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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 stru@u/€o/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 largd §ielpplied perpendicular to the film,
this demagnetized state is created through magnetic aftereffects in alfjedohtiparallel but smaller than
Hs and applied during a selected time. DireBP) and indirect R') magnetization processes are then studied
from this state for application of the field parallel and antiparalleHtp, respectively. The dynamics of the
magnetization reversal is much faster for Rleprocess 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 f®®® and R' magnetization processes.
[S0163-18297)02122-X

. INTRODUCTION on Au(111).>® By Faraday microscopy a metastable micro-
metric magnetic domain structure has previously been evi-
Ultrathin metallic magnetic films stand as model systemsdenced in Au/Co/A(L11) sandwiches during magnetization
for investigating magnetism in two dimensions and studyingeversal in a magnetic fiefdThe magnetization reversal dy-
the important role of interfaces. New preparation methodsiamics in the considered sample may be successfully ex-
under ultrahigh vacuum enable us to grow ultrathin-filmplained assuming domain-wall pinning at the boundaries of
structures of high quality with sharp interfaces. This enabledhatural patches, related to the nanocrystalline structure of the
recently the performance of fundamental studies on the mag=o layer, or at the limit of atomically flat Co terract$’
netic moment interface enhancement, the role of the surfacéhen one has to consider some distribution of the exchange
magnetic anisotropy, and phase transitfcarsd the engineer- interaction between patches and of the anisotropy depending
ing of materials exhibiting new exciting properties for appli- upon the patch thicknessThis consequently provides a dis-
cations. tribution of local coercivities which affects the
Dynamic effects control magnetization reversal in ultra-magnetization-reversal process. For example, starting from a
thin magnetic films with perpendicular anisotrdpjNano- demagnetized state obtained from a magnetically saturated
scale crystallographic inhomogeneities or defects have aample after applying a field perpendicular to the film plane,
strong influence on the magnetic domain shape and on then asymmetry between magnetization processes induced by
magnetization-reversal dynamics. The aim of the preseritup-" or “down-"oriented fields has been recently ob-
study is to report on perpendicular-field-induced magnetizaserved in Au/Co/Alf.
tion reversal in a gold-sandwiched ultrathin Co film and to A detailed study of the magnetization-reversal phenom-
give a spatial and temporal description of the switching pro-enon, based on domain imaging and magnetic aftereffect ex-
cess supported by realistic computer simulations. Ultrathirperiments in Au/Co/Au sandwiches, is presented, discussed,
Co layers {c,=8 A) with weak surface roughness guaranteeand compared to simulations. In Sec. Il, we describe the
a perpendicular magnetic anisotrémnd magnetization re- main properties of the considered sample and our experimen-
versal through domain-wall motich. tal setup. The results concerning domains and magnetization-
Let us recall that domains of micrometric size have al-reversal dynamics starting from a well-defined demagnetized
ready been observed by scanning electron microscopy witktate are reported in Sec. Ill. Simulations on the domain dy-
polarization analysis in virgin ultrathin cobalt films deposited namics are presented and compared to experimental results
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FIG. 1. Starting from a spin-dow(in black)
or spin-up(in white) saturated state, the applica-
tion of a positive(a), (b) or negative fieldH 4 (c),
(d), respectively, induces first a reversed-
magnetized nucleation center. The spin-up or
spin-down domain nucleation is well localized in
the upper left corner of the imagés and(c), as
shown here after applying a positive or a negative
field Hy=*720 Oe duringt=1s. Leaving the
same positiveb) or negative(d) applied field, a
domain structure develops from the nucleation
center. The patterné) and (d) are then shown
aftert=8-s.

in Sec. IV. A general discussion and some conclusions folization of the light!! A high spatial resolutiori0.5 xm) Far-

low in Sec. V. aday microscope, equipped with a sensitive charge-coupled-
device camera and subsequent image proces$iatipws
magnetic domain visualization. We report only on room-

Il. SAMPLE AND EXPERIMENTAL SETUP temperature measurements.

