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Dynamics of the magnetization reversal in Au/Co/Au micrometer-size dot arrays
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In high-quality Au/Co/Au ultrathin films with high perpendicular magnetic anisotropy, magnetization rever-
sal occurs through easy domain-wédDW) propagation following rare nucleation events, located at major
structural defects. By patterning arrays of dots in such films, we block the DW propagation, and thus sample
the intrinsic distribution of nucleation sites, improving precision as the dot diameter decreases. In gJAu/Co
nm)/Au film we have fabricated large area arrays of round dots, with diameters of 1 angd Raving aside
an unpatterned area as a witness of the magnetization reversal in a “continuous film” having undergone all
patterning steps. Polar magneto-opti@dlO) Kerr effect was used in both global and imaging experiments to
accurately measure the hysteresis loops and aftereffect phenomena. We show that, despite limited damage
induced by patterning, the expected behavior is indeed observed. A statistical model was developed, assuming
an intrinsic distribution of nucleation sites in the initially continuous film, a uniform nucleation voMme
and a linear dependence of the nucleation energy baeger2MsV,(H,—H) on both applied fieldH and
nucleation fieldH,, at a given sit€Mg is the saturation magnetizatiprComparison between experiments and
theory shows an excellent overall agreement, and allows one to obtain an approximate view of the distribution
of nucleation fields. We could extract two fundamental lengths, the nucleation lgéngtiated tov,)), and the
mean distancé between nucleation siteg,, was found to be equal to 261 nm, in good agreement with
previous determinations on similar films.equal to about 430 nm, could be viewed as a measure of the typical
distance between major structural defects in the “continuous film.” Our method is indeed a means to charac-
terize nanometer scale magnetic eveinéversal of a nucleation volumeusing micrometer scale resolution
experimentdMO imaging. This is an example of how microfabrication can help us to understand magneti-
zation reversal in a continuous ultrathin filp§0163-182808)04622-Q

[. INTRODUCTION Magnetic wires or dot arrays have been made using dif-
ferent techniques, from simply etching a magnetic film
It is now possible to control the growing process of ultra-through a mask made by standard lithography
thin metallic film structurega few atomic layer thickand to  technique$;*>~*to deposition on a patterned substtater
obtain a deep knowledge of their crystallographic and magelectrodeposition through an insulating maskArrays of
netic properties. Moving one step forward, a lot of researclhanometer size magnetic particletown to 1 nm in diam-
work is now devoted to the realization of well-defined pat-etep have been recently fabricated using a scanning tunnel-
terned structures, in which more than one dimension being microscopy setuf®’ Other groups use laser light inter-
comes comparable to fundamental lengths of magnetism derence patterns to create large area arrays of submicrometer
electronic transport. These structures have a high fundamesize particle$:*®
tal interest, and promising applications are expected in the However, up to now most of the papers about magnetiza-
field of magnetoresistive sensors and recording héads, tion reversal studies of assemblies of particles have been
magnetic and magneto-optic high-density storage media atevoted to thick 10 nm) magnetic dots.*>*°Follow-
devices>™” Regular arrays of submicronic magnetic dots areing our preliminary communicatioff,we report here a com-
for instance good candidates as media for future ultrahighprehensive study of the dynamics of magnetization reversal
density data recording, in which the bit borders would bein dot arrays patterned from the ultrathin film
perfectly defined by patternimgFrom a more fundamental structure: Au/Cél nm)/Au(111), deposited on a Si/SiO
point of view, such arrays can be considered as model syg100 nm substrate. This system exhibits a strong perpen-
tems to study magnetic behaviors in reduced dimensionslicular anisotropy. and magnetization reversal is domi-
Indeed, lattice structure, dot geometry, dot size, and distanaeated by a domain-wa(DW) motion process involving only
between dots, can be precisely controlled and compared @ few nucleation centefd:? By patterning dots of decreas-
magnetic characteristic lengths such as domain %izejng lateral size, we progressively block the wall motion, and
domain-wall width® and dipolar coupling rang€:! thus create@ model system to study the crossover from “wall
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motion” to “domain nucleation” types of magnetization re-
versal processWe used x-ray lithography and ion-beam

ind?3 i i i beam
etching® to fabricate large area arrays of micron size dats Doam, lens oD CAMERA

and 2um in diametey. Magneto-optical magnetometry and CONTROL
microscopy were then applied to study the dynamics of mag /—‘ ﬂ——g -E} ~I
I

microscope
Sample objectlve

netization reversal in the arrays, in comparison with that of analyzer COMPUTER
CCD

the original film. Domain visualization confirms a magneti- plate camera

zation reversal mechanism driven by a large distribution oisma“ <—|—» lens

nucleation fields inside the set of défsFrom magnetic af- electromagﬂe‘ E polarizer

tereffect experiments, we could obtain the histogram of v
switching fields in each array, then reconstruct the magneti LED MonrToR  PRINTER

hysteresis loops, and finally relate the distribution of switch-

ing fields to that of the “continuous film.” We were also FIG. 1. Polar Kerr experimental setup used for magneto-optical
able to study independently the magnetic switching proces#naging.

of each individual dot, and thus to get information on the

dynamics of the intrinsic nucleation events, which happen aniform size and are regularly spaced on a square lattice. The

a scale of a few tens of nm only. respective ratios of the dot diameter to the lattice periodicity
are 1/1.2, 2/2.2, 1/2, 2/4, where all lengths areuim. lon-
Il. SAMPLES AND EXPERIMENTAL TECHNIQUES beam milling is performed through an aperture in a molyb-

denium foil, which keeps unetched a large area of the

The preparation method and the crystalline structure ogample. This part, referred in the following asntinuous
the “as-grown” Au/Co/Au11l) ultrathin film structures film (CF), has nevertheless undergone all other nanofabrica-
have already been reportétiThe film was grown in an tion steps, and thus gives evidence of the damage possibly
ultrahigh-vacuum chamber by Joule heatiAg) or electron  induced by the patterning process to tegrownsample.
beam(Co) evaporation. First, a 28-nm-thick Au buffer layer  \We only report here on room-temperature measurements.
was deposited on a flat thermally oxidized silicon waferpolar magneto-optical Kerr effe@MOKE), measured with
(tsio,~100 nm). Its annealing at 180 °C dugirl h provides a green E=2.29 eV) He-Ne laser, has been used to deter-
an atomically flat polycristalline Au layer, fully textured with mine the magnetic field and time dependence of the magne-
the [111] direction perpendicular to the surface. At room tization of the CF region or of the patterned dot arrays. In our
temperature, cobalt grows epitaxially on this Au buffer, in asetup, a slightly focused linearly polarized laser beam is re-
nearly layer by layer mode, with a mostly {6001 struc- flected from the sample, and its state of polarization is then
ture. A 7.5 nm thick Au capping layer is finally deposited for analyzed by means of a modulation technique using a pho-
protection. toelastic modulator working at the frequenicy 50 kHz 2”8

