RAPID COMMUNICATIONS

PHYSICAL REVIEW B 71, 020403R) (20095

Correlated magnetic reversal in periodic stripe patterns
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The magnetization reversal in a periodic magnetic stripe array has been studied with a combination of direct
and reciprocal space methods: Kerr microscopy and polarized neutron scattering. Kerr images show that during
magnetization reversal over a considerable magnetic-field range a ripple domain state occurs in the stripes with
magnetization components perpendicular to the stripes. Quantitative analysis of polarized neutron specular
reflection, Bragg diffraction, and off-specular diffuse scattering provides a detailed picture of the mean mag-
netization direction in the ripple domains as well as longitudinal and transverse fluctuations, and reveals a
strong correlation of those components over a number of stripes.

DOI: 10.1103/PhysRevB.71.020403 PACS nun®er75.75+a, 61.12.Ha, 75.60.Ej

The magnetization reversal of individual magnetic ele-fully addressed by combining the benefits of magneto-optic
ments within a periodic array may or may not affect theKerr effect(MOKE) and Kerr microscopyKM ) with results
behavior of its neighbors depending on the range of the strafrom PNR. While KM provides direct-space images of mag-
fields emanating from its edges. Understanding and controlretic domains, PNR probes both the parallel and the perpen-
ling interactions between neighboring elements is of highdicular components of the magnetization distribution in the
fundamental and technological relevance for magnetoeled-ourier space.
tronic applications. However, experimental analysis of corre- We investigated the magnetization reversal of a lateral
lation effects is not an easy task. We have chosen polarizeakray consisting of polycrystalline stripes with a layer stack
neutron reflectivity(PNR) to characterize the magnetization of 3 nm V, 76 nm Cg/Fe&, 5 and 3 nm of Al for protection,
reversal and to unravel simultaneously the strength and rangieposited on an AD3(1102) substrate with a 5-nm-thick Ta
of magnetic correlations. PNR is a particularly well-suitedbuffer layer. The stripes have a width of 2uh and a grat-
experimental tool for this task as it is magnetically sensitivejng period of 3um, thus the anisotropy of the stripes is
allows to determine the mean vectorial magnetization direcelominated by shape anisotropy. In comparative measure-
tion, and, in particular, contains all required information onments on a continuous film, no anisotropy was visible by
fluctuation and correlation effects® Recently polarized neu- regular MOKE magnetometry.
tron reflectivity and scattering has also successfully been ap- Neutron-scattering experiments were carried out with the
plied to patterned magnetic films prepared by lithographicADAM reflectometer of the Institut Laue-Langevin,
means’~®We have investigated the magnetization reversal olGrenoble, Franc® The measurements were performed with
a magnetic stripe array via a combination of neutron scattera fixed neutron wavelength,=0.441 nm. A magnetic field
ing and Kerr microscopy. The stripes exhibit ripplelike do-was applied perpendicular to the scattering plane and parallel
main patterns over a wide magnetic field range, giving rise tdo the stripes. If not explicitly defined otherwise, the terms
intra- andinterstripe correlations effects. The detailed quan-parallel and perpendicular refer to the direction of the stripes
titative analysis of the neutron data yielding information onin the film plane, whereas longitudinal and transverse refer to
longitudinal and transverse magnetization fluctuations conthe mean magnetization direction.
siderably extends the information achievable by photon- or In the easy-axis configuration one can expect a “classical”
electron-based imaging techniques. remagnetization scenario, which implies homogeneous mag-

The main goal of the present study is to follow the evo-netization along the stripes below the coercive fidldand
lution of the magnetization distribution in a stripe patternan almost instantaneous flip of the magnetization into the
with an induced uniaxial magnetic shape anisotropy as #eld direction atH..8 Instead, with KM a ripplelike multido-
function of field. Such systems are not only interesting inmain structure was observed already close to remanence, far
view of their potentials for nanoelectronics, but also due tobelowH,, as shown in Fig. (). The contrast between neigh-
fundamental problems of the interplay between induced anfioring domains is produced by magnetization directions,
self-ordering in quasi-two-dimensionéjuasi-2D magnetic ~ which are tilted away to the left and to the right relative to
systems. In this Communication we demonstrate that the furthe net magnetizatioH. Increasing the magnetic field does
damental problems of the interplay between induced andot affect the domain size or orientation. At [Fig. 1(b)],
self-ordering in quasi-2D magnetic systems can be succestie magnetization in some of the stripes suddenly alters its