The preparation and structural properties of Au/Co/Au

;andwiphes, grownlé)n a glass substrate, have.bee_n repqrted IIl. EXPERIMENTAL RESULTS
in previous paper3’® The present magneto-optical investi-
gations are performed on a 50 A)/Co(8 A)/Au(50 A) In real ultrathin magnetic films, all kinds of crystalline

sandwich. The Co film is grown on 250-A-thick fcc i 1) defects, such as dislocations and atomic steps, play an im-
buffer layer deposited on float glass. After annealing, theportant role on the domain structure and wall jaggedness.
gold crystallites have a lateral size of about 2000 A. TheirTherefore the demagnetizet/i=0) state of a real sample
surface consists of atomically flat terraces with a typical size&eannot be simply calculated as usual for an ideal film by
of 250 A. The cobalt film grows on Ad11) with a polycrys-  minimizing the overall exchange and magnetostatic energy.
talline hcp(000)) structure, and it axis is closely oriented The spatial distribution of local energy minima related to
perpendicularly to the film surface. The cobalt crystallites ardilm defects described above explains well why the magnetic
slightly misoriented in the plane from each other by less tharlomain structure depends so strongly on the magnetic his-
2° and their lateral dimension is about 200 A, while flat Cotory of the sample. Consequently, we have to take into ac-
atomic terraces extend over 70-100 A. count the distribution of local coercivities. In general, large-
Usually, the magnetization-reversal process occurs via thecale simulations are then necessary for mapping the
nucleation of small reversed domains followed by the propamagnetization in these structures. For example, the
gation of their domain walls. Nucleation-dominated or wall- magnetization-reversal behavior has been studied at zero
propagation-dominated reversal mechanisms can be eviemperature in thick films with a disordered patchy latfice.
denced, depending on the sample thickness and micro-
structuré? Our 8-A-thick Co film is chosen to exhibit the
second behaviotFig. 1). Note that, in our case, a domain
nucleates always at the same “magnetically soft” extrinsic In our present studies, the demagnetized state is obtained
center for reversed magnetic fields. Since the nucleation fiellly the following procedure. The sample is first magnetized at
exceeds the propagation field, such a sample exhibits a vefyll saturation in a field of 4 kOe, larger than the coercive
square magnetic hysteresis logfig. 2). field H.=770 Oe. A single “spin-up” or “spin-down” do-
Magneto-optical Faraday magnetometry is used to probenain state is then created. An inverse fiele-|Hy| (such as
the out-of-plane component of the magnetization over a largéH 4| <H.) is suddenly applied during a fixed tinte=t;,, to
sample area of about 1 nffmThe magnetic field is always reverse exactly half of the magnetization through the mag-
applied perpendicular to the film. These measurements ametic aftereffect mechanism. The field is then switched rap-
realized using a modulation technique of the state of polaridly to zero in order to freeze the resulting magnetic domain

A. Initial demagnetized state
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pattern in a demagnetized state with no net magnetization apin-up state, consistently with a domain-wall motion domi-
it can be visualized by magnetooptical microscdigs.  nated mechanisfiThe R® magnetic relaxation in a positive
1(b) and Xd). Since this pattern does not evolve during thisfield H=H,, but initiated from theS"(H,) demagnetized
last procedure, we conclude that the magnetization-reversiblstate, follows exactly the same relaxation I&h\(Hy,t) as
process is inefficient for our sample. According to the mag-that exhibited in Fig. &) for t>t;,(H,). As expected,the
netic aftereffect behavior, a convenient choiceHyf and  magnetic relaxation is strongly accelerated when increasing
t1, allows us to realize easily this demagnetized state. Therthe field value, betweeH ;=660 and 700 O¢Fig. 3@)].

exists obviously a complete symmetry between the magnetic
domain configurations obtained when starting from spin-up 1
or spin-down saturated states and applying negative or posi

tive magnetic fields with the same value during the same <
time. The demagnetized states generated from either th¢ S
spin-up (in white) or spin-down(in black) single-domain =
states(Fig. 1) will be calledS™ (H) if Hy4<0 andS" (H,) if 0
Hy4>0, respectively.

