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Magnetization reversal dynamics in ultrathin magnetic layers
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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 M&FCo/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 ratd$i(dt), by introducing both the thermally
activated and the viscous processes driving the wall mof80163-182806)06630-1]

I. INTRODUCTION plex competition between domain nucleations and domain-
wall motions. This modelization allows us to deduce a gen-
Current research on the ultrathin magnetic layers igral analytical expression of the magnetization
largely focused on the magnetic domain structure and th&1[H,(dH/dt)] describing all multidomain reversal pro-
mechanisms of the magnetization reversal. These studies a¢esses based on intrinsic and microscopic parameters: the
driven by fundamental interestthe origins and the shape of Barkhausen volume, the nucleation r&€H), the wall ve-
magnetic domains, the understanding of the coercive fieldpcity V(H), the radiusr., and the total number of nuclei
value governed by the nucleation process and domain-wa8iitesNy on the surface of the sample. This model is based on
displacements, the dynamical magnetization, and the linkhe calculation of expanding areas with a variable magnetic
with the nanocrystallographic struceur..) andtechnical ~field, simulating the birth and the growth of the magnetic
applications in the information storage media such as highedomains through the magnetic layer.
recording density, stability, and improvement of magnetic In Sec. Il, the general expression of the magnetization
bits . .. . M(H,dH/dt) is derived. Section Il is devoted to improve
During the last years, in some ultrathin film cases, such ahe physical validity of the model owing to several simula-
Co/Au}~® Co/Cu? Ni/Cu,® means of magnetic visualization tions: the results emphasize the strong influence of the pre-
as magnetic force microscopy, scanning electron microscopyiously listed parameters on the shape of the hysteresis loop
with polarization analysis, or Faraday microscopy confirmand the coercive field value. Finally, in Sec. IV, we apply
unambiguously the stability of a multidomain magnetic this theoretical approach to characterize the magnetization
structure in zero field and its mobility when an external fieldprocesses in a model magnetic system: the Au/Co/Au sand-
is applied. These observations are correlated, with a goowiches. Surface magneto-optical polar Kerr-effect measure-
agreement, to theoretical calculations predicting the formaments, with a field variation rate up to 1.2 MO€'swere
tion and the size of bubble and stripe domains varying withperformed at room temperature on two typical Au/Co/Au
the magnetic layer thickness, the exchange interactions arggmples, grown on MoSwith different conditions. We shall
the magnetic anisotropy? Thus, it would be an unrealistic stress that the dynamical study of the magnetization, corre-
assumption to consider that the magnetization reversal mighated to our modelization, allows a precise and quantitative
be modelized assuming the ultrathin film as a single maganalysis of the magnetic properties of the magnetization
netic domain. Therefore, the understanding of the magnetiswitch of the cobalt layer. We also propose an extension of
zation switch and its dynamic imply the quantification of the our calculation to describe an original dynamical behavior of
nucleation and the wall motion processes depending on thée magnetization that we observed recefitur approach
applied magnetic fieldH) and its variation ratedH/dt).  attempts to explain that the experimental divergence of the
Previous works® developed a phenomenological model of coercive field, in a high-field variation rate, occurs via the
dynamical properties of the magnetization reversal; the caldomain-wall dynamics and the nucleation process.
culations were based on the definition of a macroscopic re-
Iaxat!on time linked to the_rmally ac;tivated me_chanism;: they Il. DERIVATION OF THE DYNAMICAL
con3|de_red, sepa_rately, e!ther a smgle domanj—wall d|splaqe— MAGNETIZATION EQUATION
ment, either a switch of microdomains, according to the main
process of magnetizatigrespectively the propagation of do-  Calculations are intended to find an analytical expression
mains or the nucleatign of the magnetizatioM (H,dH/dt), giving a description of a
The objective of this paper is to present an original andnultidomain reversal process of the magnetization in an ul-
general modelization of the hysteresis loops which allows tdrathin magnetic layer. First of all, the methodological ap-
consider simultaneously the dynamical effects and the comproach is based on a mathematical calculus of areas corre-