1098-0121/2005/72)/0204034)/$23.00 020403-1 ©2005 The American Physical Society



RAPID COMMUNICATIONS

KATHARINA THEIS-BROHL et al. PHYSICAL REVIEW B 71, 020403R) (20095

FIG. 1. Kerr microscopy im-
ages taken below,. (a), atH. (b),
and aboveH, (c) with the mag-
netic field aligned parallel to the
stripes. The plane of incidence re-
sults in a top-down magneto-
optical sensitivity axis perpen-
dicular to the stripes. The curly
arrows indicate the mean magneti-
zation direction as well as the
presence of ripple domaingd)
Kerr microscopy image taken at
H. from the continues film.
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direction by head-on domain-wall motion. The reversal doespecular and Bragg reflections is lowergeigs. 2a) and

not occur statistically independent in different stripes, but2(b)] compared to results from maps measured in s_aturat_ion
rather comprises several neighboring stripes, as was inferré@iot shown. Second, and most important, the multidomain
from additional KM studiegnot shown herg using a lower ~state causes a strongly asymmetric off-specular diffuse scat-
resolution. Each of the stripes still contains a multidomaintering, which is present a and/ora; close to the critical
state which is present even abdvg as shown in Fig. ).  angles for total reflection. This effect is most pronounced at
However, the amplitude of the magnetization modulation in-2nd belowHc, but can also be detected far abode and

side the stripes is strongly reduced. even close to saturation, when the magnetic contrast in KM

From these observations we conclude that ripple domain& ”Otl sufficientt_enougtjth to observe ”PplehdoTﬁ'n;' oft-
and correlations in the multidomain ensemble play an esserpP€cular magnetc scattéring occurs only when the domains

. . . —are smaller than the neutron coherence volume and when
%?L;?ée égg;;gvz::a\:vzﬁ) ﬁﬁiﬁvﬂf ;rhoerr:attﬁirr?”f}ill n‘:?tﬁ‘mgf zlr:]their magnetization vectors deviate from the mean magneti-

. i . . . zation direction within this coherence volume. The longitu-
induced by irregular anisotropies conne_cted with Fhe pc>|y'dinal coherence lengttparallel to the neutron beam and per-
crystalline structure of the filrkt Indeed, in the continuous

. . . . . pendicular to the stripgss estimated to be about 1Qam,
film the formation of ripple domainfsee Fig. 1d)] was ob- jije the transverse coherence lenghrallel to the stripes