H, =700 0¢

B. Magnetization mechanisms

Let us consider simple magnetization processes starting -1 Al ! .
from one of the two demagnetiz&df (H,) states. Two dis- 0 t,,50 100 150 [s]
tinct cases have to be considered: A “direct” magnetiza-
tion procesRP corresponds to an applied figttl having the
same sign aBly, and an “indirect” proces®' occurs when
H is opposite tdH4. The two magnetization curves obtained
for R® and R' processes starting, for convenience, either
from theS* (740 Oe) orS™ (— 740 Oe) demagnetized states,
respectively, and the hysteresis loop measured with the sam
field sweeping rate are reported in Fig. 2. Up to applied field
values H? =670 Oe andH! =480 Oe (both smaller than
H.=770 08¢, respectively for th&kP andR' procedures, the
susceptibility remains vanishingly small, but increases rap-
idly at higher fields. For th&P process the field necessary to
reach the saturation of the magnetization is closeHtn : :
determined as usual from the hysteresis loop, while for the -1k a— X -

R' process only a smaller field is required. t, 50 100 150 t[s]

Let us consider now the dynamics of the dir&& mag-
netization process. Starting from a spin-down saturated state, |G, 3. Dynamics of théa) R°(S*) and (b) R'(S™) processes
the sudden application of a positive fietty (Hy<H¢) pro-  under fieldH=+|Hg|, respectively, with/Hy|=660 or 700 Oe.
vides the wusual time-dependent magnetic aftereffeciote the faster magnetic relaxation for tRé process at the same
M(Hq,t) [Fig. 3@] which rises up to reach the saturated field value.
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Starting now from a spin-up saturated state and applying ¢
reverse fieldHy<0, one obviously obtains a symmetric
M(H4,t) relaxation behaviofcompare the corresponding
curves in Figs. @) and 3b) for t<ty,(Hg)]. For theR!
process a positive fielth=|H4| is subsequently applied at
the demagnetized state, i.e., fort5(Hy). The dynamics
of the R' magnetization process is much fasfeig. 3b)]
than for theR® process at the same fidlfig. 3a)].

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

The images of the Figs.(d—4(c) illustrate well the evo-
lution of the magnetic domain structure after applying first a
field Hy=700 Oe at timet=0 on a spin-down(in black)
single-domain state, which corresponds to the magnetic af
tereffect data reported in Fig.(& measured on a larger
sample area. As already shown in Fig. 1, after nucleation a
timet=0, in a region which is presently located outside from
the field of view of our microscope a lacunary spin-{ip
white) domain expands by wall motion at the expense of the §
initial spin-down state. It results in a quasihomogeneous
large domain structure in which only small nonreversed spin-
down areas are embedded inside the created spin-up magn
tized state[Figs. 4a)—4(c)]. We call this magnetic state a
“Swiss cheese” structure. As we shall see later, the exis-
tence of remaining nonreversed entities can be explained as §
suming a distribution of the local coercive force. Such an
effect is predicted in inhomogeneous patchy materials for
which domains expand by avoiding the hardest magnetic re -
gions. The local magnetization in these last regions switches
Eg%gLisg'\éelym‘;’mvsitﬂlseallgped:j&t.leaSt at c;]ur o_ptlcal rgsoltuh width 150 wm) starting from an initially saturated spin-down

. M psed time or when increasing the sample(in black) induced by the following sequence of magnetic
applied field. o . fields: (i) positiveH,=H4=700 Oe[images(a)—(c)] applied dur-