0163-1829/96/5#)/41289)/$10.00 54 4128 © 1996 The American Physical Society



54 MAGNETIZATION REVERSAL DYNAMICS IN ... 4129

sponding to the nucleation centers and the propagation of - g

domain walls. This model is developed in the light of the U(H)Hl: —[r(H)y. +r%— ,
, - - . 1 1 T

Fatuzzo's theoryconcerning the relaxation of the polariza-

tion reversal in Ferro-electrical crystal. Recently, Fatuzzo'svherer (H)y, is the grown radius in a fielti, for a nucleus

equation was applied by Labruffgo express the relaxation gjte appeared in a fieltl; (T is the global area to be re-

of the magnetization of an ultrathin magnetic film. The mostyersed; for the numerical applications, we assume this area to

and our model, is to consider a variable magnetic field ap-—g 01 cn?—), one obtains

plied to the magnetic layer and not a constant electric or

magnetic field as in Refs. 9 and 10. It means that magneti- H dH

zation dependence on the magnetic figldand its variation r(H)le fH V(H)m- 6

rate @H/dt) have to be considered; the calculation steps are '

tedious but finally, we shall demonstrate that resulting exdf we assign the above area to the total number of nucleations

pressionM[H,(dH/dt)] is simple and allows us to fit ex- born between zero field andd, the switched area

perimental magnetization measurements. A(H,dH/dt) can be calculated by the following expression:
To consider the delicate overrunning of nucleations and

®

the coalescence of domains due to their sideways expan- aryy (dH/dt)]:fHdN[H’(dH/dt)] X o(H)uy dH,

sions, we first calculate the global switched area ’ dH H 1
A[H,(dH/dt)], neglecting the possible overlap. Then, ap- !

plying the Avrami’'s theorem! the real area called wr?

O[H,(dH/dt)], corresponding to the magnetization +N[H, (dH/dt) = (7)
switched by the field, can be deduced from the following

expression: The first term is the reversed area by the sideways growth of

the magnetic domainsdN[H,(d H/dt)]/dH|H1 represents
O[H,(dH/dt)]=1-exp{—A[H,(dH/dt)]}. (1)  the instantaneous number of reversed nanodomains in a field

Therefore, the magnetization is given by H,. The last term is the area covered by the nuclei sites at
' their birth.
M[H,(dH/dt)] From Eg.(4), we find that
=Md—2(1—exg—A[H,(dH/dt ) +1]. (2  dNIH.(AH/AO]] - NoR(H,)
dH b (dH/dY)
1
A. Switched areaA[H,(dH/dt)] 1 y
We calculate the switched area in a negative field and Xex;{ — WJ lR(H)dH).
neglect the possible overrunning of domains. We assume that ( ) o
domains are born at random on the sample surface according (8)

to a statistical process and go across the whole thickness of N . .
the magnetic layeb!? It is defined by the nucleation rate Replacing in Eq(7) and rearranging the terms, one obtains

R(H) per unit of time and depending on the applied mag- Nerr H
netic field. . A[H,(dH/dt)]= WJ R(H;)
Let us consideN, the total number of the nuclei centers ( )TJo
(i.e., the total number of nucleation that can be formed on the 1 Hy
sample and N[H,(dH/dt)], the number of domains ap- Xex’{_—f R(H)dH)
peared at the applied field,{N[H,(dH/dt)]<N,}. Then, (dH/dY) Jo
the differential equation givingl[H,(dH/dt)], in a negative H V(H) 2
field, can be written as (f ——  _dH+r.| dH.. 9)
H,(dH/dt) ¢ .

dN[H,(dH/dt)]  R(H)dH

No—N[H.(dH/d0 T} = (/Y - (3  We assume that the elementary mechanisms of the reversal
0 3

magnetization are thermally activated processe¥ thus,

Straightforward integration gives the nucleation rate and the wall motion can be expressed as
follows:
1 H
N[H,(dH/dt)]=Ngj 1—ex ——J R(H)dH | ;. En+HMgV
L€ )] 0[ p( (dH/dt) Jo (H) )] R(H)=roexp{—(—n T > n” (10)
(4)

