
time, as also depicted on the magnetic relaxation~solid
curve, Fig. 9!. Temporal randomness of domain-wall motio
is only responsible in this case for the roughness of the w
boundary~Fig. 8!. For theRI process, we experimentally fin
that the nonreversed areas of the Swiss cheese domain s
ture ~Fig. 4! grow inside the spin-up state; from simulation
d

ith

ll

uc-
,

we show that this behavior is not expected for a sample w
uniform coercivity. So the spatial randomness of the lo
coercive field needs to be considered in real cases fo
proper description of the studied magnetization-reversal p
cesses in addition to the temporal randomness.

For a direct comparison between simulation and exp
mental data, one has to consider that the coercive fieldHl of
the different cells is distributed in both space and magnitu
A spatial random distribution is then assumed forHl . This is
valid when the spatial correlations between cells are we
The heterogeneous sample model describes quantitat
well the asymmetry between the relaxation of the magn
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zation forRD andRI processes~solid curve, Fig. 9! as well
as the hysteresis loop and initialRD andRI magnetization
curves ~Fig. 2!, in particular the experimental values o
Hm
I , Hm

D , andHc at the used field-sweeping rate.
The corresponding simulated domain structures, obtai

for H5700 Oe, are shown in Fig. 10. In theRD process the
quasihomogeneous spin-up domain structure looks simila
our experimental observation@Figs. 4~a!–4~c!#. This is true
for the domain-wall jaggedness as well as for the existe
of remaining nonreversed regions. These phenomena
connected with both stochastic domain-wall motion in a l
tice containing small-size magnetically ‘‘harder’’ region
with a largerHl value. TheR

I process, initiated here in
negative field, gives rise to a drastically different behavi
The most crucial difference is that the boundaries of the
magnetized area remain almost at rest, and the spin-d
reversal is mainly concentrated inside the spin-up state@com-
pare Fig. 10 and Figs. 4~d!–4~f!# demonstrating that the
switching is much more rapid in the Swiss cheese state
theRI process. This effect is associated with the presenc
a large number of effective nucleation centers in the Sw
cheese state for theRI process. The presence of the doma
shape-memory effect@Fig. 4# is also evidenced by simula
tions @Figs. 10~d! and 10~e!#.

The curves corresponding to the accommodation mag
tization processes induced by sequences of successive
pulses were also simulated~Fig. 5, right!. The periods of the
field pulses are taken according to experimental ones.
qualitative good agreement between simulations and exp
mental results can be noticed both in small-@Fig. 5~a!# and
high- @Fig. 5~b!# field regimes.

V. DISCUSSION AND CONCLUSION

The field-induced magnetization reversal in ultrathin film
with perpendicular anisotropy is governed by the magn
film nanostructure, i.e., the defects localized at the fron
between crystallites, the size of atomically flat terraces, e3

In low fields the magnetization reversal is thermally ac
vated. In our Au/Co/Au ultrathin films, the mean size
activation volumesVp was estimated to be about 250 Å,

4 and
results from a balance effect between the cobalt crysta
size~70–100 Å!, the domain-wall width, and the size of fla
gold terraces~250 Å!.

As a consequence, the structural defects control the l
field-induced domain structure to a much greater extent t
magnetostatic effects, by opposition to the usual situatio
thicker films. These defects give rise to a spatial distribut
er
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of local coercive fields. Thus, in a directRD process, when
the magnetization reversal is dominated by a domain-w
motion mechanism, a quasihomogeneous domain structu
first created. This structure, called the Swiss cheese s
consists of a large magnetized area having inside many s
nonreversed entities located at magnetically ‘‘harder’’
gions. The lacunarity of this state is obviously reduced wh
increasing the duration or magnitude of the applied fie
These nonreversed entities act as many nucleation ce
when the magnetic field is subsequently reversed~RI pro-
cess!. Therefore a strong difference in dynamic behavior b
tween directRD and indirectRI magnetization processes ca
be evidenced on magnetic aftereffect relaxation curves
more directly on the time dependence of the magnetic
main structure. The study of the dynamics of theRD and
RI processes could be used to determine the coercive
distribution function.

The distribution function of local coercivities can be d
termined from the experimental field dependence of
domain-wall velocity. Thus the role of sample defects
remagnetization processes may be tested by computer s
lations based on the model of a patchy nonhomogene
film. Simulation results are found to be in good quantitati
agreement with experimental data from a spatial and tem
ral point of view. In particular, the topology of the doma
patterns and memory effects are analyzed in the frame of
magnetization-reversal dynamics.

As in thicker films,17 a direct consequence of a nanosca
distribution of the coercivity is the domain-boundary jagge
ness. The domain-wall roughness can be evaluated in
ultrathin Co film by measuring its fractal dimension.4 Thus
more work has to be done in the future to relate the doma
wall fractality and the domain lacunarity to the applied fie
and local field distributions.

Our realistic computer simulations could be also appl
to explain in details the experimental data obtained on
domain structure and wall jaggedness in thicker TbFe
films and Co/Pt multilayers,17–20which stand as very prom
ising magneto-optical recording media.

ACKNOWLEDGMENTS

The authors are grateful to M. Galtier for the samp
preparation and characterization. We thank Dr. J. P. Jam
Professor J. Pommier, Dr. A. Stankiewicz, and Professor
Sukstanski for helpful discussions and comments. This w
has been performed in the frame of the European Hum
Capital and Mobility project Nb. ERB CHRX CT 930316 o
‘‘Magnetic properties of novel magnetic structures.’’
tt.

J.

re
1U. Gradmann, inHandbook of Magnetic Materials, edited by K.
H. J. Buschow~Elsevier Science, New York, 1993!, Vol. 7.

2J. Pommier, P. Meyer, G. Pe´nissard, J. Ferre´, P. Bruno, and D.
Renard, Phys. Rev. Lett.65, 2054~1990!.

3P. Bruno, G. Bayreuther, P. Beauvillain, C. Chappert, G. Lugg
D. Renard, J. P. Renard, and J. Seiden, J. Appl. Phys.68, 5759
~1990!.
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