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We have studied the magnetization reversal of a laterally structured film with both, magneto-optical Kerr
effect and with polarized neutron scattering in the off-specular regime. The lateral structure consists of 90-nm
thick and 1.2um wide Cq -Fe, 5 stripes with a grating period of am. Magnetization reversals were mea-
sured for different orientations of the sample with respect to the field directions. In addition, Kerr microscopy
was used for visualizing the domain state. Due to the high aspect ratio of the individual stripes, the remagne-
tization process of the stripe array is dominated by a single domain state over most of the field range. For the
easy axis direction, a nucleation and domain wall movement is observed at the coercive field. However, for all
other orientations of the stripe array the magnetization reversal is dominated by a coherent magnetization
rotation up to the coercive field. For the hard axis orientation the coherent rotation is complete. For this
particular stripe array, the agreement between results obtained from MOKE and PNS experiments is very good,
mainly due to the specific sample design chosen.
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[. INTRODUCTION study to determine the magnetic hysteresis of a periodic
magnetic stripe array. For homogeneous magnetic films, both
Microstructured and nanostructured samples have creatdtie vector MOKE and the polarized specular neutron reflec-
much interest in recent years because of their potential agivity (PNR) yield the in-plane magnetization vector, and, in
plications in optical and magnetic storage devices. In particugeneral, good agreement is found between both the
lar, the magnetic properties of periodic arrays of micron andnethods’>~2° Deviations may arise from differences in the
submicron size dots® and stripe§*! have attracted much sampling volume and the averaging procedure over different
attention recently. A number of methods have been applied tohagnetic domains. The advantage of PNR over MOKE is
characterize the magnetic properties of these patterns, incluthat the former method has a higher penetration depth and
ing the magneto-optical Kerr effectMOKE),}>"1* Kerr  simultaneously yields structural information, allowing a
microscopy-® scanning electron microscopy with polariza- layer resolved vector magnetometry of several magnetic lay-
tion analysis(SEMPA),'® Lorentz microscopy/ x-ray mag-  ers stacked on top of each other.
netic circular dichroism(XMCD) microscopy:® and mag- We used CoFe stripes of 1,2m width forming an array
netic force microscopyMFM).X® In comparison, neutron with a lattice parameter of &m. The magnetization rever-
scattering has rarely been applied to patterned structures, aal process was investigated for different sample orientations
though the interpretation of neutron data is more straightforwith respect to the scattering plane, i.e., at different angles of
ward than for most other methods. Clearly, the disadvantagthe stripe orientation with respect to the applied magnetic
of neutron scattering is the low intensity from a tiny scatter-field. We performed measurements in the off-specular scat-
ing volume resulting in long counting times. Nevertheless tering regime along the, direction, i.e., magnetization re-
applying polarized neutron-scattering methods to micrometeversal studies at the first-order Bragg peak of the lateral
and submicrometer scale lateral structures is a new and chaltructure projected into the scattering plane. The polarized
lenging task, which can yield new insight into the analysis ofneutron data are compared to MOKE measurements taken in
the remagnetization processes. There are only few examplésngitudinal geometry. In addition, MOKE measurements
reported so far of successful neutron-scattering experimentsith a transverse magnetic field were performed, resulting in
on laterally structured magnetic arrays. Polarized neutronhysteresis loops of the transverse magnetization component.
scattering(PNS maps from magnetic dot arrays have beenThis allows us to use a vector model for the magnetization
measured in remanence by Topervetcal?® and the mag- process as has been shown by Dabbal?®
netization reversal of magnetic dots and bars with pro- For the case of magnetic stripe arrays, the comparison
nounced dipole character was recently investigated via PNBetween MOKE and polarized neutron scattering is not as
by Temstet al?>?2 However, a critical comparison between straightforward as for homogeneous films, since we will
MOKE and PNS results from stripe arrays is missing so farcompare vector-MOKE results with polarized neutron scat-
In this paper we present a comparative MOKE and PNSering from the first-order Bragg peaks of the stripe pattern at
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small angles. In this configuration, neutron scattering prom-
ises to be sensitive to correlation effects during the remag-
netization of the individual stripes, which are much more
difficult to access with other methods. Correlation effects =90
can, in principle, also be analyzed with MOKE, when the E
hysteresis is measured in higher order of the interference N
pattern. In the past, we have demonstrated the usefulness of
the longitudinal Bragg-MOKE method for the analysis of
magnetic stripe array$-'* On the other hand, the Bragg
MOKI_E d_oes not allow a vector magnetometry. Only the £ 1. surface topography of the array of (GBe, s stripes
combination of Bragg MOKE and vector MOKE would be gptained with an atomic force microscope shown in a three-
equivalent to polarized neutron scattering, which, howevergimensional surface view. The displayed area i% 20 xm?.

