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Periodic arrays of silicon nanolines, covered by a Co/Pt multilayer, with perpendicular magnetization, have
been studied by soft x-ray resonant magnetic scattering at tHe;@dge. At the resonance, magnetic signals
appear both on top of the structural diffraction peaks, characteristic of the grating, and between these peaks.
These superstructure satellites reveal an antiferromagnetic order, generated by the interline dipolar coupling.
Their intensities are strongly sensitive to the magnetic history, and can be enhanced through specific demag-
netization processes. By applying ansitu magnetic field, the evolution of the magnetic signal has been
monitored through the entire hysteresis loop. The magnetic contribution of the structural superlattice peaks can
be quantified by their asymmetry ratio, whose angular variation stems from the scattering factor. The change of
the purely magnetic satellites with the magnetic field is completely reproducible and characterizes the modi-
fications of the magnetic configuration during the reversal process. A model of Ising macrospins, from which
the distribution of the magnetic reversal fields can be deduced, is shown to be in agreement with the measured
results.
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[. INTRODUCTION niqgue has the specific advantage of being sensitive to the
three-dimensional magnetization profile and its evolution un-
Submicron magnetic structures have become increasinglger applied magnetic field. Furthermore, its element specific-
attractive systems for future applications in ultrahigh densityity is beneficial to the study of heterogeneous systems.
storage' It is therefore important to understand the magnetic
correlation between these small objects and their evolution in Il. SAMPLE DESCRIPTION
an external magnetic field, in order to be able to manipulate . ) ) )
the magnetic distribution of the whole pattern through indi- . "€ Nnanoline gratings are fabricated by a special tech-
vidual reversal processes. In this work, we focus on arrays df'aue. The conventional method_ 'to prepare such ;ys_tems IS
magnetic lines with perpendicular magnetization obtained b o etch the samplefterthe_deposm(_)n of the magnetic filfn. .
depositing Co/Pt on an etched silicon pattern. The aim of thig OUr case, the magnetic material, a Co/Pt multilayer, is

study is to describe the magnetic order in the One_Fjep05|ted onto a pre-etched Si substrate obtained by reactive

) . . . . ion etching at the Silicon Department of Technold@®TF)
dimensional(1D) gratlr_lg, as a first step before going to the at the CEA-Grenoble. This technigque has the advantages to
2D pattern of magnetic dots.

) keep a high etching resolution and to eliminate any deterio-
The present s_tudy USes the.tec.hnlque of x-ray resonanbiion of the magnetic layer during patternihghe different
magnetic scatteringXRMS), which is based on the reso- gieps involved in the sample preparation are summarized in

nance effect in the light-matter magnetic interactiohand Fig. 1.

can be considered as an x-ray analog of the optical Kerr step 1: deposition of a 600-nm film of negative resist onto
effect. This technique is classically used in the hard X-raythe silicon wafer. Step 2: insulation of parallel lines on the
limit in order to access to the magnetization on the atomigesist with a scanning electron beam and development of the
scale? in our case the measurement is performed in the sofinsolated resist. Step 3: reactive ion etching to transfer the
x-ray range, and allows us to evidence the magnetic order gtattern onto the silicon substrate. Step 4: deposition of a Pt
the submicron length scale. The photon energy is tuned to th@8 A)/ [Co (5 A)/ Pt (18 A)];53 multilayer by dc sputtering

L, absorption edge of the magnetic eleméaig., Co, in  at room temperature, at normal incidence for Co atoms and
order to promote the dipole transition from the spin-orbitat oblique incidence for Pt atoms, producing a magnetic
split p state into the magneticd3valence band. The wave- 32-nm thin film with perpendicular magnetic anisotropy
length at the Cd.; edge(1.59 nm is well matched to study (PMA).

the magnetic correlation of a nanometric grating. Comple- The Si lines used in the present study are labeled by
mentary to magnetic force microscogFM), this tech-  (L/d/h), whereL is the linewidth(from 200 to 400 nmy d is
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) FIG. 3. Comparison of AFM(charge profile, left and MFM
FIG. 1. Patterning process. (magnetic profile, rightimages of a small area ¢88 um) for
lines grating with thg200/75/300 geometry.
the line spacind75 or 200 nm, andh is the trench height
(2352(” 3:3]9 nn. Thezetcr?ed area for egcr]: geometry COVersyqie of 18°, Neither of the two techniques is sensitive to
X2 mnr. Figure 2 shows an atomic force microscopy magnetism in regions other than the tops of the lines: the