served. In patterned films ripple domains can be avoided ifg only a few nm due to the focusing condition of the mono-
the shape anisotropy is large enough as was observed fgpromater. The coherence volume, embracing a number of
1.2.um-wide stripes. But in the present case of gyipes in the lateral direction, is sketched in Fig. 3. In the
2.4-um-wide stripes this is not the case and ripple domaingollowing we will distinguish between the mean magnetiza-
occur. tion, which is the average taken by polarized neutron scatter-
The KM images in Fig. 1 already provide a good qualita-ing within the coherence volume, and the net magnetization,
tive overview on the general features of the magnetizationwhich is the average taken over a large fraction of the sample
arrangement in the stripes and on the size distribution of thand measured, for instance, via MOKE. While the net mag-
domains, ranging from several hundreds of nm tgrh in  netization is parallel to the stripes, the mean magnetization is
the parallel direction. However, they can hardly be used t@xpected to deviate locally and show a large transverse and
obtain more quantitative information on the magnetizationlongitudinal distribution, as will be discussed in the follow-
distribution within the domains at remanence and at higheing.
fields. Neutron data provide the missing information by mod- Between remanence and coercive field the mean magne-
eling the experimental results, using the direct-space KMization manifests itself in Fig. 2 by the noticeable asymme-
images in Fig. 1 and MOKE measurements as inputry in the off-specular scattering patterns. This asymmetry
parameter$?13 Figure 2 displays intensity maps taken by clearly signifie8 that locally the ripple magnetization devi-
PNR as a function of the angle of incideneg, and angle of  ates from the mean magnetization direction, while the mean
exit, o;. The maps are measured wit# “spin-up” and(b)  magnetization has nonzero components parallel and perpen-
“spin-down” neutrons at a field well belo.~100 Oe ap- dicular to the stripes. This is also confirmed by spin-flip
plied parallel to the stripe directiocompare Fig. (@] and  specular intensityas seen in Fig. @) and discussed belgw
with neutron polarization parallel or antiparallel to the field and off-specular Bragg reflections tdt< H...
direction. The specular reflection ridge runs along the diag- We have also taken reflectivity data with spin analysis of
onal, wherea;=a;. The Bragg diffraction is seen as curved the exit beam, providing two cross sections for non-spin-flip
off-specular lines at cos, —cosa;=n(\/d), wheren is the  (NSP, R** andR ", and two for spin-flip(SP, R~ andR™¥,
diffraction order. In Fig. 2, Bragg reflections fa=+1, =2  reflectivities. As shown in Fig.(4), aboveH, we observe the
can be recognized. Note, that the diffraction effect is rathetypical ferromagnetic splitting between the two NSF reflec-
weak and visible only due to the neutron wave field enhancetivities and almost no intensity for the SF reflectivities,
ment close to the critical edges of total reflection for theR*"=R*=0. This unambiguously proves almost perfect
incoming or the diffracted waves. alignment of the mean and the net magnetization. In the
The domain state of the stripes can be extracted in theange O<H<H, the splitting betweeiR** andR™~ is low-
intensity maps by two main effects: First, the intensity of theered and SF occurs. The SF intensities indicate a magnetiza-
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FIG. 2. (Color online (a) and (b) experimental maps of the 0.0 7---rmsennronn]l, Lo TLoiToaTa
polarized neutron intensity on a logarithmic scale from a periodic -400-300-200-100 O 100 200 300 400

stripe array measured at a magnetic field of 43 Oe and plotted as a H [Oe]

function of the angles of incidenceg, and the scattering angles. o P - .

(c) and(d) calculated intensity maps according to the domain model F'?_' 4'_(3) Splltt!n_g_R -R betV\_/een non-spln-fl_lp and_ spin-
discussed in the texta) and(c) correspond to the incident neutron TP R =R"" reflectivities as a function of applied field) field
polarization parallel to the stripes and parallel to the external fieId,deF’endence of the mean projection of the normalized magnetization

while in (b) and (d) the polarization and the field directions are o_nto the easy a?<is as determined from Mo@de_s) and_ PNR_
antiparallel. (line) data; (c) field dependence of the longitudinal dispersion

(cog y)—(cosy)? of the domain magnetization vectofspen tri-
tion component perpendicular to the stripes which is veryangles, and transverse diSperSinF(Sinz v) (dashed ling
surprising for the easy-axis configuration. It occurs not only

; . ; _ The model calculations of the intensity maps shown in
because of the existence of ripple domains. In fact, correl igs. 4¢) and 20) are based on the domain state model in

tions between the r pples across the stripes are ne_cessarylg g. 3 and have been calculated using the distorted-wave
cause a nonvanishing transverse mean magnetization COMPY5m approximation(DWBA) 1212 [t is assumed that do-

nent over the coherence aresee below. mains within a stripe are separated byd0°-type walls,
running the shortest distance across the stripes. The magne-
tization vectors within the domains, indicated by arrows,
are tilted at angley+ Ay with respect to the net magnetiza-
tion directed along the stripe axis. This configuration un-
avoidably leads to leakage of magnetic flux into the inter-
stripe region which energetically is unfavorable. This is,
however, compensated by the gain in dipolar energy due to
the head-to-tail orientation of their perpendicular magnetiza-
tion components in neighboring stripes. The mean magneti-
zation direction, denoted by the dashed ellipse in Fig. 3, is
Yeoh={Y£A¥)con? 0.