has not been realized up to now. Therefore, in the present

study we will compare vector MOKE with PNS. Kerr angle as a function of the applied magnetic field. More

Two experimental difficulties have to be overcome to suc-details of the experimental setup can be found in Ref. 29. In
cessfully use neutron-scattering techniques for magnetighe longitudinal configuration, the magnetic field is directed
stripe arrays: first a large and homogeneously structuregiong the plane of incidence and parallel to the sample sur-
sample area is required and second unfavorable scatterifgice. In this case, the measured Kerr angle is proportional to
vectors often need to be probed from arrays patterned on e component of the magnetization vector along the field
micrometer and submlcrometer' scale. In the folloyvmg SeCtirection, focm, , wherem, is the longitudinal component
tion we will discuss and explain how to cope with these
difficulties.

10
Y [umy 0 0

of M in a projection parallel tdd. In addition, the experi-

. . . . ... mental set llows for a rotation of th mple around it
This paper is organized as follows. We first describe in ental setup allows for a rotation of the sample around its

. . surface normalangley) in order to apply a magnetic field in
Se.c. Il, the methods.for producmg an array of magnetic - ious in-plane directions. Hysteresis measurements in the
stripes and the experimental techniques used for analyzml%ngitudinal configuration do not allow to distinguish di-

their magnetization reversal. In Sec. Ill, we discuss the re- . . : .
sults obtained with different methods, and in Sec. IV Werectly between a magnetization reversal via domain rotation

compare the MOKE and the neutron results. In Sec. V. Wand/or via domain formation and wall motion. _Therefore, we
summarize our results : -V Weave algo performed MOKE measurements with the extgmal
' magnetic-field oriented perpendicular to the plane of inci-
dence. In this so-called perpendicular configuration, the
Il. EXPERIMENTAL DETAILS magneto-optical Kerr effect measures the magnetization
component parallel to the plane of incidence but perpendicu-
o _ ) lar to the applied magnetic fieldj =m;. Both components
The sample studied in this paper is a>200 MmN of the magnetizatiom, andms yield the average magneti-

Cay 7785 thin polycrystalline film grown by dc magnetron zation vectorM as measured within the region illuminated

sputtering. For the present study a polycrystalline film is pre-by the laser spot£1 mn?). The experimental setup for

ferred to average the intrinsic magnetocrystalline anisotrop){,hese measurements is shown schematically in Fig. 2
The films have no further intentionally induced anisotropy, y 9. <

such that their anisotropy is dominated by the shape anisot-
ropy. CoFe films with the quoted composition have been
shown to exhibit the largest tunneling magnetoresistdnce
and have been introduced as electrodes in magnetic tunnel
junctions for magnetoelectronic devicds. We used

Al,03(1102) as a substrate with a 5-nm thick Ta buffer
layer. The sample was spin coated with Novolak photoresist,
which was exposed by 442-nm light in a scanning laser li-
thography setup and developed afterwards. A layer stack
consisting of 5 nm Ta, 90 nm GeFey 3, and a 5-nm Ta
protection layer was deposited onto the patterned photoresist.

Finally, the photoresist was removed via liftoff. The de-
scribed procedure resulted in G&e, 5 stripes of 1.2um
width and a grating parameter d=3 wm as can be seen easy axis

from the AFM picture in Fig. 1.

A. Sample preparation

S|

stripe array

|

FIG. 2. Sketch of the longitudinal MOKE setup with the sample
rotation angley between the easy axis and the applied field, and the
angle ¢ of the magnetization vectdvi. In the transverse configu-

Hysteresis loops were measured by using a highration, the field and the sample are rotated by 90°, such that the
resolution MOKE setup in the longitudinal configuration angley is kept constant, but the magnetization compomenis in
with s-polarized light, which is well suited for measuring the the plane of incidence.

B. MOKE measurements
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Assuming that the proportionality constant betwefn H stripe array

and the components dfl is the same for both configura-
tions, we may write

m,_ cos¢ Ok

T
m;  Sing Ok
from which follows the angle of rotatiog of the magneti- polarized easy axis R—
zation vectorM, neutron
beam
or
¢=arcta K ) 2) FIG. 3. Sketch of the neutron-scattering geomegris the angle
k of the sample rotation with respect to the applied figldme defi-

. nition as in Fig. 2. The magnetic fieldH is applied perpendicular to
Furthermore, we can exprefd |, normalized to the satura- ,q scattering planey; and a; refer to the incident and exit angles

tion magnetization, of the neutrons to the sample surface.