Th(Da asymrlnetry of the magnetization rela.xatlon. betweer; gt/ =6s(a), ty =95 (b), andt; =11s(c). The directR® pro-
the R™ and R' processes can therefore be I.nvestlgatled b¥ess is illustrated as the development of a quasihomogeneous
applying an inverse negative field with amplituté|=H,,  spin-up domain(in white). (ii) In order to study th&!' magnetiza-
(Fig. 2). Figures 4d)—4(f) illustrate theR' process starting tion process starting from thg™ state, the magnetic field was then
from the nearly demagnetized ste®é (Hy=700 Oe)[Fig.  reversed suddenly. Starting from the stétg the field is reversed
4(c)] and after applying a negative fieldl= —550 Oe witha to H,=—-5500e and during, =7s (d), t, =25s (e); and t,
magnitude smaller thaH4. Such a behavior corresponds to =100 s(f). (iii) At state(f) a positiveHz=|H,|=550 Oe field is
the R' magnetic relaxation shown above in FighB but  applied[images(g) and(f)] duringt; =10 s(g) andt; =100 s(h).
recorded here under a weaker applied field in order to slovi memory effect is revealeftompare imagetc) and (h)].
the dynamics and obtain time-dependent magnetization
changes comparable to the direct process. The magnetization
reversal occurs through domain-wall motion initiated from atending to reconstruct the initi@" state[compare Figs. @)
large number of spin-down entitid&igs. 4d)—4(f)] which ~ and 4h)]. This phenomenon deals with a domain-structure-
act as an assembly of nucleation centers. The considerédiape memory effect due to the fact that the magnetization
magnetization-reversal dynamics is obviously accelerated iRrocess goes on, as was mentioned above, in magnetically
the R' process because, first, the sum of the perimeters limsofter areas. _
iting the spin-down entities by far exceeds the length of the The magnetic accommodation phenomenon generated
main boundary separating the initial spin-up and spin-dowrfrom a magnetization procedure starting from the
quasihomogeneous statdgg. 4(c)], and next the magneti- S (—740 Oe) demagnetized statéig. 5, leff is also stud-
zation process now takes place at all magnetically softer re€d. Minor magnetization loops resulting from the applica-
gions. tion of a sequence of alternated rectangular magnetic field

Switching the magnetic field again along the positive di-pulses with amplituded [Fig. 5(c)] are recorded. For rela-
rection, we still observgFigs. 4g) and 4h)] fast changes of tively small field valuesH,,<H<H(, we observe[Fig.

the magnetization due to the expansion of the spin-up phas#a)] that successive magnetization extrema slightly decrease

FIG. 4. Time evolution of the magnetic domain struct(ireage
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FIG. 5. Magnetic accommodation phenomefa,(b)] induced by a sequence of successive rectangtildt| field pulses(c). The
measurements are performed starting from $hé— 740 Oe) demagnetized sample state. Experimental (@zftase) and corresponding
simulations(right se} in the (a) low- (H=530 Oe) andb) high- (H=590 Oe) field regimes.

to stabilize finally at a constant value. At the same time thecesses starting from the knowledge of pertinent physical pa-
total amplitude of the oscillations remains nearly constant. rameters. These parameters are either deduced from previous

For stronger fieldsrﬂ>H,?1) [Fig. 5(b)], but smaller than experimental dafaor extracted from the analytical expres-
the coercive fieldto avoid the saturation of the magnetiza- sions of observable quantities such as the coercivity and
tion), the maximum magnetization value increases progrest,, as presented below. Magnetization processes are depen-
sively with time up to reach a symmetric variation of the dent upon two mechanisms, namely, the nucleation of do-
magnetization between almost-saturated spin states. Then gfrains and the domain-wall motion. In accordance with our
ter applying a strong enough field the Swiss cheese phasgesented experimental datgig. 1), the thermoactivated
spreads over the whole sample area. nucleation of many centers is negligible at room temperature.
We then suppose in the following that the numbef origi-
nally created nucleation centers per surface unit does not
depend on time at a given field.

A detailed theoretical description of magnetization pro- Extrapolating previous experimental resdis, we as-
cesses in high-defect-density thin and ultrathin films is lim-sume that local domain-wall motion is governed either by a
ited by some serious mathematical problems. Even a detethermally activated pinning mechanism or by viscous motion
mination of the static distribution of the magnetization inin an external magnetic fieltl smaller or higher than the

such systems faces many difficulties. The influence of hetipcal coercive fieldH, , respectively. The local wall velocity
erogeneity on the magnetization processes in thick filofis ;, may then be expressed as

about 500 A was examined af = 0.*® Reversal dynamics in
ultrathin magnetic films have been recently investigated by
computer simulation¥® Unfortunately, these simulations
were done for patchy samples having an homogeneous coer-
civity which cannot reflect the experimental reality in the vi(H)=vo+u(H—H)) if H>H,, (1b)
present case.

IV. THEORETICAL ANALYSIS
OF THE MAGNETIZATION PROCESS

U|(H):erxn:a(H_H|)] if H<H|, (la)

with @=2MgV,/kT, where Mg stands for the saturated
magnetizationV, is the activation volume for propagation,

To describe our experimental results, we have carried out is the Boltzmann constant, andis the domain-wall mo-
numerical computer simulations of the magnetization pro-ility.