The Co film investigated in the present work is five The signal is thus averaged over the beam daia@out
atomic layers thick. In iteis-grownstate(coming out of the 102 mm?). We measure polar Kerr rotation on the zeroth-
deposition unit, such a 10-A-thick Co film exhibits a large order light-diffracted beam, i.e., at specular reflectiom
perpendicular magnetic anisotroflylt shows a very square nitrogen-cooled coil produces a high enough fiéldkOe
hysteresis loop, since the nucleation field far exceeds thwith short (<10 ms) time constant, allowing fast magnetic
propagation field: as soon as a nucleation event occurs, tHeysteresis loops and aftereffect measurements.
magnetization reverses rapidly by DW maotion through the The polar Kerr microscopéFig. 1) uses a high intensity
entire samplé??3 (2 mW) blue (E=2.76 eV) light emitting diodé¢LED) from

Arrays of micrometer-size dots were patterned usingNichia Chemical. A cooled charge-coupled devi€eCD)
synchrotron-radiation x-ray lithography and ion-beam mill-camera (51490 pixels) acquires the images which are
ing. On thin films(total thickness below 50 nmsuch tech-  stored and later processed in a special tfff.On the ar-
niques allow an excellent resolution, better than 50'##3, rays, diffraction effects limit the spatial resolution to about
which in the present work warrants that the edge roughned3.5 um, i.e., more than the intrinsic resolution of the camera
of the dots remain very low? Details of the fabrication of (1 pixel=0.2x0.2um?). We obtain the evolution of the
our dot arrays have already been reported elsewhiéP€®  magnetic structure by subtracting the image of the saturated
First, the samples are covered with a positive re§sMA/ sample from that acquired during each step of the magneti-
MAA copolymer of thickness about 600 nm. The resist is zation reversal. Analysis of the images can thus yield hyster-
then annealed at 100 °C for several hours, and exposed toesis loops for a given assembly of dots as well as for single
rays through a specific madk After development, an array dots. An electromagnetH<4.5 kOe) is used for slow or
of resist dots is obtained. The unprotected part of theguasistatic magnetic measurements, while a small pulsed
Au/Co/Au film structure is then etched away using ion-beancopper coil allows us to investigate rapid variations of the
milling by Ar ions at 500 eV and 0.5 mA/cmThe remain- magnetization. This coil20 turns, 1.5 mm inner diamejds
ing resist is finally removed in an oxygen plasma. This techlocated against the sample on the substrate side, i.e., at a
nique of direct etching through a resist mask leaves a smatlistance of 0.3 mm from the magnetic film. The maximum
crown of redeposited material around the towyhich is  magnetic field generated by this coil is 7.5 kOe for a 50 A
however of no importance here. current. We have calibrated it with an accuracy of about 10%

For the present study, fourd1 mn? arrays of round dots by an inductive method using a small three-turns coil with
were patterned on the sample. In each array, the dots have0sb mm inner diameter. The current pulses reach 95% of



14 322 J.-P. JAMETet al. 57

S g 1 1 *n I 1

-4 -2 0 g 2 4
n,
H(kOe)
FIG. 2. PMOKE hysteresis loops on the continuous film and on

the 1/1.2 and 2/2.Z2m dot arraysHp, is the smallest nucleation
field value of the continuous film.

their saturation value within about hs. For the present FIG. 3. Magneto-optical images showing the magnetization re-

study we only used pulses with a duratidt—24 us, except versal by DW motion in the continuous film. Each image is ob-
: ' (5ained after applying successive field pulses with identical ampli-

tude (0.8 kOg and width At=45pus. The total application time
nAt was equal tga) 0.045 ms(b) 0.135 ms(c) 0.45 ms, andd) 5

ms. The nucleation started essentially on the border of the “con-
Sinuous film” at the right side of the imagégfig. 3(@)]. The white
areas indicate magnetization reversal.

for convenience 4%us pulses. For longer times, we made a
series of 24us pulses, with a low repetition rate to avoid the
heating of the sample by more than 1 K. For small magneti
fields, it has been previously sho¥rthat in such samples

the change of the domain pattern produced by a set of

individual pulses with durationt is similar to that obtained  gown, as shown globally through the relaxation of the mag-
with a single pulse of the same amplitude and a width equahetic aftereffectFig. 4). This last behavior will be referred
to (nAt). In our case, this property has been verified on &g asa strong-pinning-type reversalhe existence of those
very extended time range from 1 to several thousands of strong pinning centers explains why, at long times, the final

seconds. part of the magnetization reversal shown in Fig. 4 still exists
over a quite large range of magnetic fiel@s75-1.7 kOg

I1l. MAGNETIZATION REVERSAL This also explains the slow saturation in the hysteresis loop