M| _ 0k 1 3) saturated in a field of-2000 Oe, applied perpendicular to
[Mm|sat gkvsat cos¢’ the scattering plane and opposite to the neutron polarization
axis. The first part of each magnetization reversal measure-
For the MOKE experiment, the sample is first placed in thement was then carried out after returning to remanence in an
longitudinal configuration and hysteresis loops are measuregcreasing magnetic field between 0 an®20 Oe. Subse-
for various in-plane rotation anglas The measurements are quently, the sample was saturated42000 Oe. In the sec-
then repeated in the perpendicular configuration. For botiynd part of the measurement, the field was reduced and mea-
configurations,y=0° is defined as the angle for which the syrements were taken between720 Oe and 0. This
external magnetic field is aligned parallel to the CoFe Stripeﬁ)rocedure allows to measure the positi\/e and negati\/e
(see Fig. 2 The parallel alignment is calibrated by using the branches of the magnetization curve while keeping the exter-
interference pattern generated by diffraction of the lasehal field always in the same direction as the neutron guide
beam at the grating. This procedure leads to an uncertainty ifield; a depolarization of the beam can thus be avoided.

the definition ofy of less thant1°. From the four different cross sections measured at the
specular reflection, one can determine the spin asymmetry as
C. Kerr microscopy measurements a function of external fiel&B,(H):
The imaging of the structures was performed by magneto- | —1 I 4l =1 —1
. . . . . + - +,+ +,— -- -+
optical Kerr microscopy in the longitudinal mod®.The S,= = , 4
(I D TP DY B

weak magneto-optical contrast was digitally enhanced by
means of a background subtraction techni%fh‘éhe experi-  using the intensities of the non-spin-fljg+,+),(—,—)]
mental setup has the option to apply in-plane magnetic fieldgnd the spin-flif (+,—),(—,+)] cross sections. Due to the
in any direction independently of the magneto-optical sensitinear dependence of the magnetic pdft.g of the optical
tivity direction. To visualize the magnetic domains within the potential,

narrow stripes, the highest possible optical resolution, which

is on the order of 0.3«m for the given visible light illumi- V=Vnuc* Vimag (5)

nation, was chosen. to the magnetic inductioB, with + for “up” neutrons and

) _ — for “down” neutrons, the spin asymmetry shows a linear
D. Neutron-scattering experiments dependence on the magnetization in case of specular reflec-
Neutron-scattering experiments were performed at th&on. For the Bragg reflections, scattering theory has to be
ADAM reflectometer at the Institute Laue-Langevin in applied. Using kinematic scattering theory within the first
Grenoble, France. Measurements without and with spifBorn approximationS, is not a simple function on the mag-
polarization/analysis use a neutron wavelength of 0.441 nnnetization. In order to find a linear dependence, one can de-
The scattering geometry is depicted in Fig. 3. For field-fine an expression similiar to the spin asymmetry:
dependent measurements, an electromagnet was used with a
field direction perpendicular to the scattering plane and par- , NN B N T I
allel to the inci_dent neutron polarization axis. The magnet a™ gL+ \/I—,_ o A, + 1 ©®
reaches a maximum field of 2000 Oe at the sample position. ’ ’ ’ ’
Prior to each neutron measurement performed at zero field ovith S, being proportional to the magnetization component
at a constant field value, the sample was first saturated aralong they axis. It should, however, be kept in mind that this
then the field was reduced to the respective value, where is only a rough approximation for the distorted Born wave
was kept constant during the measurement. For performingpproximation, which actually is to be applied when analyz-
magnetization reversal measurements, the sample was fiisig Bragg peaks close to the Yoneda wings. Assuming the
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8 (long.) 8, (trans.)
002 () x=0° (b)
0 o
-0.02 FIG. 4. MOKE hysteresis loops measured in
the longitudinal configuratiofleft figureg and in
0.021 () y=45° il (d) i the transverse configuratiofright figures. For

0 LJ—_____; both configurations ina and (b), the external
——0.02 ___—L magnetic field is oriented parallel to the stripes
O“x (easy axis configuration in (c) and (d), the
< 0.02 (e) x=63° (—_ 0] stripes are rotated by 45° and {g) and (f) by

0 ”i l{ 63° with respect to the direction of the external

-0.02 __.—--—"L field; in (g) and(h), the magnetic field is oriented

perpendicular to the stripgbard axis configura-

0.02f  (g) x=00° - >- tion).
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same intensities for both spin-flip cross sections {) and Il EXPERIMENTAL RESULTS
(—,+), the measurements can be reduced to only one spin-