A. Simple description and model choice
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The main part of the demagnetizing energy in ultrathin In a steady fieldH, the mean wall velocity is found to be
films with large magnetic domains only renormalizes the anconstant so that th6"(7) demagnetized state is realized for
isotropy energy® In our model local demagnetizing fields (t)=0.5 at a timet;,,(Hg) given by
variations are taken into account in the field valie

In order to perform semiquantitative computer simula- 7R —
tions, we have to estimate the time scale and space param- tydHa) = 5~ exda(Hy,—Hq) |- (6)
eters for the investigated magnetization-reversal process 0
from experimental data. As discussed below, the magnetig is then interesting to relate the coercivity to pertinent pa-
field dependence of the mean domain-wall velocithas  rameters, in particular the constant field sweeping satsed
allowed us to deduce the local coercive field distributionin hysteresis loop measurements. Then, starting from expres-
f(H;) over a wide field region. This distribution satisfies the sion (5) and considering thatl =st, we deduce
usual normalization condition

L Vo  _H.
» H)=sir? e “Hp(eeH -1
0
=sirg| U0 gatH-Hy)
In the low-field regime, only thermally activated stochas- =sim 5 sr® P
tic wall motion takes plac® Thus, as long asH pl )
<[oH,f(H,)dH, and forH <940 Oe, the mean domain-wall o ™ a(H—Hy)
. ) =si|———— e d 7
velocity can be written as | 4asty(Hy)

The coercive field valuél., measured from the hyster-

U(H):Uofo f(H)exda(H—H))]dH, esis loop at a fixed field-sweeping rate, is determined when

_ $(H)=0.5, ie.,
=vg exgda(H—Hp)]. 3
— 1 TaSR

The above conditions are fulfilled in our experimental He=Hp+ — In % (89)
case, wheréd is smaller than 750 Oe. In the high-field re- 0
gime, i.e., forH higher than 1.2 kOeH{>H_;), we are or
entirely in the viscous-wall motion regime, so that

1
® — He=Hg+ — In[asty(Hg)]. 8b
U(H)=00+Mfo f(H)(H=H)dH =vo+ u(H—Hpp). Tt g InlastudHa)] (8
(4) As already demonstratédthe coercive field varies loga-

rithmically with the field-sweeping rate, but also depends on
the nucleation center concentration siRe ¢~ 2
. Then the pertinent set of parameters used later in simula-
following. . ) ) :
) . . tions is evaluated from experimental data. The mean domain-
Let us now focus on the low-field stochastic regimé ( . ; )
wall velocity v was measured over a wide range of magnetic

<750 Oe) in which our domain observations were done. Infield (Refs. 2 and 4 and Fig)8or thete,=8 A thick cobalt

order to describe the magnetization reversal, it is enough tﬁlm The v(H) dependence over the two field regimes can
consider a unit area with periodic boundary conditions con; v P 9

. ! . . 7 be exactly modeled from expressiof® and(4) only if one
taining a single nucleation centéhis area is inversely pro- : o .
portional toc, the concentration of nucleation cenbershis cons;dertag zi[s%/mmettrfc( ';')I dlstnt;ugon fu_nctu;n. Tthus We'th
description is useful for deducing analytical expressionsg%t1S rui: e'dtlh Eg.m ;)vo alves of aussian functions wi
which support numerical simulations of the magnetization inerent widthst=1g. £)-
processes, as discussed in Sec. IV B. The most convenient

way to fulfill periodic boundary conditions is to consider the
o

The values oH_pl andH_pz were found experimentally to be
close to each othér.We shall assumel ,;=Hp,=H, in the

magnetization reversal of the surfaceR?=c ! of a ferro- M) 2} if H<Hpax
magnetic sphere of radiuR. Starting from a magnetically F(H)=A AH,

saturated sphere &t 0, the magnetic-field-induced domain- : Hi—Hma 2 ) ,
wall motion causes the demagnetization of a fraction area expg — A—Hz) it H > Hpma
Y(t) at timet such as

(€)