We assume that, once born, the nucleation might expand E,tHMGV, . o
sideways by radial motion defined by a radiy$d) and a V(H)=veex _(T , inanegative field.
radial velocity V(H), varying with the applied magnetic (11)
field. Let us suppose a nucleation born in a negative field

H,;, 0>H;>H, the switched area by expansion of its cen- E, andE, are the activation energy in zero field, related
ter in a fieldH, calledo(H)y,, is assumed to be given by  respectively to the blocking of the nucleus reversal and the
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pinning strength of the wallv, andV, are activation vol- Ro
umes, supposed to be identical to an elementary volme a=—pBVMg, b= m
called the Barkhausen volunfig®'®Equations(10) and(11) s
imply a single energy barrier for each mechanism. It is pos- Vo

sible to introduce here some distribution of the activation c=—- ——————,
energies and the Barkhausen volume to simulate some inho- B(dH/AYV M

mogeneities in the magnetic layer. In the following calcula- (19

tion, we make the choice of a single activation energy and alWe substitute these expressions in Eigl) and it yields the
average elementary volume to simplify the analytical expresfollowing expression of the integral:

sions. We found these assumptions to be sufficient to fit our

d=exp—BVMH), e=r,.

experimental data. _ (" _
Let us write Eqs(10) and(11) as follows: I[H.(dR/dt)]= 0 exp(ax)expb[exp(ax) — 1]}
R(H)=Roexp(— BVMH) (12 x{c[d—expax)]+e}?dx. (16)
and After successive integrations and term rearrangement, Eg.

V(H)=Voexp — BVMH), (13) (16) is reduced to
R, andV, are, respectively, the nucleation rate and the ve- [H.(dH/dt)]=(exp{b[exp(aH)—-1]}—1)
locity of the wall in zero field angg= 1/kT. Using Eqs(12) 1
and(13) in Eqg. (9) and after integrations, the following equa- X ——=(e?b?+ 2bce+ 2¢?)
tion is obtained: ab

NomRy (H T (h2r2_9n2h_ 212
A[H’(dH/dt)]:(dH/T)Tfo exp(— BYMX) 5P 2c?b—2dc?b?—2cel?
R +b?c?d?+2cedP+2dc?b). (17
0
Xexp( B(dH/dt)V M, We now introduce the following parameters:

x=BVMH, dx/dt=BVMdH/dt,
x[exq—,BVMSx)—l]) AVM, AVMs

V(H Y, wrZN
0 k:rlé(l—)l):ng’ a= 'T'O' (18
X —W[GXK—BVMSH) c c™o
2 x anddx/dt are, respectively, called the reduced field and
—exp(—BVM) | +rc| dx. (14 the reduced field variation rate. The parameteamda cor-

respond to those defined by Labrullek characterizes the
competition between the wall motion and the nucleafiara
first approximation, a predominance of wall moti@mucle-

From Egs.(2) and (14), a tenuous calculation allows to ation) implies k>1 (respectively k<1)]. a represents the
define an analytical formula of the magnetization withoutdensity of nuclei sites, neglecting the possible overlaps.
any mathematical approximation. Only the main steps of the Fortunately, using Eq(5) and substituting Eq(18) in
development, useful for the understanding, are presentedqgs. (17) and (14), the analytical expression of the area
here. Let us define: A[x,(dx/dt)] is given by the simple equation:

B. Analytical expression of the magnetizatiorM[H,(dH/dt)]

N[x,(dx/dt)]( 1,1 )+ Ro o) 1](1 1)
N ko 2KZ) T (dwdt e k
AlX, (dx/dt)]=2ak? Fsz (gD . (19

+—2(dxlodt)2[exp(—x)—1]2

From a physical point of view, let us note an interesting boundary condition of(B3). for a negligible wall motion
(k—0) and in a high negative fieldto reach the magnetic saturatjpnthe real switched surface is reduced to
O~1-exp(— «). It means that, for any value, the fundamental condition is respect®as «. The total switched area must
be smaller than the total area of nucleation sites, neglecting their overlap.