. . . , A. Results from MOKE measurements
flip cross section. In this cas&; can be calculated from

The left row of Fig. 4 shows four typical longitudinal
MOKE hysteresis loops taken from the CoFe stripes with
, N N different in-plane angleg. The hysteresis loop ife) corre-
2= i ’ = ’ T ’ = =. (7)  sponds to an external magnetic-field oriented parallel to the
Haat Bt stripes. In this case, we find an almost square hysteresis loop,

From thel (H) intensity values of the three cross sections Which represents the typical behavior of a sample when mag-
(+,+), (—,—), and (+,—), a magnetization curve can be netically saturated along an easy axis of the magnetization.
calculated, which is proportional to the field-dependent magThe coercive field isH.=140 Oe. The coercive field in-
netization of the stripes. The obtained curves may then bereases toH.=200 Oe andH.=320 Oe for intermediate
compared to the respective longitudinal MOKE hysteresigingles of rotation of 45¢c) and 63°(e), respectively. Figure
loops, after both have been normalized to their respectivé(g) shows the corresponding hysteresis loop for the CoFe
saturation magnetization. stripe array oriented perpendicular to both the external field
In the case of nanostructured samples, the peak pattern &nd the plane of incidence. Here, a typical hard axis hyster-
the off-specular scattering, direction depends on the angle esis loop is obtained.
between the stripes with respect to the scattering plaee From the results of longitudinal MOKE measurements
Fig. 3. Measurements at various angles of the stripe orienwith the magnetic-field direction within the plane of inci-
tation are possible due to a poor resolutiomjrcompared to ~ dence, we may indeed conclude that patterning of the thin
a high resolution irg, .2%*! Here g, and q, are the compo- CoFe film into an array of stripes induces a strong uniaxial
nents of the scattering vector parallel and perpendicular t@nisotropy, which results from the shape anisotropy of CoFe
the scattering plane, respectively, and perpendiculay,to stripes. The saturation field measured with MOKE along the
which is parallel to the film normal. By rotating the stripe hard axis is rather high, exceeding 1000 Oe.
pattern we are sensitive to the projection of their lattice pa- As discussed above, we also determined the transverse
rameterd into the scattering plane. For a sample rotationcomponent of the magnetization vector by Kerr effect mea-

angley (see Fig. 3, the g, component of the Bragg peak is syrements. Corresponding _hy§teresis 'Ioops for _four'direc—
therefore expected to occur at tions of the external magnetic field relative to the direction of

the CoFe stripes are shown in the right column of Fig. 4. The
hysteresis loop reproduced in Figh#twas measured with a
27 COSy magnetic field parallel to the CoFe stripes, i.e., parallel to the
b=—g (8)  easy axis. Ideally, within this configuration the measured
Kerr rotation should remain zero unless components of the
magnetization lie in the plane of incidence during the mag-
By rotating the sample from the perpendicular orientation ofnetization reversal process. As can be seen from Hig), 4
the stripes to the scattering planeat 0° towards a hori- the measured Kerr rotation is indeed almost zero, thus no
zontal orientation, the, values decrease while the peak in- rotation of the magnetization occurs in this configuration.
tensity strongly increases. Figures 4d) and 4f) show the transverse component of the
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FIG. 5. Kerr rotation in remanenag " normalized to the satu- FIG. 6. Coercive field taken from the measurements in the
ration Kerr rotationd;®' as a function of the sample rotation. The perpendicular geometry as a function of the sample rotation

closed circles are the measurements in the longitudinal configurarhe circles denote the measurement and the solid line is a plot of
tion and the open squares denote the measurements in the perpgfy, (11).

dicular configuration. The solid line is a plot of the model according

to Eq.(9) and the dashed line is a plot of EG0). is governed by coherent rotation processes. Furthermore, the

, , . coercive field should also show such a simple behavior:
Kerr rg)tatlon me_asured_for angles of rotationyof 45 _and Along the easy axis, the magnetization switches by 180° if
x=63°, respectively. Figure(H) shows the hysteresis 100p ¢ external field is equal to the pinning field of the domains.
for a magnetic field pointing along the hard axis direction, it the sample is rotated away from the easy axis, the compo-

i.e., in a direction perpendicular to the stripes and the plangent of the external field driving the switching process is
of incidence. In these directions, the measurements of thF'educed. Therefore one finds

transverse magnetization component always proves a rota-

tion of the magnetization away from the magnetic field. Hea
From these measurements, important conclusion concern- He(x)= c (12)
ing the remagnetization process of the CoFe stripes can be Cosx

drawn. In general, two ideal cases can easily be distin- . . N . .
guished: If the angle of the magnetization vector changeg\’h'.Ch is plotted in Fig. 6. Clearly the plot confirms this
without changing the magnitud®|, then the magnetization hotion. i .