Next we consider the projection of the mean magnetiza-

tion parallel and perpendicular to the stripes. Because
FIG. 3. Sketch for the model used in simulations. The dark andof ~ fluctuations Ay, the mean value is given

light gray shaded stripes represent the magnetic stripes with thgy <COS(71A?’)>coh:CACy$ c,, Wwhere Cy:<0037’>cohy
ripple domains. The arrows indicate magnetization vectors WithirbA=(CosAy)coh<1 at(sinAy)n=0. At the same time the

domains of individual stripes. The dashed line marks the neutro%ean perpendicular magnetization component averaged over

coherence volume, over which the average of the magnetizatio . .
+ =
fluctuations are taken. For simplicity only two stripes within the {he coherence aregsin(y+Ay))con=Ca(siny) # 0, does not

coherence range are drawn, the actual size being much bigger. ¥NiSh. It vanishes, however, after averaging over the whole
the right part of the figure the dashed arrows indicate the meag@MmPple. This is not the case fmzy:(S'nz y)#0, which
magnetization direction averaged over a coherence volyristhe ~ causes SF specular reflection.

angle of the mean magnetization vector with respect to the stripe The complete set of reflectivitieR™, R™~, R™, R™", was
orientation.Ay is the transverse fluctuation about the mean valuefitted by varying three parameters,, c,, andsi, under the

For further details see text. constraint(cosy)’><(cog y>=1—szy. In Fig. 4(a), the solid
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lines reproduce the simulations and the symbols are the exhe ratio between specular reflected, diffracted, and scattered
perimental data points. The agreement between experimeiritensity. From this we infer that the individual domain mag-
and theory is excellent. Figurél) compares the mean value netization directions slightly fluctuate about the mean value.
(cogy£Ay)) from MOKE measurementtsolid line) with  The mean value itself is tilted by almogt30° with respect
those deduced from PNR by the produgic,. The PNR {5 the stripes at 43 Oe before switching, which corresponds
results show slightly lower absolute values(obsy£Ay)), 5 the magnetization of the ripple domains observed with
the difference being due to the sensitivity of PNR to theyx

magnetic inductance, which has contributions within and in Iﬁ summary, we have shown that polarized specular and

between the stripes. In Fig(e}, we have plotted the longi- . ) : :
tudinal mean-sqﬂare fluctggﬁons of the pdomain magngetizaQﬁ'SpeCUIar neutron scattering provides a detailed picture of

tion vectors,(cog y)-(cosy)?, and the mean-square trans- the mean domain magnetization vectors in a magnetic stripe

verse magnetization compon They both peak at the array, including longitudinal and transverse fluctuations
coercive fieldH,, where the fluctuations are largest. about the mean magnetization and correlation effects be-

Finally, we discuss the origin of the off-specular andtween magnetic domains across different stripes. As a result
asymmetric diffuse magnetic scattering as seen in the map¥ a quantitative analysis we have found that the domain
of Fig. 2. The diffuse scattering stems only from the coher-magnetization vectors are heavily correlated not only parallel
ence volume, where the effects of longitudinal and transversg the stripe direction, but also over a large perpendicular
fluctuations of the mean magnetization are preserved. Due f@istance between them, a phenomenon which has not been
randomness(sinAy)co,=0, only the transverse dispersion described for the case that the field reversal and the main
averaged over the coherence rargjes(sin? Ay)con# 0, Pro-  magnetization direction are parallel to the field direction.
vides off-specular SF scattering, while the longitudinal dis-This correlation creates an inherent instability of the system
persion, ¢ =(CoF Ay)eon=(COSAY)Z,, contributes to off-  with respect to the formation of large domains as observed
specular NSF scattering. Furthermore, the fluctuatians  during the magnetization reversal.
are found to be correlated over distances of at least
£=20 um across the stripes. A set of parameters for the rem- This study has been financially supported by the DFG
anent Statecy:—o_gg, S§:0.05, CA:0.9, andsi:O_]_g, al- (SFB 491) and by BMBF O3ZA6BC1. We thank M. Wolff
lows not only to reproduce the basic features of data, afor experimental help at the ADAM reflectometer. B.P.T.
shown in Figs. &) and 2d), but also to correctly describe thanks the DFG for financial support.
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