IN THE CONTINUOUS FILM (Fig. 2, which demonstrates the presence of a large distri-

bution of local coercivities in large fieldNote however that
The Kerr rotation loop of the CF are&ig. 2), measured  this strong-pinning regime affects less than 10% of the
with a focused laser beam, is not as square as the one ogamp|e area
tained for the as-grown film and exhibits higher coercivity —The magnetic aftereffect phenomenon is only presented at
and larger propagation field distributi6hAs can be seen |ong times in Fig. 4 but relaxation curves have been mea-
from Figs. 2 and 3, the magnetization reversal happens i8yred with a high accuracy over the 0.1-50 s time range, for
two stages. applied fields up to 1.78 kOe, large enough to reach the full
First, a few nucleation events occur at rare sites, followeqlnagnetic saturation. This allowed us to determine diee
by a fast magnetization reversal by DW propagation whermagnetization time,}, necessary to reverse half of the mag-

ever there are only weak pinning energy barriers to overnetization over the typical sample area of #ann? sensed
come(Fig. J), as already observed for similar unetched type

of sample$?23In the following, this process will be referred T T | . T

to asa weak-pinning-type reversal 1
Then the DW'’s reach areas surrounded by strong pinning

centers, which do not exist in as grown films and can thus be =

attributed to limited damages induced during the lithography

process. The DW winds round these areas, often displaying 0

an irregular shape which is directly connected to the path

between strong pinning cente(Big. 3). Before saturation,

domains show a lacunar structure: this phenomenon has been

already observed in other ultrathin cobalt films, but at

slightly smaller thicknesses:2To go over these strong pin- ol

ning energy barriers requires more Zeeman energy, or 0 10 20 30 40

equivalently longer lag times in relaxation experiments. €s)

Thus, as compared to an area with only weak pinning centers

and for a given applied fieltH, the switching of the areas FIG. 4. Magnetic aftereffect in the continuous film measured

surrounded by strong pinning centers is considerably slowedontinuously by PMOKE for several field values.

0.635 kOe

0.644 kOe

0.804 kOe
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FIG. 5. Magnetic-field dependence of the demagnetization time ]
ty(H) of the continuous film extracted from the data depicted in " H = 115 kOe
Fig. 4. § 0 1.24k0e -
by the focused laser beam. Typical valuestgfe=0.18 and 1.32 kOe
27 s, respectively foH=0.680 and 0.635 kOe. Such low- =
field values produce DW motion in the weak-pinning regime, 145 kOe
and in agreement with predictions for a thermally activated -1 %20k0e
mechanisni® t,,, varies exponentially wittH (Fig. 5), ac- ! L
cording to 0 10 20 30 40
(s)
ty,=5.2x 103%exp( — 110H). (1) _ ,
FIG. 6. Magnetic aftereffect in thda) 1/1.2um and (b)
In this expression, is evaluated irs andH in kOe. 2/2.2um arrays measured by PMOKE. The response is averaged

Furthermore, using expressigh) the mean domain-wall over several thousand of dots.
velocity at half reversaljl =0) can be estimated. It reaches
for instance about 0.5 mm/s for 0.68 kOe, and increases vergn average the same magnetic properties as the CF area stud-
rapidly with field. In weak pinning areas, expressidn is  ied above.
presumably still valid in fields large enough to reach the This, of course, totally neglects damage possibly induced
viscous regimé? i.e., for a typical velocity of 5 m/s which at the dots edges during the ion-milling step. We will come
can be obtained under the so-called propagation fitld back to this point later. Note however that, due to fast rede-
=0.84 kOe. Let us recall that, in the viscous regime, theposition of the Au substrate, the edges of the Co films are
domain-wall motion is not thermally activated, contrary to certainly buried and thus protected, which is consistent with
the pinning mechanisri. the fact that no change of the magnetic properties of the
Hence, from expressiofl) we may consider that at fields arrays could be detected over at least one year.
above 0.78 kOe, correspondingttg,= 2.8 us for measure-
ments over a 10° mn? area, magnetization reversal in
weak-pinning regions happens immediately after nucleation,

A. Generalities

i.e., in much less than is at the scalél and 2um) of the The Kerr hysteresis_ I_oops of dot arrays are much more
patterned dots in the arrays. This fast reversal, at a micromdounded than that exhibited by the @Fg. 2), and the co-
ter scale, is well revealed in Fig(&. ercive field drastically increases when reducing the dot size.

However, the magnetization reversal starts at the same field
valueH .o for both the CF and all the investigated dot arrays,
which shows that no extra low nucleation field sites exist in
As was clearly shown in our study of the CF, the micro-the arrays with respect to the CF, in agreement with the
fabrication process induces damage to the as-grown film. Weiscussion above.
have so far no indication of the exact nature of the defects We have also verified that the 1/1.2 and 1/2 dot arrays
induced by microfabrication. From test experiments we(respectively, the 2/2.2 and 2/4 dot arraysve identical
could however observe that the most damaging step is thlaysteresis loops. This is consistent with magnetization rever-
first one, i.e., the baking process of the resist after its deposal of noninteracting particles, as will be justified below.
sition on the sample. Neither the ion bombardment through The dynamics of the magnetization reversal for the 1/1.2
the resist layer, nor the final step of removing the resist in arand 2/2.2 dot arrayéFig. 6) differ also drastically from that
oxygen plasma, significantly influence the magnetic behavioexhibited by the CF part of the sampEig. 4). At a given
of an as-grown filmThe dot array can thus be envisioned as applied field, after a rapid initial variation the integrated
a geometrical pattern superimposedot on the as-grown magnetization evolves slowly with time. This is a typical
film, but on an “initial continuous film”that would have had behavior found for systems with a large distribution of en-

IV. MAGNETIZATION REVERSAL IN DOT ARRAYS
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FIG. 7. Magneto-optical images showing the magnetization re- FIG._8. Individual hysteresis_, Ioops of_four different dots c_)f Fig.
| bofh in the continuous film and the 14#h dot array parts of 7, obtained from magneto-optical imaging. Each dot has its own
)[/ﬁés:am | fter 10 der 0.7 kO fter 100 Y pd 07 hysteresis loop and coercive fiel(g) for the first switched dot
ple(@) after 10 s under O. ¢b) after S under ©. [Figs. 7a), 7(b)] and(b)—(d) for other more typical dotfigs. 7c),
kOe, (c) after 10 s under 1.2 kOe, ar(d) after 10 s under 1.63 7d)]
kOe. In(a) and(b) the progressive magnetization reversal at low '

field of the first switched dofwhite arrow is clearly shown. ) .
In Figs. 7a), 7(c), and 7d) we compare the dynamics of

e magnetization reversal under different fields at a fixed
ime duration of 10 s. In high fieldsH=1.17 kOe), the
magnetization is completely reversed at saturation in the CF
part while magnetic dots are still switching progressively
when increasingd, in good agreement with hysteresis loops
5g:ig. 2) and magnetic aftereffect daffigs. 4, §. For a pulse

uration of D s a complete reversal of all dots in the 1/2
array is obtained only foH>2.2 kOe.