reversal occurs via coherent rotation. On the other hand, if In_ summary, for f|eldz pgrallel Ito the stnpée; the'remaltlgne—
the angle of the magnetization vector remains Constar{{zatlonrgrocess proceeds by nuc eatlon(;;mh omain Waf. rlr:jo—
within a certain magnetic-field range but the magnit{idie lon wit N a very narrow region aoroun the coercive Tie
changes, then magnetic domains are formed. The hystereé-ilsv For_ﬁeld c_i|rect|ons & x<90°, the remagnetization
curves in Fig. 4 exhibit no discontinuity besides the jump atProcess IS dominated by a coherent rotation up to the coer-

H., therefore the magnetization process must be smootrfé\ﬁ;'erg’ti;v;gﬁ S?Q;zssn;amesaiet?”?ggé 5 dm(gr?tirjetlhevia a
either dominated by rotation or by domain nucleation. If only 9 P pp P y

coherent rotation takes place, the magnetization in rema(;oherent rotation of the magnetization vector and no switch-

nence must be directed along the easy axis of the tW°f°'{J,1€gctt§:<edse§|C?fbee;slnathceogar,iéx'gsfggefg& Ti,ot:edm?ngnetﬂza;{j)lln
anisotropy, i.e., along the stripes, without forming any do- P 9

mains. In this case, the longitudinal Kerr rotation in rema-"T1agnetization cycle without any discontinuity. For other di-

Rem . rections, a switching of the magnetization of 180° is ob-
nencefic must follow: served atH.; which can be viewed as a head-to-head do-
gRemL main wall movemert through the stripe. Similar
—|cosy|, (9) dependencies were found in Ref. 33, where the switching
eﬁat process was found to be dominated by edge curling walls.

Reason for this clear and straightforward remagnetization
and, correspondingly, the Kerr rotation angle in perpendicuprocess is the high aspect ratio of the stripeith/height
lar configuration must follow =13.3, leading to a strong shape anisotropy. The shape an-
isotropy results in a twofold anisotropy with an anisotropy
energy densitfEs. From a numerical integration of the mag-
netization curve in the hard axis direction followsg
~730M4 Oe, whereMq is the saturation magnetization of
The measurements perfectly obey these rules as is depictéise CoFe alloy. The energy density of the shape anisotropy
in Fig. 5. Therefore, it is clear that the magnetization processan be calculated according to Ref. 15, using the relation

RemT
HK

F=|Sin)(|. (10
K
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FIG. 7. Kerr-microscopy pictures taken arouHd for different FIG. 8. Results of an unpolarized neutron-scattering measure-

magnetic field to sample alignment gf=0° (left, easy axis align-  ment. The intensity was measured with a position sensitive detector
menb and x=63° (right). The plane of incidence results in a top- a5 a function of the sample rotatign and the angle of the final
down magneto-optical sensitivity axis parallel to the stripes. Theneytron beamy; . The gray-scale intensity in the figure is propor-
magnetization directions are indicated by arrows inje0° map.  tional to the logarithmic neutron counts. The measurements were
performed between a perpendicular orientation of the stripes with
Es=27N Mg, whereN is the tensor element of the demag- respect to the scattering plang=0°) over an 180° angle range to
netizing tensor in the appropriate directidtican be calcu- 29ain a perpendicular orientation gt=+180°. The angle of the
lated as an approximation for an ellipsoid inscribed in thelnitial beama; was fixed toa;=0.32°. The “X" in the pattern
wire by using a formula given in Ref. 15. Assumind, corrgqundg to the .fII’St order Bragg pgak of the wire array. The
=1775 G for C@Feys the theoretical shape anisotropy vertical I_me in the middle of the pattern is fro_m the specular beam,
constant is 780 OM,, which is in good agreement with our the left line comes from the partly blocked direct beam.
measurements. The value of the saturation magnetizition rotation. The corresponding map is shown in Fig. 8. The
for Coy e 3 is higher than the value for pure Fe and is angle of the incident unpolarized neutron beapwas fixed
given in Ref. 34 and references therein. More recent experio the angle of total external reflection= «.=0.31, and the

ments confirm this valu& intensity was measured as a function of the angle of the exit
neutron beama; for sample rotationsy between 0%y
B. Results from Kerr microscopy =<180° using a position sensitive detect®SD). A first-

