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CoFe stripes: Magnetization reversal study by polarized neutron scattering
and magneto-optical Kerr effect
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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 1.2-mm wide Co0.7Fe0.3 stripes with a grating period of 3mm. 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.

DOI: 10.1103/PhysRevB.67.184415 PACS number~s!: 75.60.Ej, 75.75.1a, 61.12.Ha
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I. INTRODUCTION

Microstructured and nanostructured samples have cre
much interest in recent years because of their potential
plications in optical and magnetic storage devices. In part
lar, the magnetic properties of periodic arrays of micron a
submicron size dots1–6 and stripes7–11 have attracted much
attention recently. A number of methods have been applie
characterize the magnetic properties of these patterns, inc
ing the magneto-optical Kerr effect~MOKE!,12–14 Kerr
microscopy,15 scanning electron microscopy with polariz
tion analysis~SEMPA!,16 Lorentz microscopy,17 x-ray mag-
netic circular dichroism~XMCD! microscopy,18 and mag-
netic force microscopy~MFM!.19 In comparison, neutron
scattering has rarely been applied to patterned structures
though the interpretation of neutron data is more straight
ward than for most other methods. Clearly, the disadvant
of neutron scattering is the low intensity from a tiny scatt
ing volume resulting in long counting times. Neverthele
applying polarized neutron-scattering methods to microm
and submicrometer scale lateral structures is a new and c
lenging task, which can yield new insight into the analysis
the remagnetization processes. There are only few exam
reported so far of successful neutron-scattering experim
on laterally structured magnetic arrays. Polarized neutr
scattering~PNS! maps from magnetic dot arrays have be
measured in remanence by Toperverget al.20 and the mag-
netization reversal of magnetic dots and bars with p
nounced dipole character was recently investigated via P
by Temstet al.21,22 However, a critical comparison betwee
MOKE and PNS results from stripe arrays is missing so

In this paper we present a comparative MOKE and P
0163-1829/2003/67~18!/184415~10!/$20.00 67 1844
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study to determine the magnetic hysteresis of a perio
magnetic stripe array. For homogeneous magnetic films, b
the vector MOKE and the polarized specular neutron refl
tivity ~PNR! yield the in-plane magnetization vector, and,
general, good agreement is found between both
methods.23–25 Deviations may arise from differences in th
sampling volume and the averaging procedure over differ
magnetic domains. The advantage of PNR over MOKE
that the former method has a higher penetration depth
simultaneously yields structural information, allowing
layer resolved vector magnetometry of several magnetic
ers stacked on top of each other.

We used CoFe stripes of 1.2mm width forming an array
with a lattice parameter of 3mm. The magnetization rever
sal process was investigated for different sample orientat
with respect to the scattering plane, i.e., at different angle
the stripe orientation with respect to the applied magne
field. We performed measurements in the off-specular s
tering regime along theqx direction, i.e., magnetization re
versal studies at the first-order Bragg peak of the late
structure projected into the scattering plane. The polari
neutron data are compared to MOKE measurements take
longitudinal geometry. In addition, MOKE measuremen
with a transverse magnetic field were performed, resulting
hysteresis loops of the transverse magnetization compon
This allows us to use a vector model for the magnetizat
process as has been shown by Dabooet al.26

For the case of magnetic stripe arrays, the compari
between MOKE and polarized neutron scattering is not
straightforward as for homogeneous films, since we w
compare vector-MOKE results with polarized neutron sc
tering from the first-order Bragg peaks of the stripe pattern
©2003 The American Physical Society15-1
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small angles. In this configuration, neutron scattering pro
ises to be sensitive to correlation effects during the rem
netization of the individual stripes, which are much mo
difficult to access with other methods. Correlation effe
can, in principle, also be analyzed with MOKE, when t
hysteresis is measured in higher order of the interfere
pattern. In the past, we have demonstrated the usefulne
the longitudinal Bragg-MOKE method for the analysis
magnetic stripe arrays.12–14 On the other hand, the Brag
MOKE does not allow a vector magnetometry. Only t
combination of Bragg MOKE and vector MOKE would b
equivalent to polarized neutron scattering, which, howev
has not been realized up to now. Therefore, in the pre
study we will compare vector MOKE with PNS.