Starting from the knowledge of the magnetization reversal
mechanisms in the CF studied in Sec. lll, and independently
of the nucleation process, we have to consider the two lim-

t1=2.44< 10%exp(—49H) for the 2/2.2 dot array. iting situations(weak or strong pinninginside a given mag-

netic dot.

As for hysteresis loops, within our experimental precision Since the domain-wall motion in weak-pinning regions is
the dynamics are found to be similar for dot separations ofharacterized by a typical activation length of 25 fihi
0.2 or 1 um, and expression€2) apply also to the 1/2 and should not be affected by the micrometer-scale patterning.
2/4 dot arrays. After nucleation, the characteristic switching time of dots

To get more direct information we performed PMOKE covering only weak-pinning regions may thus be evaluated
domain imaging in a part of the sample covering simulta-from expressiorfl). This means that, even in an applied field
neously regions of the CF area and one of the dot arrays. equal to the smallest nucleation field, of the CF

As an example, Figs.(@ and {b) show the domain con- (cf. Fig. 2, which is of the order of 0.66 kOe, the time for
figuration for CF and 1/2 dot array, after applying field the complete magnetization reversal of a dot is shorter than
pulses ofH=0.7 kOe at 10 and 100 s, respectively. A large0.1 s, i.e., far less than the characteristic time of the imaging
portion of the CF area with weak pinning centers is magnetiexperiment reported in Fig. 7. Hence such dots will appear to
cally reversed through DW motion, while only one dot-  switch instantaneously after nucleation, as revealed by most
dicated by an arrow in Figs.(@ and 4b)] is switched over of the individual square hysteresis loops of Fig&)88(d).
the investigated area. Even though, as can be seen in Fig. On the other hand, for an area of a dot array patterned
8(a), this particular dot exhibits a nontypical hysteresis loop.over a strong pinning region of the “initial continuous film,”

It shows a complex reversal behavior in two close successivihe complete reversal can, in principle, only be reached for
steps aH is increased, which also explains the change ofH=2.2 kOe (or much longer waiting timgs This should
brightness of its PMOKE image between 10 and 10Bigs.  however concern only a small proportion of the dots: accord-
7(a) and qb)] and can be attributed to domain-wall depin- ing to Fig. 4, 93% of the dots will be already switched under
ning inside the dot. As will be discussed below, such a beH=0.8 kOe, if their corresponding nucleation field is
havior is quite unusual since, in the field and time ranges wesmaller than this field.

explored, the great majority of dots always appear to be fully To confirm more directly the above arguments, we have
switched or unswitched with no intermediate situation. estimated the number of dots which are not completely

ergy barriers, in our case at least one barrier per dot. Th
type of relaxation shown in Fig. 6 is, for instance, close to
that found in films for which magnetization reversal is domi-
nated by progressive nucleatié??>As in the case of the CF
area, magnetic aftereffect measurements showtgatf a
dot array depends exponentially on the applied field, at lea
over the 0.1-50 s time range, according to

ty,=1.27X10%7exp(—40H) for the 1/1.2 dot arra(%)
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| | well described by the expected probability law for indepen-

|
1 dent dots* The effect of the dipolar field on a dot, created
a) by the surrounding dots, has also been calculated. For the
closest separation of 0.2m between these ultrathin mag-

netic dots, we estimate a maximum dipolar field of only 11
Oe at their edge, which is far too small as compared with

Z

&

‘*, 0 intrinsic nucleation and propagation fields to affect the DW

's motion and nucleation processes.

é | i The main difference in the magnetization reversal be-
tween the CF and dot arrays comes thus from the blocking of
the DW propagation at the edge of the dots. The hysteresis

-1 - loops (Fig. 2 and magnetic aftereffect relaxation curves

. . . . (Fig. 6), as well as the above discussion, show that the nucle-
3 -2 -1 0 1 2 3 ation process plays the major role on the magnetization re-
H(kOe) versal phenomena of the dot arrays. This explains why the
shape of the relaxation curves compares well with the dy-
namics of a set of independent small particles having distrib-
T J uted time constant$:*°
In conclusion, the magnetization reversal of such an
assembly of decoupled dots is driven by the distribution of
. nucleation fields. We shall see now how this distribution
can be deduced from the magnetic hysteresis and relaxation
data.

T

Z

Z,

<

-0

g B. Distribution of nucleation fields

= T 1 In too large magnetic particles~100 nm)3637 the
switching probability cannot be strictly described by the

a1k i Neel-Brown modef>3® which assumes thermal activation
I

L l l over a single-energy barrier. Very recently, it was shown by
3 2 1 0 1 2 3 Wernsdorferet al. that this model only applies to sufficiently
H(kOe) small Co particles £ 15—30 nm)3 However, in our dots,
since the dynamics is controlled by nucleation, the expected
FIG. 9. Hysteresis loops of th@) 1/1.2um and(b) 2/2.2um lateral size of a nucleation center is of the order of 25°Am.
dot arrays measured by two independent imaging methods: by a¥/e shall thus use a N&Brown type model to interpret our
eraging the magneto-optical effect over a limited aredNefdots  experimental results,e., we assume that the reversal of a
(—) or by counting directly the numbed of switched dotssym-  dot occurs initially through a jump over a single barrier
bolg) over the same area. The symbols superimpose nicely on the The dynamics of magnetization reversal of an assembly of
continuous lines. small anisotropic magnetic particles has been investigated by
Néel.® In the present case of a DW-motion-dominated-type
switched at each field value because of localized hard mageversal in each dot, switching field or relaxation measure-
netic centers. To do so, we have compared the polar Kefents are testing the dynamics of nucleation. Without any
amplitude measured for a large assembly of ddteect in-  applied field, each dot is characterized by an energy barrier
tegration of the camera signal over the full image winlow AE that we will write in terms of an intrinsic nucleation field
with the numbem of switched dots detected on the imageq = 5o that AE=2MgV,H, .3 Here, Mg is the saturation
(ie., at each field value, we have counted the number ofyagnetization an¥,, is the volume of the nucleation center.
reversed dofs Both measurements were done in the samg-or the assembly of dots under consideration, we define the
imaging experimental conditions, i.\, was determined di-  gistributionf(H,) of nucleation fields as follows:(H,)dH,
rectly from the magnetic image obtained at each field valugs the probability that a given dot has an intrinsic nucleation
after its application during 10 s and the Kerr loop was conig|d in the intervalH,, ,H,+dH,]. This distributionf(H )