(ﬁgx)s;r?g?tehzgg](;;&%; ags%::rthgnegd omhsecg;aetternlngMFM tip cannot image deep trenché&0 nm herg and the
P . ge y 2 : . strong absorption of the soft x rays prevents any scattered
In a previous work,we studied the effect of the geometri- ignal from them. One can therefore safely consider the mag-
cal parameters on the magnetic interline correlation, anigtiZ tion on th .Iin : alv. In thi r¥t o W n st dg
showed that small line separatioft and deep trenchd#) etization on the line tops ony. 1S context, we can study
the lateral line correlations and their evolution under field.

favor an AF ordering. In this paper, we will concentrate on : X
the (200/75/300 configuration for two main reasons. First, in | "€ comparison between the AFM and MFM images, pre-

this deep-trench configuration, the magnetic film covers onlyp€nted in Fig. 3, illustrates the local magnetic order. On the
the top of the lines, with a limited amount of material along AFM image, the contrast shows the regular topografting
the sidewalls, and practically nothing at the bottom of thetops are light; trenches darkwhose period is 275 nm. The
trenches. This structural discontinuity leads to a magnetiFM, obtained after subtracting this topography, shows the
discontinuity, i.e., there is no exchange interaction linkingpure perpendicular magnetic contours. The magnetic tip is
the tops through the side walls and trenches, so that onlgensitive to the stray field produced by the top of the lines
dipolar coupling is present between the separated magnet@nly; light and dark areas correspond to “up” and “down”
lines. Second, this dipolar interaction is stronger when thenagnetizations of these lines. Every line in the image ap-
separation between the tops is smaller. pears mostly as a single domain, but one can find different
Two complementary techniques were used to study thisnagnetic arrangements in the line pattern: adjacent lines can
magnetic system. On the one hand, the MFM technique, sefrave the same darkness, displaying a tendency toward ferro-
sitive to the magnetic stray fields, provides a surface imagenagnetic ordefFM) with the same periodicity as the topog-
of the magnetic domains over a small aréigpically 5  raphy, while at other places, light and dark alternation oc-
X5 um?). On the other hand, XRMS, on which this work is cyrs. pointing to co-existing antiferromagneti&F) order,
centered, is sensitive to the volume magnetization and itg;nose period is twice that of the structural one.

distribution over a wider area. Indeed, the illuminated area These magnetic arrangements depend on the magnetic
covers 650umx2 mm, and at the Cbg resonance energy hisiory and change when an external magnetic field is ap-
of 778 eV, the attenuation length IS about 70 nm, ‘.Nh'Ch lied. The first approach of the magnetization reversal pro-
allows us to probe the entire magnetic layer, at an 'nc'dencgesses consists in measuring the hysteresis curve. Figure 4
shows a polar Kerr effect measurement with the magnetic
field perpendicular to the layer. The coercive fielt,
=780 Oe in this nanoline pattern is larger than in a continu-

; ous Co/Pt multilayer, giving onlii,.=330 Oe. The increase
‘ of the coercive value arises from nanostructuring.
i Using the XRMS technique, one can determine the lateral
Y ‘ ' magnetic correlation over a wide area of the line grating. The
' application of arin situ magnetic field allows us to monitor
. ' the magnetic evolution of this periodic profile through the
whole hysteresis loop, from one saturated state to the oppo-

site saturated state. This provides important information for
understanding and quantifying the reversal processes around
FIG. 2. AFM image of a200/200/35 line grating. the coercive points.

20,000 nm
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FIG. 4. Kerr effect measurement on(200/75/300 line mag- “ Period p ¥
netic pattern and on a continuous layer using a perpendicular mag-
netic field. FIG. 5. Diffraction geometry with the sample geometry. The

wave vectorg=k;—k; is split into two componentg, andq, .
. XRMS MEASUREMENTS . ) )
absorption edges due to the resonant denominator, allowing