Two experimental difficulties have to be overcome to s
cessfully use neutron-scattering techniques for magn
stripe arrays: first a large and homogeneously structu
sample area is required and second unfavorable scatte
vectors often need to be probed from arrays patterned o
micrometer and submicrometer scale. In the following s
tion we will discuss and explain how to cope with the
difficulties.

This paper is organized as follows. We first describe
Sec. II, the methods for producing an array of magne
stripes and the experimental techniques used for analy
their magnetization reversal. In Sec. III, we discuss the
sults obtained with different methods, and in Sec. IV
compare the MOKE and the neutron results. In Sec. V,
summarize our results.

II. EXPERIMENTAL DETAILS

A. Sample preparation

The sample studied in this paper is a 20310 mm2

Co0.7Fe0.3 thin polycrystalline film grown by dc magnetro
sputtering. For the present study a polycrystalline film is p
ferred to average the intrinsic magnetocrystalline anisotro
The films have no further intentionally induced anisotrop
such that their anisotropy is dominated by the shape an
ropy. CoFe films with the quoted composition have be
shown to exhibit the largest tunneling magnetoresistan27

and have been introduced as electrodes in magnetic tu
junctions for magnetoelectronic devices.28 We used
Al2O3(11̄02) as a substrate with a 5-nm thick Ta buff
layer. The sample was spin coated with Novolak photores
which was exposed by 442-nm light in a scanning laser
thography setup and developed afterwards. A layer st
consisting of 5 nm Ta, 90 nm Co0.7Fe0.3, and a 5-nm Ta
protection layer was deposited onto the patterned photore
Finally, the photoresist was removed via liftoff. The d
scribed procedure resulted in Co0.7Fe0.3 stripes of 1.2mm
width and a grating parameter ofd53 mm as can be see
from the AFM picture in Fig. 1.

B. MOKE measurements

Hysteresis loops were measured by using a hi
resolution MOKE setup in the longitudinal configuratio
with s-polarized light, which is well suited for measuring th
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Kerr angle as a function of the applied magnetic field. Mo
details of the experimental setup can be found in Ref. 29
the longitudinal configuration, the magnetic field is direct
along the plane of incidence and parallel to the sample
face. In this case, the measured Kerr angle is proportiona
the component of the magnetization vector along the fi
direction,uK

l }mL , wheremL is the longitudinal componen

of MW in a projection parallel toHW . In addition, the experi-
mental setup allows for a rotation of the sample around
surface normal~anglex) in order to apply a magnetic field in
various in-plane directions. Hysteresis measurements in
longitudinal configuration do not allow to distinguish d
rectly between a magnetization reversal via domain rota
and/or via domain formation and wall motion. Therefore, w
have also performed MOKE measurements with the exte
magnetic-field oriented perpendicular to the plane of in
dence. In this so-called perpendicular configuration,
magneto-optical Kerr effect measures the magnetiza
component parallel to the plane of incidence but perpend
lar to the applied magnetic field,uK

t }mT . Both components
of the magnetizationmL andmT yield the average magneti
zation vectorMW as measured within the region illuminate
by the laser spot ('1 mm2). The experimental setup fo
these measurements is shown schematically in Fig. 2.

FIG. 1. Surface topography of the array of Co0.7Fe0.3 stripes
obtained with an atomic force microscope shown in a thr
dimensional surface view. The displayed area is 20320 mm2.