Finally, referring to Avrami’s theoreM 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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MIx,(dx/dt)] , N[x,(dx/dt)]( 11 Ry 1
M—S__2<1_6X4_2ak N—o l—E-I-EZ +W[GXK—X)—1] 1—E

RS ) )
+W[GXK—X)—1] +1. (20

Magnetization is defined by five fundamental and intrinsic  The three first parameters allows us to express the nucle-
parametersR,=R(H=0), the nucleation rate in zero field, ation rateR(H) and the velocityV(H) in a negative field,
Vo=V(H=0) is the wall velocity in zero fieldV is the using Egs(12) and(13). UsingR,, Vo, andr., we deduce
Barkhausen volumeN, is the total number of the nuclei the ratiok to estimate the main reversal mechanism; finally,
sites, ¢ is the radius of the nucleation. the Barkhausen volume is related to the interfacial length
between pinning centers ardy could correspond to some
specific defects responsible for the nucleatitike atomic
steps in the magnetic layer

—_

[ k=3. 10" —/7 7
| k=3. 107

J lll. SIMULATION OF
a THE MAGNETIZATION REVERSAL

-250 -200 -150 To improve the potentiality of our model, we first propose
an academic approach which consists of studying the varia-
1 tion of M[H,(dH/dt)] versus typical values of, Ry, V,,

andN,. Figure 1 shows the drastic dependence of the mag-
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netization[calculated by Eq(20)] on the values oR, [Fig.

1(@], Ng [Fig. 1(b)], V¢ [Fig. Xc)], andV [Fig. 1(d)]. For
example, we notice that increase in the nucleation rate modi-
fies the magnetic transition Mg/ — Mg [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 proceg$® In Fig. 1(b), we show that the
generally unknown valubly 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(d) shows the variation of the
magnetization reversal when the wall motion becomes less
efficient compared the nucleation. The last cureerre-
sponding tk=3x10"3) 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. 1d) 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.

H (Oe)

FIG. 1. Variation ofM(H,dH/dt) versus typical values dR,,
No, Vo, and V for thin magnetic films.(a V=103 cm/s,
r.=3.25x10"°% cm,Ny=2x10%, V=3x 1018 cn?® for several val-
ues of Ry (Ry=10"12710-8-7 571y corresponding tk=3x 10",
3x10%, 3, and 0.3;(b) Ry=10*® s, V,=10"2° cm/s, r.=
3.25x10°% cm, V=3x10"* cm?® for several values ofN,
(Np=2.10*%1219 corresponding tax=6x10"%, 0.6, 6x10°, and
6X10% (c) Ry=10"% s7%, Ny=6X10%, r,=3.25x107% cm, V=
3%107 8 cn?® for several values of, (Vo=108"8"19"12¢m/g
corresponding t=3x10%, 30, 0.3, and 10 3; (d) R,=10"13
s 1, Vy=10"1cm/s,r,=3.25x10 ® cm,Ny=2x10"8 for several
values ofV (V=4x10"18 3x10 8 2x10718 cnr).
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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 Refl &d 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 molybdenitdoS,) (for preparation
and structural studies, refer to Refs. 17 and rh@y 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 MgB8u(40
nm)/Co(0.8 nm/Au(3 nm) samples: sample | is elaborated at
room temperature with a thermal annealing of the gold buffer
at 350 °C. For sample Il, the 40 nm gold layer is first depos-
ited at 250 °C with a deposition rate of one atomic plane per

M/M,

Hc (KOe)
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minute. In both cases, the cobalt layer and the gold overlayer FiG. 2. Hysteresis loops at 300 K of Au/@8 nm/Au sand-

are elaborated at room temperature.

wich (Sample ) obtained from Kerr rotation and analysis from Eg.