In the kinematical approximation, the detected intensity isthe observation of a strong XRMS signal in addition to the
proportional to the square modulus of the scattering formstructural scatterindf
factor, summed over all positions, of the magnetic The scattering amplitud&°® in Eq. (3.2) is the sum over
material, three terms. The first one, corresponding to the isotropic
scattering, is proportional to the electronic charge density
and gives the main contribution to the scattered intensity.
The other two terms depend on the magnetization unit vector
and are weaker. The second term depends linearly on the
whereq is the scattering vector arfg, the atomic scattering magnetization, while the third term, even weaker still, has a
amplitude. quadratic dependence, and can give second-order magnetic
The general expression of the scattering amplitude hadiffraction peaks. The magnetization direction can lead to a
been given by Hannoet al,*° showing thatf, describes photon polarization change between #heand 7 channels.
both nonmagnetic and magnetic contributions, with the lattedhe possible transitions are— m,7— o, and7— . Circu-
enhanced by several decades at an proper resonance enefggly polarized light, containing out-of-phageand = com-
We study the resonant magnetic signal, which corresponds onents, can lead to interference in the final channé
an electric dipole transition§1) between the g level and Experiments were performed at beamline ID12B and 1D8
the d band of the Co atomsL, ; edges. The sensitivity to ~ Of the European Synchrotron Radiation FaciliSRB in
the magnetism in such a process is due to the presence bfance: The light, prgduced by the helical undulator, was
spin-orbit interaction in the core-hole statepi?, 2ps;,)  creularly pOIa”Zedglé'l/g)' The setup used is a vacuum two-
and exchange interaction in theband, which act as spin C/fclé diffractometer™ * equipped with an electromagnet
dependent emitter and detector, respectively. In the case |%<ed onto the sample holder plate providing a perpendicular

an E1 transition,f,, can be written as leld up to 0.18 T.
N The sample was placed in a transverse geometry, in which

the line pattern was perpendicular to the diffraction plane, as
shown in Fig. 5. The combination of sample and detector
rotations allows scanning of the wave vectpreither along
wheree; ande are the polarization vectors of the incident d, (perpendicularly to the surfager alonggqy (in the layer
and the scattered light, respectively,, is the unit vector of ~ plane and perpendicular to the lineAny magnetic contri-
the magnetization, and th&(©12) describe the atomic bution appearing at a certain valag, for fixed g, reveals

2
[ o ,

(3.9

> fexpiq-ry)

faes:e? ~e|F(°)—i(e}* Xel)'MnF(l)"'(e? ’ Mn)(an)F(z)y

electric-dipole resonance processes, the p_eriodip nature of_the magnetic profil_e in bhdir_ection.
The intensity modulations along magnetic rddbtained by
FO=F, +F,_,, varying g, at fixedq,g) reproduce the magnetic depth profile
' ' inside the multilayef. In this report, we focus on the varia-
F)= Fi1i—F1-1. tion of the scattered intensity alomg .
F@=2F, Fy,—Fy_1. 3.3 IV. RESULTS AND ANALYSIS

The spectroscopic terms account for the transition ampli- A. Magnetic signal

tudes for electrid_-pole radiation, with angular momentum  The aim of the XRMS measurements is to observe the
componentM. These factors are strongly enhanced at thenagnetic order in the perpendicularly magnetized line array.
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multilayer Bragg peak d,=0.24 A1) for two energies:E -

=760 eV (below the edgeandE=778.5 eV(at resonance

The possibility to tune the photon energy around theLGo
edge enables independent measurements of the structural
der (at any energyand the magnetic ordéat the resonance
energy. As shown in Fig. 6, the structural diffraction pattern,
measured at 760 eV, exhibits many superlattice peaks arour £
the central specular reflection. The peak positions correspor g
to the structural periop=275 nm and their intensities are ~—
modulated by an envelope function, due to the form factol
given by the shape of the film deposited on the patterne

structure. The asymmetry of the spectrum is due to the asyn : : i CIOTH
metry of the sputtering procesgthe Pt atoms were deposited -0.03 0.00 0.03
at 35° oblique incidence anglelndeed, this asymmetric
shape is reversed when the sample is rotated by 180°.