FIG. 2. Sketch of the longitudinal MOKE setup with the samp
rotation anglex between the easy axis and the applied field, and

anglef of the magnetization vectorMW . In the transverse configu
ration, the field and the sample are rotated by 90°, such that
anglex is kept constant, but the magnetization componentmT is in
the plane of incidence.
5-2
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Assuming that the proportionality constant betweenuK

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

mL

mT
5

cosf

sinf
5

uK
L

uK
T

, ~1!

from which follows the angle of rotationf of the magneti-
zation vectorMW ,

f5arctanS uK
T

uK
L D . ~2!

Furthermore, we can expressuM u, normalized to the satura
tion magnetization,

uM u

uM usat
5

uK
L

uK
L,sat

1

cosf
. ~3!

For the MOKE experiment, the sample is first placed in
longitudinal configuration and hysteresis loops are measu
for various in-plane rotation anglesx. The measurements ar
then repeated in the perpendicular configuration. For b
configurations,x50° is defined as the angle for which th
external magnetic field is aligned parallel to the CoFe stri
~see Fig. 2!. The parallel alignment is calibrated by using t
interference pattern generated by diffraction of the la
beam at the grating. This procedure leads to an uncertain
the definition ofx of less than61°.

C. Kerr microscopy measurements

The imaging of the structures was performed by magne
optical Kerr microscopy in the longitudinal mode.15 The
weak magneto-optical contrast was digitally enhanced
means of a background subtraction technique.30 The experi-
mental setup has the option to apply in-plane magnetic fie
in any direction independently of the magneto-optical sen
tivity direction. To visualize the magnetic domains within th
narrow stripes, the highest possible optical resolution, wh
is on the order of 0.3mm for the given visible light illumi-
nation, was chosen.

D. Neutron-scattering experiments

Neutron-scattering experiments were performed at
ADAM reflectometer at the Institute Laue-Langevin
Grenoble, France. Measurements without and with s
polarization/analysis use a neutron wavelength of 0.441
The scattering geometry is depicted in Fig. 3. For fie
dependent measurements, an electromagnet was used w
field direction perpendicular to the scattering plane and p
allel to the incident neutron polarization axis. The mag
reaches a maximum field of 2000 Oe at the sample posit
Prior to each neutron measurement performed at zero fie
at a constant field value, the sample was first saturated
then the field was reduced to the respective value, whe
was kept constant during the measurement. For perform
magnetization reversal measurements, the sample was
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saturated in a field of22000 Oe, applied perpendicular t
the scattering plane and opposite to the neutron polariza
axis. The first part of each magnetization reversal meas
ment was then carried out after returning to remanence in
increasing magnetic field between 0 and1820 Oe. Subse-
quently, the sample was saturated at12000 Oe. In the sec-
ond part of the measurement, the field was reduced and m
surements were taken between1720 Oe and 0. This
procedure allows to measure the positive and nega
branches of the magnetization curve while keeping the ex
nal field always in the same direction as the neutron gu
field; a depolarization of the beam can thus be avoided.

From the four different cross sections measured at
specular reflection, one can determine the spin asymmetr
a function of external fieldSa(H):

Sa5
I 12I 2

I 11I 2
5

I 1,11I 1,22I 2,22I 2,1

I 1,11I 1,21I 2,21I 2,1
, ~4!

using the intensities of the non-spin-flip@(1,1),(2,2)#
and the spin-flip@(1,2),(2,1)# cross sections. Due to th
linear dependence of the magnetic partVmag of the optical
potential,

V5Vnuc6Vmag ~5!

to the magnetic inductionB, with 1 for ‘‘up’’ neutrons and
2 for ‘‘down’’ neutrons, the spin asymmetry shows a line
dependence on the magnetization in case of specular re
tion. For the Bragg reflections, scattering theory has to
applied. Using kinematic scattering theory within the fir
Born approximation,Sa is not a simple function on the mag
netization. In order to find a linear dependence, one can
fine an expression similiar to the spin asymmetry:

Sa85
AI 12AI 2

AI 11AI 2

5
AI 1,11I 1,22AI 2,21I 2,1

AI 1,11I 1,21AI 2,21I 2,1

, ~6!