The measurements by polar Kerr effect on sample | arg20). (a) Perpendicular hysteresis loops for several field variation

sketched in Figs. (@) and 2Zb): Fig. 2(a) shows the magne-

rate (dH/dt). Experimental datalopen circley and theoretical

tization in a negative field for several field variation ratescurves(full lines); (b) plot of the corresponding coercive fiekd,
(open circleg and, in Fig. Zb) are plotted the corresponding versus the logarithm adH/dt. The dashed line is a guide for eyes.

coercive field versus logarithm afH/dt. First of all, we
notice that the quite linear variation df., all over the

Ro, Vo, Ng, andr. Even if a fit is usually perilous with too

dH/dT range, implies that the increase of the coercive fieldnany unknown variables, we avoid this uncertainty by real-
is a direct consequence of aftereffects without modificationszing the fitting procedure on each magnetization curve cor-
of the reversal process with titgH/dt values® By using the  responding to a specifidH/dt values. As the parameters
analytical expression of the magnetization E20)) depend- defined above are intrinsic properties of the sample, the va-
ing ondH/dt, we compare our theoretical results to the ex-lidity of the modelization implies to find constant values
perimental data, adjusting the five intrinsic parametdts: whateverdH/dt.

TABLE I. Values ofV, Ry, Vg, r., andNg, obtained by fitting the experimental Kerr-effect data of
Sample I, for several values dfH/dt and using Eq(20).

dH/dt
(Oels V (10%¥em’) Ry (107571 vy (10¥®cem/s  r. (100%cm) Ny (106F) Kk
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
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0.95x 10" *8 cm®, which corresponds to a 35 nm characteris-
tic interfacial lengthL,, in the magnetic layer. From the de-
ducedR, andV, values, we derive the analytical expression
1 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 tex 20'° cm™2
Q| and the calculated value (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
H (Oe) works developed elsewhefélhis 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
I ] microscopic parameters can be defined just by studying the
520 - & 1 magnetization reversal by dynamical Kerr-effect measure-
I T 1 ments.
480+ 009 1 Figures 3a) and 3b) show the polar Kerr results obtained
r o b 1 in sample Il. The drastic transition observed on the variation
a40f 7 1 of H. versus IniH/dt) [Fig. 3(b)] and the widening of the
P magnetization reversdlFig. 3(@] in high dH/dt values
(open circlesemphasize an original dynamical effect occur-
Ln(dH/dt (Oels)) ring in the switch of the magnetization. We first mention this
behavior in a previous pageand we assumed that, beyond a
FIG. 3. Hysteresis loops at 300 K of Au/@8 nm/Au sand-  critical field variation rate, the nucleation might be predomi-
wich (Sample 1) obtained from Kerr rotation and analyzed from nant. In Fig. a) (full lines) and in Table Il are reported the
Eq. (20). (&) Perpendicular hysteresis loops for several field varia-fitting results of the experimental data, using E20). We
tion rate @H/dt). Experimental datéopen circle and theoretical unambiguously establish that below 180 kOe/s, the main
curves(full lines); (b) plot of the corresponding coercive fied.  mechanism is the wall motionk&9) with a Barkhausen
versus the logarithm afH/dt. The dashed line is a guide for eyes. yolume of 2xX 1018 cm?3. For a 190 kOe/giH/dt value, one
observes a transition through the variations of Byand
The theoretical curves from E€R0O) and the experimental V, values(increase ofRy and decrease of,, Table Il). In
measurements are given in FigaR From their fitting, the the range of higher field variation rate, the narrow distribu-
V, Ry, Vg, Ng, andr values are deduced and reported intion of the parameters and the evaluated r&tjcequal to
Table I. An excellent agreement between the experimentdlx 102 improve the nucleation to be the main process. In
(open circles and calculatedfull line) loops(only the nega- addition, the corresponding theoretical curves are perfectly
tive field is presentgdis observed. The weak dispersion of adjusted to the experimental measurements, in the range of
the V, Ry, Vg, Ng, andr values insures the validity of the low and highdH/dt values. Let us specify that, in a logical
investigation. The average Barkhausen volume is abouway, we find the Barkhausen volume, the number, and the

T T T T T

1.0 dH/de:

0.5r - 0.38KOe/s
[ = 42.8KOe/s
0.56MOQe/s ;

M/M,
o
o

700 600 500 -400

560 - s _

Hc (Oe)

TABLE II. Values of V, Ry, Vg, re, andNg, obtained by fitting the experimental Kerr-effect data of
Sample I, for several values ofH/dT and using Eq(20).