Near the Cd_3 resonance energy, pure magnetic satellites FiG. 8. Influence of a demagnetization process on the XRMS
appear between the structural peaks. The value of this magignal for a(200/75/300 sample, aE=778.5 eV. Top: MFM im-
netic resonance energy has been chosen in order to maximiages showing the initial statéeft) and the final statéright) after
the intensity of the magnetic signal, as shown in Fig. 7, andiemagnetization.

ty(linear plot)

[

s ———. & S, e

1P ng= 550 nmi

1

gx (nm)

‘ . \Evollition it STRIDY(EY) corresponds t&=778.5 eV. This value is 1.7 eV above the
— s structural resonance. It is clear from Fig. 6 that the position
——777 of the satellites ¢,=0.011 nm* for the first ordey corre-
! — 778 sponds to a magnetic periqr, =570 nm, twice the struc-
—o—7785 tural one, thus revealing the presence of antiferromagnetic
779 (AF) ordering of the lines, i.e., up/down alternation. The
01 —— R0 large width of the satellites\q,=0.006 nm* full width at

half maximum(FWHM), indicates that this order has a short
correlation length I;=1000 nm), which covers only four
lines. Indeed, as shown by the MFM imades Fig. 3), the
magnetic configuration in such a system contains a mixing of
antiferromagnetidAF) and ferromagneti¢FM) areas. Inci-
dentally, the shape of the spectrum observed by XRMS at the
resonance edge is less asymmetric than at 760 eV. Indeed, at
the CoLs edge, the attenuation length is strongly reduced
p ' 165 . and the x rays are not sensitive to the material deposited on
theta () the sidewalls, Which induces pa_rt of _the structural asymme-
try. Furthermore, since magnetism is present only on the
FIG. 7. Evolution of the diffraction pattern with incident photon lineés top and practically absent in the small amount of ma-
energy. Inset: intensity variation as a function of photon energy foiterial along the sidewalls, the magnetic profile is completely
the specular peak and the first magnetic bump. different than the structural one. As we will show, XRMS

o
o
=

1

Scattered intensity

1E3 4
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gives the possibility to follow rapidly the influence of the
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RV spetum_| | 5 i -
magnetic history on the AF tendency or its evolution with an ‘ [b] ’ b] 2] ;.‘;;"z/sﬁ-mmgfm“‘-hz-,z_?m q'g
external magnetic field. E % [ “ ‘& ::‘-:.::::;%j .
4 140 mT
B. Influence of magnetic history 3o \ d] “ e fr os
We consider here the effect of the magnetic hist - E L ( NI T i
gnetic history, spe ool L Ll
cifically of the demagnetization processes on the magnetic P e oy s R S S e T NN N
peaks. As deposited, the sample exhibits a complicated mac qx(nm1) Magnetic ied gnT)
netic configuration, as shown by MFM imadEig. 8, top oz e fom '
left). One can observe a succession of small magnetic do ::; ey T e 1™
mains along each line, while all lines exhibit single domains on| TRIUE %.ﬁzj Lo
across their width. In order to favor the magnetic domain o
growth, the sample was demagnetized by gently decreasini g o= .l 005
the field(with a speed of 1 Oef$rom saturation down to the E o= [0 m
coercive value and then quickly to zero. The MFM image of o — s s
the resulting magnetic configuration shows that the imagec o] VEHNE% @ vaidion 7% 1,_ oos
region of almost every line has become a single domain,

strengthening the lateral AF order. As a result, the XRMS

2T T T
450 00 60 O

Reld(mT)
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T T T
50 100 150

Field (i

spectrum shows much stronger magnetic satellites, up by
factor of 20 for the first order. Such an enhancement can be ]
attributed to two phenomena: first, the increase of the mag-
netic correlation length along the line’s direction reduces the%
longitudinal scattering and thus concentrates the scattereg
intensity atq,=0; second, the AF coupling reinforces the %
scattered intensity in this direction. In order to understand g
more quantitatively this result, a measure of the magnetice
peak intensities as a function of thresitu magnetic field was
performed.

0.003

0.002

Magnet

C. Evolution under field

0.001 +

T
-50 0 50

Magnetic field (mT)

The possibility to apply a perpendicular magnetic figld
in situ with an electromagnet inside the diffraction chamber
enables monitoring of the evolution of the XRMS spectrum
with field strength. It is particularly interesting to study the 15 9 Evolution of the structural peaka,(b, b’, ¢, andc’)
evolution of the magnetic AF satellites and structural peak,q right-hand side magnetic satellith intensities undein situ
intensities of different orders when the magnetic field cycles,erpendicular magnetic field, describing the entire hysteresis loop,

through the whole hysteresis loop, as shown in Fig. 9. Thet =778.5 eV (each loop is scanned with a speed of 1.15 mT/
main advantage of these measurements is the possibility tg.