with Sa8 being proportional to the magnetization compone
along they axis. It should, however, be kept in mind that th
is only a rough approximation for the distorted Born wa
approximation, which actually is to be applied when analy
ing Bragg peaks close to the Yoneda wings. Assuming

FIG. 3. Sketch of the neutron-scattering geometry.x is the angle
of the sample rotation with respect to the applied field~same defi-

nition as in Fig. 2!. The magnetic fieldHW is applied perpendicular to
the scattering plane.a i anda f refer to the incident and exit angle
of the neutrons to the sample surface.
5-3
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FIG. 4. MOKE hysteresis loops measured
the longitudinal configuration~left figures! and in
the transverse configuration~right figures!. For
both configurations in~a! and ~b!, the external
magnetic field is oriented parallel to the stripe
~easy axis configuration!; in ~c! and ~d!, the
stripes are rotated by 45° and in~e! and ~f! by
63° with respect to the direction of the extern
field; in ~g! and~h!, the magnetic field is oriented
perpendicular to the stripes~hard axis configura-
tion!.
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same intensities for both spin-flip cross sections (1,2) and
(2,1), the measurements can be reduced to only one s
flip cross section. In this case,Sa8 can be calculated from

Sa85
AI 1,11I 1,22AI 2,21I 1,2

AI 1,11I 1,21AI 2,21I 1,2

. ~7!

From theI (H) intensity values of the three cross section
(1,1), (2,2), and (1,2), a magnetization curve can b
calculated, which is proportional to the field-dependent m
netization of the stripes. The obtained curves may then
compared to the respective longitudinal MOKE hystere
loops, after both have been normalized to their respec
saturation magnetization.

In the case of nanostructured samples, the peak patte
the off-specular scatteringqx direction depends on the ang
between the stripes with respect to the scattering plane~see
Fig. 3!. Measurements at various angles of the stripe ori
tation are possible due to a poor resolution inqy compared to
a high resolution inqx .20,31 Hereqx andqy are the compo-
nents of the scattering vector parallel and perpendicula
the scattering plane, respectively, and perpendicular toqz ,
which is parallel to the film normal. By rotating the strip
pattern we are sensitive to the projection of their lattice
rameterd into the scattering plane. For a sample rotati
anglex ~see Fig. 3!, theqx component of the Bragg peak
therefore expected to occur at

qx5
2p cosx

d
. ~8!

By rotating the sample from the perpendicular orientation
the stripes to the scattering plane atx50° towards a hori-
zontal orientation, theqx values decrease while the peak i
tensity strongly increases.
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III. EXPERIMENTAL RESULTS

A. Results from MOKE measurements

The left row of Fig. 4 shows four typical longitudina
MOKE hysteresis loops taken from the CoFe stripes w
different in-plane anglesx. The hysteresis loop in~a! corre-
sponds to an external magnetic-field oriented parallel to
stripes. In this case, we find an almost square hysteresis l
which represents the typical behavior of a sample when m
netically saturated along an easy axis of the magnetizat
The coercive field isHc5140 Oe. The coercive field in
creases toHc5200 Oe andHc5320 Oe for intermediate
angles of rotation of 45°~c! and 63°~e!, respectively. Figure
4~g! shows the corresponding hysteresis loop for the Co
stripe array oriented perpendicular to both the external fi
and the plane of incidence. Here, a typical hard axis hys
esis loop is obtained.

From the results of longitudinal MOKE measuremen
with the magnetic-field direction within the plane of inc
dence, we may indeed conclude that patterning of the
CoFe film into an array of stripes induces a strong uniax
anisotropy, which results from the shape anisotropy of Co
stripes. The saturation field measured with MOKE along
hard axis is rather high, exceeding 1000 Oe.