) . ~order Bragg peak occurs for all sample rotations, even for
The Kerr-microscopy studies support t.he conclusmn_sxzoo and y=180° where the peaks are very weak. How-
from the MOKE measurements. Images at different magnetigyer, in sample configurations with angjeslose to the hard
fields show a single domain state for a field below and abovexis (at y=90°), the first-order Bragg peak moves very
H (not shown. AroundH,, domain nucleation and domain close to the ridge of specular reflection and an additional
wall movement sets in. The proposed mechanism of head-t®econd-order Bragg peak appears. In Fig. 8, Bragg reflec-
head domain walls through the stripes can be confirmedions become also visible from the back side of the sample.
From our observations, we assume independent domain Next, we explore the reciprocal space for a fixe@dngle
nucleation and domain-wall movement for each single stripeby taking off-specular intensity maps with polarized neu-
Possible existence of dipole-dipole interactions between ddrons. The results are plotted @p— g, maps. In Fig. 9, typi-
mains of adjacent stripes cannot be extracted from the Kercal maps are shown that were taken with spin-up polarized
microscopy observations in Fig. 7, which shows the Kerr-neutrons(top panel and with spin-down polarized neutrons
microscopy pictures taken ki, for two different field angles ~ (bottom panelat a sample rotation of =45°. The specular
x of the sample rotation. In Fig. @eft), we show the easy beam (_jpt_es not exhibit finite-size oscillations, probably due_to
axis case with no magnetization rotation far=H., and in  the artificial “roughness” of the sample. As a result, no split-
Fig. 7 (right), we show a picture taken from an intermediateting between spin-up and spin-down specular reflectivities
angle y=63° close to the hard axis case. This angle wasan be observed. In the off-specular regime, Bragg peaks of
chosen for comparison with our neutron-scattering measurdbe first and second order from the stripe array can be rec-
ments, to be discussed later in the following section. In°gnized. The highest intensity is from the first-order reflec-
agreement with the MOKE results, &t., similar Kerr-  tons. Their intensity is enhanced due to a resonance ampli-

microscopy pictures were found for different angjesf the ~ fication froem the Yoneda wings, on which they are
sample rotation betweep=0° and y=88°. positioned®® The Bragg peaks show a strong intensity differ-

ence for spin-up and spin-down polarized neutrons and

therefore carry magnetic information. Below the sample ho-

rizon the transmitted direct beams from the front- and back-
To optimize the experimental conditions for scanning theside measurements are visible as well.

first-order Bragg peak of the stripe array as a function of the We have carried out magnetization reversal measurements

stripe orientation(Fig. 8), we have mapped out the position for different sample rotation angleg by measuring the in-

of the first-order Bragg peak as a function of the sampleensitites from the different cross sections at the first-order

C. Results from neutron-scattering experiments
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FIG. 10. Magnetization reversal measurements performed at the
first-order Bragg peak for three different cross sectideft col-
umn) and calculated curves from the polarized neutron measure-
ments(right column. The calculated curves are compared to lon-
gitudinal MOKE hysteresis loops, reproduced as solid and dotted
lines. The top row depicts measurements at a sample rotatign of
=0°, the middle row measurements at a sample rotatiory of
=45°, and the bottom row measurements at a sample rotation of
=63°.

q, [107*A7"]

FIG. 9. Results of a polarized neutron-scattering measuremen{(.
The intensity was measured via PSD as functiog,oéndq,. The
sample rotation was fixed ty=45°. The left pattern was taken suddenly at the coercive field.. There is almost no spin-
with spin-up neutrons, and the right pattern with spin-down neu-flip scattering visible over the entire field range, indicating
trons. The gray-scale intensity in the figure is proportional to thethat the magnetization reversal for the easy axis configura-
logarithmic neutron counts. tion takes place in the form of nucleation and fast domain-

wall movements at ., in complete agreement with the con-
Bragg peaksee above For y=0° (easy axis configuration  clusions from the MOKE measurements.
the scans are taken af=0.32° anda¢=1.06° (Fig. 10, top At y=45°, the (+,+) - (—,—) splitting starts to be-
panel$. For the othery angles f=45° in the middle panels come reduced for field values far above and belibw while
and a¢=0.62° in the bottom panelsonly the o value had  the spin-flip scattering shows a gentle slope towards the co-
to be readjusted for maximum intensity, while thgvalue  ercive field. The corresponding MOKE results shown in Fig.
was kept constant. For highegr values thany=63°, the 4 are consistent with a coherent rotation model. The neutron
first-order Bragg peak position moves too close to the specleross sections qualitatively confirm this notion in all details.
lar ridge to be resolved. Quantitatively, there may indeed be a difference between the

The left column of panels of Fig. 10 show hysteresis meaaverage angle for coherent magnetization rotation and its
surements performed at the first-order Bragg peak via polafirst Fourier component measured by PNS. In fact, we ob-
ized neutron scattering. From these measurements, thsrve at the specular ridge more spin-flip scattering than in
neutron-derived magnetic hysteresis can be evaluated anbe first-order Bragg peak, in agreement with the MOKE
compared to hysteresis loops determined by magneto-optice¢sults.