dH/dt
(Cely V (10¥8cm?) Ry (108s™h v, (10¥cemis r, (10%cm) Ny (10°9) 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 3.791C° 1.43x10°% 4.31 3.1
562 000 1.89 18107 3x10°? 4.4 3.94
767 400 1.86 1.210° 6.2x 1072 35 4.27
914 400 1.8 3.72 10 4.56x 10?2 45 3.49

Average 1.85 2.191C7 4.58x10°? 413 3.9 5103
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FIG. 4. Fit of perpendicular Kerr effect of Au/Q@8 nm/Au FIG. 5. Plot of the theoretical variation &fH) as a function of

sandwich (Sample 1) performed at 300 K withdH/dt=0.76 the coercive fielH., deduced from Eq(25).
mOe/s. Experimental dat@pen circleg theoretical curve taking
into account the viscous wall motidfull line, using Eq.(24)] and

theoretical curve with only thermally activated procesfdsshed
line, using Eq.(20)].

and the nucleation reversal. In the light of the works devoted
to the wall motion measurements in ultrathin magnetic
layers?>2! we propose to generalize our modelization to
some nonthermally activated processes which can occur in
. . . i high dynamical stimulations: the authors observe that, above
radius of nucleations quite constant, whatever the field frea critical magnetic field, the wall displacement leaves the
quency. _ o _ .. thermally activated regime to a complex viscous motion with
_ Nevertheless, one could object that it is physically criti-5 |inear variation of the velocity versus the applied field.
cizable to modify the nucleation rate and the wall velocity inTherefore, we attempt to modelize the dynamical magnetiza-
zero field versus the range of the field variation rate to adjusfion using the following expression of the wall motion:
the experimental datérable 1l). Such an approach just tra-
duces that the magnetic energy given by the variable appliedV(H)=[1—6(Ho—H)]XVoexp(— BVMsH) + 6(Ho—H)
field cannot be storedad infinitum by the domain wall.
Above a critical field, the exponential law of the wall mo- XVoexp(—BVMsHo)[1-BVMy(H—Hq)], (21)
tion, Eq.(13), exhibits a saturation, the domain-wall changeswhereH,, is the specific field of the transition between the
of propagation regime, and, in high magnetic field, their mo-thermally activated regimgfirst term of Eq.(21)] and the
tion is limited by a theoretical valu¥.One could assume a viscous regimécorresponding to the last teymg(H) is the
transfer of the excess energy to the nucleation process, whiatlassical unit step function. A straightforward calculation
makes it predominant. confirms the continuity of the velocity neét,.
Our calculation, described in Sec. Il, only takes into ac- Substituting Eq{(21) in Eq. (9), we obtain a new expres-

count some thermally activated jumps of the domain wallsion of the switched ared’[H,(dH/dt)], given by

Ng H 1 Hi
A’[H,(dH/dt)]:[l_ 0(H0—H)]XA[H,(dH/dt)]+ G(HO—H)WJO R(Hl)ex% — mfo R(H)dH)

2

dH+r.| dH;. (22

HVoexpl— BVMsH)[1—- BVM¢(H—Hy)]
x le (dH/dD)

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

N01TRO H
A'[H,(dH/dt)]=[1— 8(Hy—H)]XA[H,(dH/dt) ]+ e(HO—H)—f exp— BVMX)

(dA/dDT Jo
Ro Voexp(— BVMgHy)
><eXp(,B(dH/dt)VMS[exp(_BVMSX)_1] (dH/dY)
H2  x2 2
X (H—x)—BVMS(7—E—HOH+HOx +re| dx. (23

This yields to the general expression of the magnetization, taking into account the viscous motion of the domain wall above
a critical field:
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N07TRO H
M[H,(dH/dt)]=MS{—2( 1—exp’ —[1—6(Ho—H)JAH,(dH/dt)]— 0(H0—H)mfo exp(— BVMX)

RO _ _ ) VOeXF( - ,BV MSH O)
Xex‘(ﬁ(dH/dt)VMs[eXp( A NPT

H2 X2

(H—x)—,BVMS(?—?—HOHJrHOx

2

X +re| dx (29

)]