As discussed above, we also determined the transv
component of the magnetization vector by Kerr effect m
surements. Corresponding hysteresis loops for four dir
tions of the external magnetic field relative to the direction
the CoFe stripes are shown in the right column of Fig. 4. T
hysteresis loop reproduced in Fig. 4~b! was measured with a
magnetic field parallel to the CoFe stripes, i.e., parallel to
easy axis. Ideally, within this configuration the measur
Kerr rotation should remain zero unless components of
magnetization lie in the plane of incidence during the ma
netization reversal process. As can be seen from Fig. 4~b!,
the measured Kerr rotation is indeed almost zero, thus
rotation of the magnetization occurs in this configuratio
Figures 4~d! and 4~f! show the transverse component of t
5-4
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Kerr rotation measured for angles of rotation ofx545° and
x563°, respectively. Figure 4~h! shows the hysteresis loo
for a magnetic field pointing along the hard axis directio
i.e., in a direction perpendicular to the stripes and the pl
of incidence. In these directions, the measurements of
transverse magnetization component always proves a
tion of the magnetization away from the magnetic field.

From these measurements, important conclusion conc
ing the remagnetization process of the CoFe stripes ca
drawn. In general, two ideal cases can easily be dis
guished: If the angle of the magnetization vector chan
without changing the magnitudeuM u, then the magnetization
reversal occurs via coherent rotation. On the other hand
the angle of the magnetization vector remains cons
within a certain magnetic-field range but the magnitudeuM u
changes, then magnetic domains are formed. The hyste
curves in Fig. 4 exhibit no discontinuity besides the jump
Hc , therefore the magnetization process must be smo
either dominated by rotation or by domain nucleation. If on
coherent rotation takes place, the magnetization in re
nence must be directed along the easy axis of the two
anisotropy, i.e., along the stripes, without forming any d
mains. In this case, the longitudinal Kerr rotation in rem
nenceuK

Rem must follow:

uK
Rem,L

uK
Sat

5ucosxu, ~9!

and, correspondingly, the Kerr rotation angle in perpendi
lar configuration must follow

uK
Rem,T

uK
Sat

5usinxu. ~10!

The measurements perfectly obey these rules as is dep
in Fig. 5. Therefore, it is clear that the magnetization proc

FIG. 5. Kerr rotation in remanenceuK
Remnormalized to the satu

ration Kerr rotationuK
Sat as a function of the sample rotation. Th

closed circles are the measurements in the longitudinal config
tion and the open squares denote the measurements in the pe
dicular configuration. The solid line is a plot of the model accord
to Eq. ~9! and the dashed line is a plot of Eq.~10!.
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is governed by coherent rotation processes. Furthermore
coercive field should also show such a simple behav
Along the easy axis, the magnetization switches by 180
the external field is equal to the pinning field of the domai
If the sample is rotated away from the easy axis, the com
nent of the external field driving the switching process
reduced. Therefore one finds

Hc~x!5
Hc

e.a.

cosx
, ~11!

which is plotted in Fig. 6. Clearly the plot confirms th
notion.

In summary, for fields parallel to the stripes the remag
tization process proceeds by nucleation and domain wall
tion within a very narrow region around the coercive fie
Hc . For field directions 0,x,90°, the remagnetization
process is dominated by a coherent rotation up to the c
cive field, where some domains are formed. Forx590°, the
remagnetization process appears to proceed entirely v
coherent rotation of the magnetization vector and no swit
ing takes place. In the hard axis direction, the magnetiza
vector describes a complete 360° rotation during the
magnetization cycle without any discontinuity. For other d
rections, a switching of the magnetization of 180° is o
served atHc ; which can be viewed as a head-to-head d
main wall movement32 through the stripe. Similar
dependencies were found in Ref. 33, where the switch
process was found to be dominated by edge curling wall