I I S whereA is a normalization factor. The shape of theH,)
w(t)—smz{ﬁ fov(t )dt } (5) distribution function varies from sample to sample and de-
pends only on details of their nanostructuré\H, gives rise
This expression holds for a domain-wall-dominatedto the high-field tails of the hysteresis loop.
magnetization-reversal phenomenon initiated from only few The experimentad(H) variation(Fig. 6) is well fitted by
nucleation centers, which is the case in the considéggd the theoretical curve using the set of parametets
=8 A thick sample wheH <0.78H,,. =420cm/s, «=0.0350¢e?, =139 cm/s Oe, Hya
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FIG. 6. Domain-wall velocityy measured®) as a function of
the applied fieldH (Ref. 4. The solid curve is a fit with the theo-
retical function [expression (3)] using parameters values,
=420cm s, «=0.035 0e?, u=14.7 cm/s Oe, and thé(H,)
distribution function[expression(9)] shown in Fig. 7.

=1166 Oe, AH;=86 Oe, and AH,=125Oe. The mean
propagation fieldH ,=1107 Oe[expression3)] can be cal-
culated from the knowledge of th&(H,) function. This
means that the viscous regime becomes more efficient than
the thermally activated one at fields larger thidg. The
fitting errors are estimated to be typically 1%}éf,.,, a few
percent ofAH;, AH,, and «. Since the available range of
high-field values in the pure viscous regime was too limited
in our experiments, larger errors up to 40% can be done on
vo and u.

An asymmetry of thef(H,) distribution is needed to fit
accurately thev(H) data. There is no reasonable physical
basis to assume a symmettity distribution aroundH .
since it is related to the Co thickness distribution or to the
variable exchange interaction between patches. The values of
AH; andAH, depend drastically on the involved local de-
fects and on the sample preparation conditions.

From thea parameter value the mean activation volume
V,=5x%10 ' cm® is estimated. Inserting the values of the
parameters, and « and of the calculateti,, mean propa-
gation field into expressiof6), it is possible to deduce a
concentration of nucleation centecs=2.1x10° cm 2 for
the RP process taking into account that the sample demag-
netizes from the saturation state in a ting,=35.5s
when applyingH4=700 Oe. This value ot is consistent
with our experimental observation of fewer than one nucle-
ation center per 1810 4 cn? area(Fig. 1). We also deduce
H.= 784 Oe from expressiof8b) for s= 15 Oe/s, a coercive
field which is very close to the experimentally measured
value (Fig. 2).

B. Computer modeling and numerical simulations

FIG. 8. Simulated domain patterns for an array of identical cells,
taking H;=H,=1107 Oe, starting from a saturated spin-down
(black state and applying a fieldly=700 Oe. In theRP process

Computer simulations of the spatial and temporalye successively obtain tht1=—0.6Mg and demagnetize®"
magnetization-reversal phenomenon have been performed @gate(b). The field is reversed afterwardsi §= —700 Oe) to real-
a (200x 200)-cell square lattice. Considering the value ofize aR' process. The last image) presents a restored magnetized
the nucleation centers concentration for Rf& process, we M= —0.6M state.
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are able to simulate the magnetization reversal over ais first examined in cellsH;<H) where the viscous regime

LXL area, wherd.=c~Y?=220um. This leads to a cell occurs; thus, we define,;, as the shortest time for switching

length §=1.1 um, which is larger than the elementary the examined cell over all possible paths. Then the slower

propagation Iengtlhp=(Vp/tC0)1’2 equal to 250 A. Thus one stochastic switching regimeH(>H) is investigated taking

assumes that the previously considered local coercive fielthto consideration the surrounding cells. The magnetization-

distribution functionf (H,) is still valid at the micronic scale. switching probability in these unreversed cells is expressed
In simulations, we consider that the magnetization reverby