follow the signal in real time, with a good time resolution
(about 10 Oe/sec herecompared to MFM studies, which \yhereFg andF,, correspond to the structural and the mag-
which requires more time. parts interfere, by considering the scattered amplitude,

T
-100 100

1. At the grating periodicity . ~  ~
. R A(@)=2 (Fs+Fyexpiq-r)=Fs+Fy, (4.2
The top four plots of Fig. 9 show the intensity variation n

for the specular peaka) and the superlattice peaks: |€k) _

and right (B) first order, and lef(c) and right (¢) second whereF denotes the Fourier transform Bf

order. In all cases, we observe the magnetic contribution in The intensity is

the scattering process, revealing forms reminiscent of mag-

netization hysteresis loops. This effect is due to interferencel (q)=|A(q)|?=|Fs+Fy|?=|Fg?+|Fu|?+2 ReFg Fy)
between the structural and the magnetic terms in the total
scattering factofsee Eq.(3.2)], which can be decomposed
into two terms:

Thus there exists an intensity component which depends
on the sample magnetization. By recasting the scattering fac-

(4.9 tor in a matrix form, we can clarify this expression:

fres=Fg+Fy,
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The dependence of the quantRywith the satellite order
evidences its sensitivity to the incident and outgoing angles
6, and ;. Here, the measurement is performed on the first
multilayer Bragg peak, so that the anglésand 6; differ
slightly from the central specular positiafy=18°, the de-
tector being at 2,=36°.

One can see in Eq4.6) how the intensityl depends on
the vectorsk; andk;, of defined by the angleg; and 6;,
thus inducing a variation of the asymmetry ratio with the
satellite order. A more detailed study, based on systematic
measurement, and accounting also for the asymmetry of the

magnetic profile is foreseen, in order to model this result. In
the present paper, we focus more on the evolution of the

satellite order purely magnetic peak intensities with the magnetic field.

FIG. 10. Evolution of the asymmetry ratio with the order of the

structural satellite at the first Bragg multilayer peak position. 2. Magnetic peaks

The plot in Fig. 9, partd), represents the variation of the

1) intensity of the first magnetic satellite at the right-hand side,
n’- corresponding to the AF order evolution. Starting from a

(4.4  Ppositive saturated state, where the whole sample is ordered
— ferromagnetically, the decreasirtg field induces progres-
The intensity isl =Tr(f;°°.pf[°°*) wherep is the density sively the reversal of some adjacent lines and the onset of
polarization matrix. In the case of circular light, and taking AF-ordered regions. The AF magnetic satellite intensity rises
account that the magnetization is perpendicular to the layerapidly and shows a maximum at the negative coercive value
we obtain —H. (complete demagnetizatipnFor lower H values, the
intensity decreases to zefftat diffuse backgroundwhen the
sample has reached the negative saturation. The same behav-
ior is repeated symmetrically aroundH_. when the field
describes the second part of the loop. The apparent value of
the coercive field is 70 mT. This value differs slightly from
the Kerr measuremert?8 mT), possibly due to a different
calibration. The extension of the reversal process covers a
range ofAH,=60 mT. This result is fully reproducible, re-
gardless of the speed of théfield sweeping. Its accuracy
2 allows one to model the reversal of magnetization in such
+[k;- M+ (k;- k) systems, as described below.

0 —k;-M, )

1 0
ffesz( )F(O)Jri
"o kike) " ke My (kixk) M,

2
I=[1+ (k;-k)?] +2) [exp(iq-Tom

; FEO)eXF(i q- rn)

XFOFD)* +expiq-rmn) FOFO)* (k- M,
+ (Ki-ke) (k- Mp)]. (4.5

And, assuming tha > are uniforms:

I=[1+(ki-kp)2]|FOX explig-r,)

D. Model for the magnetization reversal process

X (ki-M)]2 Re( FOFED)* exp(iq-rn)>. (4.6
" The grating system is modeled by an assemblj single