MOKE measurementgright column of graphs of Fig. 20 The situation is more pronounced for the sample rotation
The measurements were performed between 0 Oe argf y=63°. The (—,—) intensity continuously decreases
800 Oe and between 720 Oe and 0 (Qee above In Fig.  with increasing field from negative to positive field values,
10, the second part of the measurements is plotted as a pavhile the (+,+) intensity is more or less constant for most
of the hystereses between720 Oe and 0 Oe, which is an of the field values and changes suddenly at the coercive field.
allowed procedure for symmetry reasons. At the same time, the spin-flip intensity increases again to-

The top panel in Fig. 10 fogy=0° exhibits a large split- wards the coercive field, however, with a larger slope. All

ting of the (+,+) and (—,—) intensities, which reverses four cross sections are again consistent with a coherent rota-
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tion of the magnetization vector away from the easy axis, in R
; ; L )

very good agreement with the conclusions from our MOKE 1.0 “o°o.'.°.°¢uo... .8’3‘. s o
measurements. —% %

The situation changes &t. where 180° head-to-head do- 2"’ 08l
mains are created in the individual stripes and domain-wall =
movement sets in. A single domain state again is reached for = .
. . : p atH:
fields slightly larger tharH.. In our neutron-scattering ex- = 06} x=63° e
periment, the field range in which domain nucleation and domain
domain-wall movement occur, is presented by only few data 04l processes
points and therefore, the general behavior is dominated ’ , . . . . .
by a singlg domain state with a constant or a rotating 750 -500 -250 O 250 500 750
magnetization. H [Oe]

More quantitative statements can be made by evaluating
the spin asymmetry related expressi@ip(see abovg using FIG. 11. Results fofM/Mg,{ at the y=63° orientation. The
the I (H) intensities of the cross sections-(+), (—,—),  normalized magnetization was derived from the non-spin-flip and

and (+,-). The neutron hystereses curv@pen squargs the spin-flip Bragg intensities.

are compared to the respective longitudinal MOKE hyster- ) .

esis loopssolid and dotted linesfor the same sample rota- €rénces therejn In these §tud|es, |t_was observed that the
tion, as shown in the bottom graphs of Fig. 10. The overaldiffracted beam of orden is proportional to thenth-order

agreement is rather good for all three sample rotation angle§0Urier component of the magnetization distribution of the
stripes. Therefore, one should expect equivalent effects for

PNS forn#0, if domains are present in the stripes, which
IV. DISCUSSION will be explored in more detail in the future.

If the remagnetization process does not involve a compli-. So far our discussion was concentrated on domain rota-
ion. However, neutron scattering can also provide informa-

cated domain structure, in general, good agreement can tﬂ h leati Combini its f th
expected between polarized neutron reflectivity and result on on the nucleation process. L.ombining résults irom the
in-flip and the non-spin-flip cross sections allows to derive

from other methods. This has been demonstrated for hom&"—pI for th | dthe | h of th S
geneous magnetic films by a number of investigatoren ~ V&lues for the angle and the length of the magnetization vec-

our case, the agreement has to be reestablished. First, tH M, similar to vector MOKE. As a constant length of the
sample is not homogeneous but laterally structured, and seRlagnetization vector accounts for rotational processes and a
ond, we compare off-specular neutron Bragg reflections wittthanging length for domain nucleation and domain-wall
specular vector MOKE and with MOKE microscopy. Never- movement, we calculateld/Ms,{ for the y=63° configu-
theless, the main conclusions from the MOKE measurement&tion with the highest spin-flip intensities observed. The re-
could be confirmed by PNS. Those are given as follows. sult is shown in Fig. 11.

(i) Only for y=0° the orientation of the magnetization is Since the magnetization reversal is dominated by a coher-
constant for all field values and parallel to the magneticent rotation of the magnetization vector, the magnitudsiof
stripes. At H=H_. nucleation and domain wall motion does not change over most of the field range. In this respect,
occurs. the neutron results perfectly agree with our MOKE data for

(ii) Independent of the sample rotation angle and for magmost of the field range, as mentioned before. A small dip
netic fields below the coercive field., a single domain occurs, however, at.. This is due to domain nucleation
state is present. and domain-wall movement within this small filed range.