structed from magneto-optical signals measured at different, st satisfy the normalization relatiofif(H,)dH,=1.

fields using the same procedure. We effectively checked thak, 1 this distribution, we can deduce the numiét,H) of

within the experimental errors, we can rebuild the hysteresi§, .«-had dots at time and under an applied field. For a
loop from the determination dfl at each fieldFig. 9). This large numbeNs of dots '

allows us to conclude that, after nucleation, the magnetiza-

tion reverses rapidly in at least 95% of the dots, even for H

those which overlap a strong-pinning region. This was N(t,H)/stf f(Hn)dH,

checked further by measuring individual hysteresis loops of 0

dots randomly chosen in the arréyig. 8). Joc
+

t
We finally checked experimentally the negligible role of 1—exp( - m”f(Hn)d Hn
long-range interactions between dots by proving that the to- n
pological distributions of neighboring switched cells is very 3

H
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with a mean switching time(H,, ,H): l rews— — T T T T T
wy e ST - H=112Kk0e
7(H,,H)=rexd 2M gV, (H,—H)/KT], (4) ., AT
: 0.5 LA bt Tvo
l/ry being the attempt frequencjwe shall take here N . 135K0e
70=2.5ns(Ref. 23]. The first integral corresponds to the = S T~
dots which are quasi-instantaneously switckiesl, the Zee- E 0 ¥~ 153KkOe "‘\.
man energy alone is enough to overcome the switching en- & LN e Nea
ergy barriej, whereas the second integral refers to the ther- = e - “aa
; A . . 1.74 kOe “
mally activated magnetization reversal in the dots having an 0 '\.\ ~a
energy barrier stronger than the Zeeman energy. Expression ~ ST ~ R
(3) can also be written
a)
s t _1 1 [ L 1 1 1 ] [1
N(t,H)/Ng=1~— fH exp( - m) f(HpdH,. (5 10° 10° 10" 10' 10°
" t(s)
To write expressiori4), we assumed that the energy bar- - : . : : : :
rier corresponding to an intrinsic nucleation figfg, is pro- °"""L'--°-~-¢_o\ ° 1.03 kOe
. o -~ [e) :
portional toH,—H. More generally, one expects an energy ~-°.°_Q° AL ‘-o.gz%o.o
barrier proportional to Ki,—H)®, where § is an exponent 05 L® e N, 109KkOe Ko, Cag
characterizing the nucleation process. To takel has the ) M . Na 16 koxw N
great advantage that it allows complete analytical calcula- Ew N ©
tions which can be further compared to experimental results. z \.%
Besides, as we shall see below, the good agreement betweer®; o N
theory (in the caseS=1) and experiments is another justifi- ™ ‘-e_qp 4
cation of our treatment. oz L 0 . |
It should also be emphasized that, to deal with our experi- -
i . . . . . ~.
mental results., it is more appropriate to conS|dgr a d|§tr|bu- b) 159koe ~ ., S ~aa
tion of nucleation fields as we do, instead of a distribution of 1 . ) . . .
energy barriers which include the magnetic fi#ld°Indeed, P R 3 . B
10 10 10 10 10

at a given temperature, the intrinsic distributib(H,) is
fixed whatever the applied field value can be. This would not t(s)
be the case if we considered a distribution of energy barriers FIG. 10. Magnetic aftereffect in théa) 1/1.2um and (b)

since the dlhsmbu“cm Wofglclj be shifted towards zero WhenZIZ.Z,um dot arrays measured by magneto-optical imaging for vari-
Increasing the magnetic field. . . ous field values. The data have been obtained by counting the num-
Following Ref. 40, one can consider that the exponential,q, of gots with reversed magnetization for increasing waiting time

term inside the integral of expressig) is equal to 1 fort  \giyes. The lines are guides for the eyes. The demagnetizing time
<7(H,,H) and 0 fort>7(H, ,H). This assumption remains t, (H) corresponds to * 2N(H)/Ng=0.

valid as long as the distribution widthAH,,, of f(H,) is not

too narrow [typically when AH,>(kT/2MgV,)In(t/7)]. —

Hyt (KTIZH SV N[/t 2(H) |

Then one can write, approximately N(t,H)/stf (Hp)d(H,).
0

N(t,H)/Ng~ f(H,dH,. (6)

J‘H+(kT/2M Vpln(t/ o) (10
It is important to notice that the set of equatiqfs—(10)
— allows a complete description of the magnetization reversal
Besides we can define a mean nucleation figidsuch as  dynamics of a dot array. We shall now use these expressions
_ to extract the nucleation field distributidi§H,) from experi-
0.5= f”nf(H )dH (7) mental results at different applied fields. The measurements
. ndH,. X
0 have been performed on an assembly 0k20 dots in the
. . _ . 1/1.2 and 2/2.2 arrays, by counting the number of switched
After introducing the timei;,(H) necessary to demagnetize u5(Fig. 10. The sample was first magnetically saturated in
the sample(i.e., for N(ty(H),H)/Ns=0.5), and starting 5 5 Qe field generated by an electromagnet, applied during
from expressiong6) and(7), we can write several seconds to ensure that all hard magnetic centers in-
— side the dots are reversed. The sample was subsequently sub-
H=Hn—(KT/2MsVy)In[ty(H)/ 7], ®) mitted either to a square inverse fiele H) pulse generated
an expression which can be rewritten by the ele(;tromagnet for ]ong .tinj@(lo S) .measurements,
or to a series ofi successive similar negative pulsesHil)
;{ 2MgV, ) © with durationAt=24 us for shorter time measurements. The

2MgV, —
tyo(H) = moex ?Hn ex

KT number of pulses has been varied from 1 t0>510°, which
means that the total field application time can be adjusted
so that expensiof6) becomes between 24us and 12 s.
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FIG. 12. Magnetic aftereffect in the 1/1.2 and 2/ dot

the 1/1.2um and(b) 2/2.2um dot arrays. The solid lines are best arrays as a function of the renormalized titfitg,(H). The data are

fits to the experimental data.

extracted from Fig. 10.