Thus the intensity depends linearly on the magnetizatiorgo.maln Imgs, gach carrying a magnetizatingi) =+ 1 (i
unit vectorM. The measurements represented in Fig. 9 ar@e'ng_ the "_”e mdex, varying from 1 t). The concept of
performed at fixedy, value (also fixedk; andk;), the vari- the -S|mulat|o_n is to start with a satL{raFed magnetic state
able being the unit vector of magnetic profil, which var- [m(i)= +1’y'] and to reproducg statls'ucal.ly the reversal
ies from one saturated sta =—z to the opposite one Processes In the magnetlc gratmg, tgkmg Into accpunt 'the
M, = +z and induces either constructive or destructive inter-m.agr.letIC d:polar coupllng and the intrinsic reversal field dis-
ference, resulting in the intensitiés and |, respectively. tr|but|on{BC}_for t_he lines pattern. -
The intensity variation detected in the specular péakis The effective field perceived by lineis
directly proportional to the total magnetization and repro-
duces the hysteresis loop. Similar loops are also observable
on all the superlattice peaks. The intensity of these peaks
contains information about magnetic correlations between
the lines at the grating periodicity, i.e., ferromagnetic order,
which is sensitive to the hysteresis effect. One can observewhere By, is the external field valugassumed homoge-
specific reversal between the left and right satellites. Thisieous, andB/(i) is the dipolar field created by the magnetic
dichroic effect can be quantified by an asymmetry r&io line j at the center of the liné This field is calculated by
=(l4—=1)/(14+1}). The evolution of the measureRlratio  considering the magnetic layer of each line, whose rectangu-
with the harmonic position is represented in Fig. 10. lar section isbc, with b=200 nm andc=32 nm,

Bi=Bexit >, Bh(i), (4.7)
7]
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Kerr measurement

@ (after recalibration from Fig, 3)
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FIG. 11. Results of the simulation fdd=500 lines andNg

=10 samplings, with J;=377 mT, BY=70 mT, and AB,
=o.0932. (a) hysteresis loop obtained by Kerr effe) AF satel-

lite intensity evolution.
JS VEZXij+b ’62X|J_b>}
arctan ———| —arctan ———| |,
C C
(4.9

Bu(i)=——
whereJ; is the saturation magnetization, multiplied joy,

andx;;=(j—i)p is the distance between the centers of the
line j and the linei. In this model, the Co/Pt multilayer is
considered as a single magnetic layer with a uniform meat

magnetization:

e
_ CoPt__ Co -Co
Js=uoMg™ = pnoMg _e )
tot

4.9
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©  Experiment
A Gilobal simulation
. 3 —— With ABc=0

-
=
[
c
2
£
°©
[1]
2
©
£
1y
° _
=
22 mT
28 mT
T T T T T T T
-125 -100 75 50 25 0 25
B (ImT)

FIG. 12. Comparison between the global simulatipreluding
Js=377 mT andAB.=6.3 mT) and a partial simulation with
only dipolar coupling AB.=0).

field at the center of each line, one neglects the edge effects.
Nevertheless, this model provides good simulation, as we
will see, and is relevant from the point of view of global
magnetic ordering. .

The criterion of reversal for the lineis that|B;|=B;
=0 (reversal from negative to positive state occurring at
+B¢, and from positive to negative state occurring at
—By). By analyzing MFM images at different stages of the
reversal process, it appears that the spatial distribh
arises from the structural defects, favoring domain nucle-
ation. It will be described by a normal random distribution
around a mean valuB® with a varianceABs .

This approach considers a step-by-step reversal of the
macrospins from the initial saturated state, thus requiring us
to recalculate the magnetization distributiom(i)} and the
resulting effective-field distribution at each step. Two quan-
tities are evaluated, respectively the total magnetization and
the AF satellite intensity at, = 2/2p:

M N
M (Bex) = o 2, mii),

N 2

2 m(i)exd jax(ip)]| -

=1

max

I (Bex) = N2

(4.10

In the simulation, B,,; is sweeping the whole range
—Bgat, T Bsa) With 200 steps. The parameters to be ad-
justed in the simulation areB@,ABC) for the critical-field
distribution. The position of the AF satellifeoercive field
is mainly determined b)BS, while the satellite size and the
slope of the hysteresis loop are governedA®,. and Js.