(iii ) For rotation angley>0° belowH,, a coherent spin From the present neutron-scattering experiments on a
rotation occurs with increasing field away from the easy axismagnetic stripe array several conclusions can be drawn,
(iv) For a rotation angle of~90°, the remagnetization which are important for future studies and for the potential of
process consists solely of a coherent magnetization rotatiotiiis method in general. First, several orders of Bragg peaks
without nucleation. in the off-specular scattering regime can be recognized in
The good agreement between both the methods is a resufteasurements with unpolariz€Big. 8) and polarized neu-

of the single domain state, which is present for all rotationtrons (Fig. 9). By rotating the stripes with respect to the
angles and for all field values different from the coercivescattering plane, the peak positiop changes because the
field. Furthermore, the interactions and correlation effectsffective period changes according to E8).. Samples with
appear to be negligible. This simple domain structure, whicka pattern period of about @m are ideally suited for scatter-
follows from the sample design, furnishes a good testingng experiments in the off-specular regime. For smaller peri-
ground for comparative studies. As the domain state becomexls, the intensity of the first-order Bragg peak becomes too
more complex and correlation effects are present, we expesimall, and for larger periods, the Bragg peaks move too close
deviations between the MOKE and the PNS results. to the specular ridge to be well enough separated. Periods of

Deviations between hysteresis measurements taken at tldout 3um are an ideal compromise. In this case, a first-
specular reflected beam and higher-order diffracted bean@rder Bragg peak can be identified over the complete sample
have been observed with MOKE at several magnetic microrotation range. Only for small angles, the first-order peak
structures, as was reported, e.g., in Refs. 14,3788 ref- moves very close to the position of the specular scattering
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and can no longer be resolved. sample orientations we observe a coherent magnetization ro-
tation with increasing field with some domain nucleation oc-
V. SUMMARY curring just aroundH.. However, for a stripe orientation

. o . perpendicular to the applied field, the domain rotation is
We have studied the magnetization reversal behavior of 8omplete without nucleation processes.

Cay /& 3 stripe array with a grating period of .@n, which The good agreement between MOKE and PNS is in part
was generated by scanning laser lithography. Using polarizegye to the sample design providing a large uniaxial anisot-
neutron scatteringPNS, vector MOKE, and Kerr micros- ropy and in part due to the lack of interaction among the
copy, we have analyzed and compared the magnetic hystegyipes. This provides confidence for more complex situa-
esis as a function of anglg between the stripes and the tions to be studied in the future. In particular, for domain

applied field. _ _ _ ~formation and correlation effects, investigations at Bragg re-

The MOKE experiments were carried out with the field flections with polarized neutrons will filter out the respective
parallel to the scattering plangongitudinal configuration  Egourier components of the remagnetization process.
and perpendicular to the scattering platransverse configu- |t should be mentioned here that most recently the mag-
ration). The combination of this yields both components of netic order in a Co/Pt line array with perpendicular anisot-
the in-plane magnetization vector. Similarly, we have invesyqpy has been investigated via the x-ray magnetic scattering
tigated the magnetic hysteresis of the same sample with P@XRMS) technique by Chesnait al®® In the demagnetized
larized neutron scattering at small angles using the first-ordeiate the authors find an antiferromagnetic dipolar coupling
Bragg peak from the stripe array in the off-specujadirec-  petween the stripes leading to an antiferromagnetic order
tion. Unlike the MOKE experiment, for the polarized jth a mean correlation length of about four lines. Both tech-
neutron-scattering experiment, the magnetic field is alwaygjques, XRMS and PNS will play a crucial role in the future,
applied perpendicular to the scattering plane and parallel t/hen it comes to the analysis of magnetic correlation lengths
the polarization axis of the neutrons. Both components of thgng phase transitions in nanostructured magnetic gratings.
in-plane magnetization then follow from an analysis of theye zre just at the beginning of this new research field.
non-spin-flip [(+,+),(—,—)] and spin-flip[(+,—),(—,
+)] cross sections.

The results from vector MOKE and from PNS agree very
well. Both the methods confirm that for most of the field The authors would like to thank Axel Carl, Gier Reiss,
values the stripes are in a single domain state. In case that tlaad Boris Toperverg for fruitful discussions. We acknowl-
field is applied parallel to the stripe axisasy axiy a do- edge funding by the SFB 491 “Magnetic heterostructures
main nucleation and a domain-wall movement occurs withinand electronic transport” and by the BMBF under contract
a narrow field range at the coercive field. For all otherO3ZAE8BO.
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