sal by domain-wall motion starts from a spin-reversed nucle-

ation region of 1 10 cells chosen at the center of the lat- z

tice. This process is characterized by a switching tipef P=1—H [1-AT/7], (17

a cell interacting with its reversed neighbors such as =1

_ where the product is calculated over all theneighboring
Tp(Hi, H)=Q4lv(H; . H), (10 cells and theAr; is defined as(1) the real timeAt of a
where H, is the local coercive field of a given cell, and computer s_tep if the. cell has been reversed in formeri steps,
v(H, ,H) is given by expressiond) in the two regimes. The (2) A7i=0 if the cellis not reversed, dB) A r;=At— 7y if
Q parameter is used to rescale the computer step unit to re§]€ Cell has been reversed in the current simulation step.
time; in a very simple model, it could be equallits, aratio  NOt€ thqt, since in our domain-imaging experime(f). 4).
equal to 43 in the present case. However, to reproduce well€ applied field is far smaller tha,, only the stochastic
by simulations the experimental aftereffect tinig,(Hgy domain-wall motion regime is efficient and in this case
=700 Oe)=35.5 s, we have to fiX)=8.6. Considering the 7min=0- _ o
huge sensitivity of,, with the applied field value, this dif-  First of all, we analyze the dire&®” and indirectR' mag-
ference may be accounted by uncertainties on field calibrad€tization processes in the simplest case of an array of iden-
tion (of the order of 5% between imagingmeasure of tical cells, i.e., wherH;=H, for all | values. Let us start
v(H)] and magnetic relaxation experiments. from a single spin-down domain statia black. The com-
Now let us consider an elementary magnetization-reversdiuted evolution of a spin-up domaiin white) in a positive
process occurring during a computer stepin the neigh-  magnetic fieldH smaller thanH, and the related relaxation
borhood of a previously switched cell. The reversal processf the magnetization are presented in Fig. 8 and by the solid
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FIG. 10. Simulated evolution of the domain pattern for an array of cells with local coercivity obeying téHedistribution function
randomly and distributed in space, starting from an initially saturated spin-dbiank) state and induced by the following sequence
of applied fields: (i) Hy=+700 Oe: M=—0.8Mg (a) and demagnetize8" (b) states. The growing size of a quasihomogeneous spin-up
domain upon the dired®® process is illustratedii) At state (b) the field is switched tdd=—700 Oe. The Swiss cheese stéte (M
=—0.8Mg) is obtained via thdR' procesdiii) At state(c) the field is switched again tbl = + 700 Oe. The image&l) and(e) correspond
to M=-0.AMg andM =0 states, respectively. The memory effect is clearly evidenced by the reconstrigtafrthe initial (b) domain

structure.

curve of Fig. 9a), respectively. As expected, in the pure we show that this behavior is not expected for a sample with
viscous regime, i.e., whehi>H,, we obtain a uniform uniform coercivity. So the spatial randomness of the local
steady motion of the magnetization front. On the simulatectoercive field needs to be considered in real cases for a
images(Fig. 8), for an array of identical cells, we obviously proper description of the studied magnetization-reversal pro-
find that the directR® and indirectR' magnetization pro- cesses in addition to the temporal randomness.

cesses measured at the same field are nearly symmetric with For a direct comparison between simulation and experi-
time, as also depicted on the magnetic relaxatiealid = mental data, one has to consider that the coercive figldf
curve, Fig. 9. Temporal randomness of domain-wall motion the different cells is distributed in both space and magnitude.
is only responsible in this case for the roughness of the walk spatial random distribution is then assumedHbr. This is
boundary(Fig. 8). For theR' process, we experimentally find valid when the spatial correlations between cells are weak.
that the nonreversed areas of the Swiss cheese domain stridie heterogeneous sample model describes quantitatively
ture (Fig. 4) grow inside the spin-up state; from simulations, well the asymmetry between the relaxation of the magneti-
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zation forRP andR' processegsolid curve, Fig. 9as well  of local coercive fields. Thus, in a direB® process, when
as the hysteresis loop and initiRP and R' magnetization the magnetization reversal is dominated by a domain-wall
curves (Fig. 2, in particular the experimental values of motion mechanism, a quasihomogeneous domain structure is
H!,, H2, andH, at the used field-sweeping rate. first created. This structure, called the Swiss cheese state,
The corresponding simulated domain structures, obtainegonsists of a large magnetized area having inside many small
for H=700 Oe, are shown in Fig. 10. In tfR’ process the nonreversed entities located at magnetically “harder” re-
quasihomogeneous spin-up domain structure looks similar tgions. The lacunarity of this state is obviously reduced when
our experimental observatidifFigs. 4a)—4(c)]. This is true  increasing the duration or magnitude of the applied field.
for the domain-wall jaggedness as well as for the existencénese nonreversed entities act as many nucleation centers