The real sample presents about* 1es of which ~2

ec, ande,; being the thickness Co and the total layer thick- x 10° are illuminated by the x rays. In the simulation, the

ness, respectively 5 and 23 A+@l A), thus giving Jq

number of lines is equal ttN=500. Due to this limited

=377£20 mT. This Ising macrospin approach neglectsvalue, the stochastic spread present in the evaluated quanti-
both vertical and lateral magnetic inhomogeneities. The latteties (M, 1), is smoothed by taking the average over many
assumption is rather crude, since by evaluating the dipolasampling Ns=10%). The results are represented in Fig. 11.
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SPECULAR , ) Istsatellite where {m,r(j)} is the magnetic configuration @=B.
I =70 mT, with the fitted parametery and AB.. At this
coercive point, the line’s assembly presents the largest num-
ber of AF areas. We could estimate the mean size of these AF
areas: the width of the peak 4q=0.0066 nm?, that give
a magnetic correlation length about 950 nm, i.e., almost four
lines. The calculation is in good agreement with the experi-
mental result. We remind that this simulation does not take
account of the charge scattering, so it does not reproduce
either the specular and superlattices peaks, or the diffuse
background, but only the magnetic part, which fits quite well
with the experimental magnetic peak.

Scattered intensity

—*— experiment
simulation

T T T T
0,00 0,01 0,02 0,038

-1
q,(nm ) V. CONCLUSIONS

. . We have studied the magnetic order in a Co/Pt line array
FIG. 13. Comparison between the Fourier transform of the magépplying the XRMS technigue to a nanostructured magnetic

netic configuration, represented in the interval of the first magnetic’™" . . -
peak, and the experimental measure. The calculation has been dofERting. In the chosen geometiines O,f 200-nm V_V'dth Sépa-
at the coercive point in the simulation]$=377 mT, AB,  'ated by a 75-nm gapthe demagnetized state is dominated
=6.3 mT, andB.=70 mT). by an antiferromagnetic order with a mean correlation length
of about four lines. The evolution of the structural and mag-
The shape of the hysteresis log@ and the AF magnetic netic peak intensities undém situ magnetic field evidences
satellite evolution(b) are remarkably well reproduced. The the contribution of the magnetic part in the scattering factor
different criteria of comparison between the experimentaboth on the specular peak and grating satellites. This effect
and the simulated curves, i.e., the position, width and shapgas peen quantified by an asymmetry ratio, which presents a
of the magnetic satellites as well as the slope of the hystelsharacteristic angular dependence. We have also followed
esis loop, allows precise estimates of the parameter8?,  step by step the evolution of the pure magnetic superstruc-
andAB.. ) ) ture peak associated with the AF order: its intensity increases
From the modellong, withls=377 mT, we deduce the 15 3 maximum for the highest AF order, at the coercive value
mean critical fieldB; to be 70 mT, and the variana®B.  eyaluated to be 70 mT; this process occurs within a range of
=0.098=6.3 mT. The effective reversal field total width is g0 mT of theH field. In order to simulate these results, we
A{B=60 mT: the reversal process, appearing Bt modeled the system by an assembly of macrospins assigned
=40 mT and vanishing at 100 mT, are therefore not onlyyith a random distribution of the critical reversal field. The
due to the dipolar coupling. A comparison between the dipoyeyersal processes are shown to be not only governed by
lar contributionJs and the defects contributiohiB. is shown  ginolar coupling effects, but also by structural defects, which
in Fig. 12. According to a simulation withs=377 mT and ¢, the domain nucleation along each line, and contribute
AB.=0, ',t appears th.at dipolar coupling itself ger?eraFes asigniﬁcantly to the reversal field extensigmore than 20%
reversal field distributiolAB,=22 mT FWHM, which is of the total width. This result shows the possibility to con-

much smaller than the experimental valuB=28 mT. This e :
o . trol partly the reversal processes, by modifying the deposi-
means that the structural defects have a significant influence partly b y fying P

on the total reversal process and stretches the reversal fie |(§)n_cond|t|on§(defect density, the__structural and n a_gnetlc
extension by a quantithB,~AB— AB,=28-22=6 mT profile, etc). Finally, the reproducibility of the XRMS signal
3A 2= 1 e ni,

i.e., more than 20% of the total width. This graphically evolution under field evidences the reversibility of the mag-
evailuated valua B, is in good agreement with the fitting of netic profile evolution, an important aspect for recording
the parameteAB, . processes.

A simulation of the first magnetic satellite intensity in the
Fourier space is presented in Fig. 13. This curve is obtained

by calculating the Fourier transform of the magnetic configu- ACKNOWLEDGMENTS
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