We first carefully checked that the number of switchedypon the ratidt/t,,(H). Indeed, all relaxation curves of Fig.
dots at a given field value, obtained either with the electrog gre found to fall on two universal plotene for each
magnet or with the coil, was only dependent upon the totalray over up to 20 decades of tin{Eig. 12. This confirms
elapsed time, within an accuracy of 10% compatible with again the previous hypothesis leading to expresé&in

all sources of possible errof$.
We then extracted the demagnetization tityye from the

Starting from expressiori10), and as already demon-
strated in Ref. 40, one finds that the derivative of the number

data of Fig. 10. The semilog plot presented in Fig. 11 demyf switched dots with respect to(tt,,(H)) is directly re-

onstrates well that the exponential dependenci otersus
H, predicted by expressiof®), is valid over a much larger

lated to the nucleation field distribution function

field (or time) range than that considered above to deduce

expressiong2). The variations ot,;, with H obtained from
imaging data are

t1,=1.90x 10%%xp — 41.4H)

for the 1/1.2um dot array, (11)

t1,=0.95x 10%%xp — 47.6H)
for the 2/2.2um dot array.

AN(LH) kT kT
AN )] 2Mv, | ot 2py, I ta(H)1).
(12

From the experimental dafé&igs. 1Ga) and 1@b)], one
obtains for the 1/1.2 and 2/2.2 dot arrays almost symmetrical
f(H,) distributions centered, respectively, around 1.967 and
1.640 kOe, with respective half widths at half maximum of
0.261 and 0.156 kOg&-ig. 13. In this figure, the amplitude

Note that the parameters are slightly different from thoseof the distribution for the Jum dots has been multiplied by

of Eqg. (2). This may be due to the fact that Eq8) and(11)

4 to check the predictions of our modeke expressio(iL3)

have been obtained by fitting over very different experimenbelow and the related discussjon
tal time ranges, or this is related to experimental errors. Con- Let us now try to relate the respective nucleation field

sidering, for instance, our precision in field calibratibhjs

distributions f1(H,) and f,(H,) for the 1 and 2um dot

probably underestimated by 5% in imaging experiments witharrays, to the nucleation field distributiége(H,) in the CF.

respect to PMOKE measurements.
Expression(11) also indirectly validate Eq4), i.e., our

At the beginning of Sec. IV, we put forward the argument
that dot arrays can be envisioned as geometrical patterns su-

choice of a linear field dependence for the exponential arguperimposed on an “initial continuous film” with the same

ment in the mean switching time(H, ,H).

We can now define an activation length, correlated to
the activation volumé/,, so thatV,= §ﬁtCo, wheretc, is the
average cobalt thickness. Following Ef), we can estimate
¢, from the coefficient oH in the exponential argument of
expressionsll). We get, respectively,=25 and 27 nm for
the arrays with dots diameters of 1 ang2. The two values

average properties as the CF area. Let us assume in this CF a
random network of intrinsic nucleation sites, probably re-
lated to a distribution of structural defects in the film, and to
which can be associated a distribution of nucleation fields
fce(Hy,) defined as above for the dot arrays. If the average
distance between these nucleation sites is much smaller than
a dot diameter, the patterned dot arrays can then be thought

are very close to each other, and are comparable to thoss sampling the intrinsic random distribution, with a preci-

obtained for Co/Au ultrathin film&® Note that ¢, is far
smaller than the dot size.

Finally, expressiori10) predicts that for a given array the
number of switched dots at differeht values only depends

sion depending on the dot diameter. We will call hereafter
aq (respectivelyw,) the average number of nucleation sites
inside a dot of diameteat; =1 um (respectivelyd,=2 um).

A reasonable assumption, considering the argument given
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FIG. 13. Nucleation field distribution function§,;(H,) and
fo(H,) of, respectively, the 1/1.2 and 2/2udn dot arrays. For
comparison with our theoretical predictions;/a,=4 (see tex\,
we have plotted %4 f,(H,). The data are extracted from a fit of the
universal curves of Fig. 12.

f(H,) tends toward$-r(H,) when« tends towards 1. This

means that if we had only one possible nucleation center per

dot, we would obtain the continuous film distribution. A way

to geta closer to 1 would be to reduce the size of the dots.
Moreover, we now understand from expressi&f) why

the maximum off,;(H,) for 1 um dots occurs at a higher

field than that off ,(H,) for 2 um dots. As a matter of fact,

since the integral in Eq16) becomes smaller and smaller as

the nucleation field,, is increased, the ratib,(H,)/f1(H,)

will rapidly decrease towards zero with increasidg.

C. Dynamic behavior—hysteresis loops

Having deduced the nucleation field distribution for each
dot array, we are now able to rebuild the hysteresis loops
displayed in Fig. 2. For that purpose, we just need the
magnetic-field sweeping rateH/dt (equal to 0.236 kOe/s in
Fig. 2) as an extra parameter. Then, starting from a saturated
state(for instanceM = — M) at zero field(taken as the ori-
gin of time), and increasing the field so that(t)
=(dH/dt)t, the renormalized number of switched dots

above, is that those numbers are proportional to the area &/ Ns at timet can be derived from expressig8). It is clear

the dots, which leads to the simple relatiap=4q; .