Using this new equation, we simulate the dynamical bediscrepancy with the experimental curve improves the dy-
havior of sample Il. We observe that, keeping constant theamical divergence of the coercive field and the crucial role
values ofV, Ry, Vg, Ng, andr defined in the fitting proce- played by the viscous motion of the domain wall.
dure in low-field variation rat¢Eq. (20), first part of Table We notice that, in low-field variation rate, the viscous
I1], we reproduce the dynamical transition around 180 kOe/spehavior of the wall motion does not influence the magnetic
just introducing the viscous displacement of the wall. Theyansition +Msg/—Mg; the transition fieldH, and theH,
qnly unknown parameter of E24) is the critical transition y4jues are too close to modify the loop. On the other hand,
field Ho. o near the coercive field corresponding to hidH/dt values,

We compare the calculated magnetization @d), to the e giscrepancy between the theoretical exponential law of
experimental result§Fig. 4 and we adjust the theoretical the velocity(in the case of thermally activated proceasd

cu:jve, by k;/t ar_yingHO. \éVe deduce ?k;:rittical fietLd of 430|_Oet_ the linear law(for a viscous motionbecomes very large; it
and we obtain a good agreement between the modeliza IO|pnplies an additional delay in the magnetic switch, due to the
(full line) and the experimental dat@pen circles Never-

theless, one remarks that, in high-field variation rate, it jg/ISCOUS Process. Consequently, one observes the divergence

usually difficult to fit the approach to the magnetic satura—Of th.e.coe.rciv_e figld and_th_e widening of theMs/—Ms
transition in high-field variation rate.

tion. In fact, we assume that the dynamical stimulation in- ) - .
creases the effects of a weak distribution of the Barkhausen Finally, we conclude that considering the nucleation pro-

volume on the hysteresis loop: the dynamical behavior of th&€SS to become predominant or the viscous wall motion
wall motion would depend on the size of the jump; a ther-@bove a critical field, yields satisfactory results. In fact, our

mally activated regime is supposed to persist in some littidnterpretation strongly suggests that a delayed propagation of

volumes. Therefore, a more adjusted fit would imply a dis-the walls due to a viscous displacement implies a predomi-
tribution of the critical transition field. The dotted line rep- nant nucleation process. Besides, let us remark that, consid-

resents the calculated magnetization without considering thering the general expression of the velocity, E2l), the
viscous wall motion abovél, [using Eg.(20)]. The large ratio k depends on the magnetic field according to

[1— 6(Ho—H)TX Voexp — BVMGH) + 8(Ho—H) X Voexp — BVMHo)[1— BVMy(H—Ho)]

k(H)= reX Roexp(— BVMgH)

(25

A simple numerical application, with the parameters definedAn analytical expression of the magnetization is established,
above, allows us to express the variation kofversus the considering the after effects due to the dynamic of the ap-
coercive field. It allows us to observe directly the evolutionplied field and the competition between the wall motion and
of the prevailing reversal process with the dynamical stimuthe nucleation processes.

lation of the sample. The plotted data in Fig. 5 clearly show \ye nave shown that a dynamical study related to our

thaf[, In IOW'f'e!d variation rat_éLe., for lOWHC valu_es), the calculation, allows us to define unambiguously the mecha-
main process IS the wall motion. Incre_asndllj]/dt, (ie., the isms of magnetization reversal and to give quantitative in-
coercive field, the wall motion mechanism becomes less an%,rmation 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 present paper has proposed an original modelizatiothe nucleation is usually the most efficient mechanism to
of the magnetization reversal in an ultrathin magnetic layerswitch the magnetization. This original behavior is reason-

corresponding tk=1, occurs forH.=490 Oe. Compared
with the experimental resultid=ig. 3(b)], the agreement is
rather good.

V. CONCLUSION
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ably well taken into account by introducing a viscous wall Modelizations extended to spatial inhomogeneities are under

motion above a critical field. development and will be applied to heterogeneous ultrathin
We conclude that, due to the sharpness of the experimemagnetic layers.

tal hysteresis loops, we succeed to fit the magnetization with-

out using any distribution of the activation energy. However, ACKNOWLEDGMENT
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