of remaining nonreversed regions. These phenomena at¥1en the magnetic field is subsequently reverégd pro-
connected with both stochastic domain-wall motion in a lat-C€S$: Therefoge a strong d|ff<|erence in dynamic behavior be-
tice containing small-size magnetically “harder” regions tWeen direcR® and indirectR' magnetization processes can
with a largerH, value. TheR' process, initiated here in a be evidenced on magnetic aftereffect relaxation curves or

negative field, gives rise to a drastically different behavior.M°"® directly on the time dependence of the magnetic do-

The most crucial difference is that the boundaries of the rem,aln structure. The study of the dy”am'CS of e a_nd ,
processes could be used to determine the coercive field

magnetized area remain almost at rest, and the spin-do M tribution function
reversal is mainly concentrated inside the spin-up $taim- o : . .
y P p$ The distribution function of local coercivities can be de-

pare Fig. 10 and Figs. (d)—4(f)] demonstrating that the . ) !

switching is much more rapid in the Swiss cheese state foliermlqed fr”0m lthe_t ex1[_)r(]ar|m;ehntal lf'eldf deper}degc;e (:f the

the R' process. This effect is associated with the presence oqomaln-wa velocity. Thus the role ol sample defects on
emagnetization processes may be tested by computer simu-

a large number of effective nucleation centers in the Swiss™,.
cheese state for tHe' process. The presence of the domain- ations based on the model of a patchy nonhomogeneous
film. Simulation results are found to be in good quantitative

shape-memory effedfig. 4] is also evidenced by simula- agreement with experimental data from a spatial and tempo-

tions[Figs. 10d) and 1ae)]. e@l point of view. In particular, the topology of the domain

The curves corresponding to the accommodation magn tterns and memory effects are analyzed in the frame of the
tization processes induced by sequences of successive fidlg L y ) yzed|
magnetization-reversal dynamics.

pulses were also simulatéHig. 5, righ). The periods of the C ST IR
field pulses are taken according to experimental ones. The. AS |n_th|cker films, a c_jlre_ct consequence of a na_noscale
qualitative good agreement between simulations and exper distribution of the coercivity is the domain-boundary jagged-
. : : ness. The domain-wall roughness can be evaluated in our
mental resul n noti h in sm . n . . 2 i .
ental results can be noticed bot sméfiig. Sa] and ultrathin Co film by measuring its fractal dimensibhus

high- [Fig. 5(b)] field regimes. more work has to be done in the future to relate the domain-
V. DISCUSSION AND CONCLUSION wall fractality and the domain lacunarity to the applied field
and local field distributions.

The field-induced magnetization reversal in ultrathin films Our realistic computer simulations could be also applied

with perpendicular anisotropy is governed by the magnetié0 explaln in details ghe eﬁpgrlmegtal da.ta oht?t?(lneqrgg tge
film nanostructure, i.e., the defects localized at the frontiefjomaln structure and wall jaggedness in- thicker eto

: ; 7-20 0 h
between crystallites, the size of atomically flat terraces® etc.?cIImS and Co/Pt multilayerS,**which stand as very prom-

In low fields the magnetization reversal is thermally acti-'SIN9 magneto-optical recording media.
vated. In our Au/Co/Au ultrathin films, the mean size of
activation volumed/, was estimated to be about 250'And
results from a balance effect between the cobalt crystallite The authors are grateful to M. Galtier for the sample
size(70-100 A, the domain-wall width, and the size of flat preparation and characterization. We thank Dr. J. P. Jamet,
gold terraceg250 A). Professor J. Pommier, Dr. A. Stankiewicz, and Professor A.

As a consequence, the structural defects control the lowSukstanski for helpful discussions and comments. This work
field-induced domain structure to a much greater extent thahas been performed in the frame of the European Human
magnetostatic effects, by opposition to the usual situation ilCapital and Mobility project Nb. ERB CHRX CT 930316 on
thicker films. These defects give rise to a spatial distributiori‘Magnetic properties of novel magnetic structures.”
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