First, using a simple probability calculatigeee the Ap-
pendiy, the distribution functiorf(H,) of a dot array can be
expressed as

a—1

JmeF(H)dH . (13
H

n

f(Hn)=afc(Hn)

wherea can be either; or a,. Furthermore, the probability
of finding coercive field of a given dot larger that, is
given by

o

P(HCBHn)=[f:fCF(H)dH (14

Note that both expressior{$3) and(14) are strictly derived
at T=0 K. From expressiofil4), we find that the probabili-
ties to have the coercive field of a dot larger th&nin the 1

and 2 micrometer dot arrays are related, so that

PZ(HCBHn):[Pl(HCZHn)F- (15

from this expressiorn6) that we need to knovw;(H,) and
fo(H,) for any positive values in order to calculate the inte-
gral. Unfortunately, as can be seen in Fig. 13, our experi-
mental nucleation field distributions were obtained from the
universal curvegFig. 12 for which no information is avail-
able about the very beginning or the end of the reversal pro-
cess (i.e., no experimental points are available close to
M/Mg=+ or —1).

To overcome this problem, we used as a first approxima-
tion Gaussian fits for thé;(H,) andf,(H,) functions. The
results are displayed in Fig. (&, and compared with ex-
perimental data: a very good agreement is obtained.

Note that, for the beginning and the end of the reversal,
where the switching of only a few dots is involved, thermal
fluctuations should become more important. As a result, if
one kept on measuring hysteresis loops on the same area of
the dot arrays and using the same experimental conditions,
slight differences should be noticed at the beginning and at
the end of the reversal. This will be clearly illustrated in a
further paragraph and in Fig. 16.

From expressiofil3) one deduces that the ratio between the Another way to calculate the hysteresis loops is to use

nucleation field distribution functions for thle=2 and 1um
dots becomes

0 3ay
fZ(H”)=4U fCF(H)dH} . (16)

f1(Hp) H

Because the distribution functioitxg(H,) is normalized
to unity, this ratio is closely equal to 4 at lok, values. As
can be seen from Fig. 13, we find at low figl, a reason-

expression(14) so that the normalized magnetization be-
comes M(H)/Mg=1-2P(H=H,) for H>0 [here H
stands forH, in expressiong14) and(15)]. There, we need

to assume an analytical shape f@y, and to choser; and

a,. It must be stressed that this is a tricky problem since we
have an unknown quantity which is a number and another
one which is a function. It then has arpriori infinite set of
solutions (cr,@). Thus we cannot reasonably find the
proper fcg distribution from the hysteresis loop measure-

able agreement between the experimentally deduced distrinents. It is nevertheless possible to check the expression

butionsf,(H,) and 4f,(H,). Therefore, we think that the

linking a5, to a4, or equivalently the expressid5), and to

low H, part of the distribution functions displayed in Fig. 13 obtain a reasonable order of magnitude &rand «,. For

is closely proportional to the beginning of ttigg distribu-

this purpose we tried two different possible shapes for

tion function, since for this part of the curves, we expect thef cz(H,), which both display an initial rise compatible with

integral raised to the power of— 1 in expressior{13) to be
close to unity. Besides, it is clear from expressidf) that

f1(H,) andf,(H,). The first shape used two semi-Gaussian
functions centered o, and with left and right standard
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order of 5 in our experimental conditions, and the average
distance between nucleation centers is estimated ta’;be
= (wd3/4a;)Y?=396 nm.

The second interesting point is that, to deduce the proper
coercive field for the 2um dots, it is always necessary to
take a,=3a4, instead ofa,=4a,; as expected from our
simple theory. Then, for the Zm dots we obtain,=15,
corresponding to an average distance between nucleation
centers/,=458 nm, forH close to the corresponding coer-
cive field of 1.2 kOe. Fits are displayed in Fig.(bfin the
case of a semi-Gaussian shape with=5 anda,=15 and

Ho, AH., andAH, taken equal to 1.7, 0.35, and 0.95 kOe,
respectively. The reason why,/a;=3 can be a reduction
of the nucleation field value at the edge of the dots, due to
the etching process.

As a conclusion to this section, it is important to note that
we have been able to deduce two characteristic lengths for
the nucleation process in our systed, representing the
typical size of a nucleation center amdgiving the typical
distance between nucleation centers. As far/ass con-
cerned, it is the typical length between nucleation centers in
the “initial continuous film,” provided that the patterning
process preserves the homogeneity of the spatial distribution
of the nucleation centers inside all dots.

1 um dot
experiment {2

s N
0 —
S

-

R
By
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B § & 2pmdot O 2pmdot |
experiment theory
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b) theory

D. Thermal fluctuations of the nucleation probability

As we mentioned above, the magnetization of the dots
arrays, as well as the number of magnetically switched dots,
are not exactly reproducible after similar experimental pro-
cedures. This comes from statistical fluctuations in the mag-

FIG. 14. Comparison between the experimental hysteresis loopgetization reversal of a dot, and is well illustrated in Fig. 15
for the 1/1.2 and 2/2.2.m dot arrays(Fig. 2) and their calculation  gyer a restricted array area of 100 dots. The figure displays
assuming a Gaussian distribution of nucleation fields or @ the switched dots configuration after nine successive tests
pseudo-Gaussian assymetric distributibn In this last case a very o rformed under the saméi(t) experimental conditions. If
good fit is obtained for parameters reported in the text. up to 56 dots have been switched at least one time, thermal

fluctuations control the reversal of a rather large number of
deviationsAH, andAH,. The second shape was a cosine-13 dots labeled a—m. However, even though we observe a
type function fc(H,)=g[1—cos@)]*> with g=2[3(H. Very limited area, the integrated magnetization varies only
—Hmin)] and 6=2m(H,,— Hin)/(Hmax—Hmin), bounded to  within 5% of the average value. For a given dot of the
the interval[H,in,Hmaxd @nd being zero elsewhere. Three array exhibiting a square hysteresis loop, the switchorg
adjustable parameters are needed for the semi-Gaussian disscleation field probability Pgy, is plotted as a function of
tribution function, and two for the cosine one. The sameH in Fig. 16. Assuming that the nucleation field is larger than
procedure was used in both cases to find the approptiate the propagation field in the first stage of the reversal, and that
and a, values: we start from the highest possible value ofthe nucleation area is not larger than that of an elementary
ay, i.e.,a;=(ml4)(d,/&,)? for thed;=1 um dots, and de- cell, one can say that we are mainly probing the magnetiza-
termine the parameters of tHeg functions which give the tion reversal of a 25 nxi25 nmx1 nm single-domain par-
best fit of the hysteresis loops displayed in Fig.c2.;is then  ticle.
reduced and the new sets of parameters are found. At the
end, one keeps the coupléE, «;) which gives the best fit.
a5 is then obtained by trying to get the best fit of theuh

dots hysteresis loops, using the same “be$gr function. We have reported a comprehensive experimental and the-
Let us remark that to assunag = (/4) (d;/&,)? is equiva-  oretical study of magnetization reversal in Au(Cam)/Au
lent to the statement that the average distance between nuclgot arrays. In continuous Au/Cb nm)/Au films, magnetiza-
ation centers, defined by, = (7d3/4a;)*?, is equal tof, . tion reversal is dominated by easy domain-wall propagation,
The first point worthy of notice is that, for both functions, following the first few nucleation events. We have shown
the approach to saturation in theuIn dot array hysteresis here that patterning arrays of Au-Co-Au dots with decreasing
loop can only be well fitted for ar, value smaller than 50. diameter amounts to sampling with increasing precision the
The best fit is found fotx; close to 5, and is nearly indepen- distribution of nucleation sites in the initial film, as domain-
dent of the chosen distribution functidizz. The average wall propagation is blocked at the edge of the dot. On this
number of nucleation centers inside ath dot is thus of the basis, we have developed a detailed statistical model that

3 2 -1 0 1 2 3
H(kOe)

V. CONCLUSION
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FIG. 16. Magnetization-reversal probabiliBg,, for one of the
dots of the 1/2um dot array. The insert displays the hysteresis loop
of this particular dot.

finite (but very high numberP of possible nucleation fields
we will index them so thaH,;;<H,<---<Hp.

In the following T=0 K calculation, one assumes that, in
a dot having an experimental switching fiett},;, at least
one of thea centers is characterized by a nucleation field
Hnj. while no other center has a nucleation fielg so that
k<j.

To simplify calculations we will first consider the simple

FIG. 15. Magneto-optical imaging of the same set of 100 dots incase«=3, P=5. In that case, one states that there exists
the 2/2.2um dot array under the same experimental conditions.only five possible nucleation fields for the full dot array,
After saturation Hs=+ 2.5 kOe) giving black dots, the same re- H,;<H,,<H,3<H,4,<H,s, and each dot contains, on av-
versed field H=—1.35 kOe) has been applied to the sample dur-erage, three possible nucleation centers. For instance, we will
ing the same timeAt=0.73 ms). On these images, switched dotslook for the probability that a given dot nucleates at a field
cannot be distinguished from the gray background. This experimer]qns_ Then, it is necessary to look at the probability of ap-
has been repeated nine tim@sages A to ). The letters indicate pearance of all possible configurations.
dots which do not always switch. If only one of thea=3 nucleation centers has a nucle-

ation fieldH 3, then according to the above=0 K hypoth-

allowed us to extract from the experimental data a picture oésis, the two other centers have necessarily nucleation fields
the nucleation field distribution, and evaluate two fundamenequal toH,, or H,s. The probability for obtaining this
tal lengths: the nucleation lengly (which scales the lateral configuration is given by [S‘CF(H,B)f(Z;F(HM)
dimension of a nucleation volumeand the mean distancé +fer(Hna) F2(Hns) + fer(Hna) fer(Hna) for(Hns) 1. Note
between nucleation sites. We finally showed that our methoghat, since we consider so far a discrete modelHgr, the
allows one to track nanometer scale magnetic evéats probability fc(H,)dH, has been replaced big(H,). In
nucleation eventusing micrometer-scale resolution experi- {ne same way, the situation for which two among thve 3
ments (far-field MO imaging. The easy-wall propagation ncleation centers have the nucleation fiédds has the

that reverses the entire dot after a single nucleation acts heb‘?obability :{f(sz(Hn3)fCF(Hn4)+f(2:F(Hn3)fCF(Hn5)]= and

as an amplifying detector. - finally, the =3 nucleation centers can all have the nucle-
Although developed here for a specific case, both our & tion field H,s with probability f%F(Hn3)- Then, the total

perimental approach and theoretical treatment can be e)f)_robabilit that a given dot has a nucleation field, is
tended to other systems and configurations. More generallyé. | thy ft%] th b babilities. It 3 i
we consider our work as an example of how microfabricatio imply the sum of the three above probabiiities. 1t can easily
can help to understand magnetization reversal in continuou e seen that this sum may be rewritten as

films.

3 3

5 5
> fedHun | —| 2 fedHon | - (A1)
h=3 h=4

APPENDIX

We have to calculate the probabilityH )dH,, that a dot It is straightforwards to generqlize this expressigi) for
of diameterd has a nucleation field included in the interval @y values of® and a. We obtain
[H,,H,+dH,]. We notea the average number of nucle-
ation centers per dot. Each of these centers is characterized a_{z fep(H )}
by a nucleation fieldH, with probability fo(H,)dH,, 5y CR.Iinh
where fc(H,) is the nucleation field distribution for the
continuous film. Besides, since in the full dot array there is avhich becomes, in the continuous limit

a
1

(A2)

> fer(Hon)
h=j
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o a ExpressionA3) then becomes
J fCF(H)dH) .
Hy+dH, o a—1
(A3) f(Hn)zafCF(Hn)U fCF(H)dH} . (A5)
Hn

We can notice that the right member of expres<ia8) ex-
presses the inverse of the slope of the function

f(Hn)dHn=<rfCF(H)dH)a—
Hn

To find the probabilityP(H.=H,) that the nucleation
o a field of a given dot is larger than a give,,, we simply
F(Hn)=(fH fCF(H)dH> . (Ad)  notice thatd[ P(H,=H_)]/dH,=—f(H,).
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