Reason for this clear and straightforward remagnetiza
process is the high aspect ratio of the stripes~width/height
513.3!, leading to a strong shape anisotropy. The shape
isotropy results in a twofold anisotropy with an anisotro
energy densityES . From a numerical integration of the mag
netization curve in the hard axis direction followsES
'730Ms Oe, whereMs is the saturation magnetization o
the CoFe alloy. The energy density of the shape anisotr
can be calculated according to Ref. 15, using the rela

a-
en-

FIG. 6. Coercive field taken from the measurements in
perpendicular geometry as a function of the sample rotationx.
The circles denote the measurement and the solid line is a plo
Eq. ~11!.
5-5
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Es52pNMs
2 , whereN is the tensor element of the dema

netizing tensor in the appropriate direction.N can be calcu-
lated as an approximation for an ellipsoid inscribed in
wire by using a formula given in Ref. 15. AssumingMs
51775 G for Co0.7Fe0.3, the theoretical shape anisotrop
constant is 780 OeMs, which is in good agreement with ou
measurements. The value of the saturation magnetizationMs
for Co0.7Fe0.3 is higher than the value for pure Fe and
given in Ref. 34 and references therein. More recent exp
ments confirm this value.35

B. Results from Kerr microscopy

The Kerr-microscopy studies support the conclusio
from the MOKE measurements. Images at different magn
fields show a single domain state for a field below and ab
Hc ~not shown!. AroundHc , domain nucleation and domai
wall movement sets in. The proposed mechanism of head
head domain walls through the stripes can be confirm
From our observations, we assume independent dom
nucleation and domain-wall movement for each single str
Possible existence of dipole-dipole interactions between
mains of adjacent stripes cannot be extracted from the K
microscopy observations in Fig. 7, which shows the Ke
microscopy pictures taken atHc for two different field angles
x of the sample rotation. In Fig. 7~left!, we show the easy
axis case with no magnetization rotation forHÞHc , and in
Fig. 7 ~right!, we show a picture taken from an intermedia
angle x563° close to the hard axis case. This angle w
chosen for comparison with our neutron-scattering meas
ments, to be discussed later in the following section.
agreement with the MOKE results, atHc , similar Kerr-
microscopy pictures were found for different anglesx of the
sample rotation betweenx50° andx588°.

C. Results from neutron-scattering experiments

To optimize the experimental conditions for scanning
first-order Bragg peak of the stripe array as a function of
stripe orientation~Fig. 8!, we have mapped out the positio
of the first-order Bragg peak as a function of the sam

FIG. 7. Kerr-microscopy pictures taken aroundHc for different
magnetic field to sample alignment ofx50° ~left, easy axis align-
ment! andx563° ~right!. The plane of incidence results in a top
down magneto-optical sensitivity axis parallel to the stripes. T
magnetization directions are indicated by arrows in thex50° map.
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rotation. The corresponding map is shown in Fig. 8. T
angle of the incident unpolarized neutron beama i was fixed
to the angle of total external reflectiona i5ac50.31, and the
intensity was measured as a function of the angle of the
neutron beama f for sample rotationsx between 0°<x
<180° using a position sensitive detector~PSD!. A first-
order Bragg peak occurs for all sample rotations, even
x50° andx5180° where the peaks are very weak. Ho
ever, in sample configurations with anglesx close to the hard
axis ~at x590°), the first-order Bragg peak moves ve
close to the ridge of specular reflection and an additio
second-order Bragg peak appears. In Fig. 8, Bragg refl
tions become also visible from the back side of the samp

Next, we explore the reciprocal space for a fixedx angle
by taking off-specular intensity maps with polarized ne
trons. The results are plotted inqz2qx maps. In Fig. 9, typi-
cal maps are shown that were taken with spin-up polari
neutrons~top panel! and with spin-down polarized neutron
~bottom panel! at a sample rotation ofx545°. The specular
beam does not exhibit finite-size oscillations, probably due
the artificial ‘‘roughness’’ of the sample. As a result, no spl
ting between spin-up and spin-down specular reflectivit
can be observed. In the off-specular regime, Bragg peak
the first and second order from the stripe array can be
ognized. The highest intensity is from the first-order refle
tions. Their intensity is enhanced due to a resonance am
fication from the Yoneda wings, on which they a
positioned.36 The Bragg peaks show a strong intensity diffe
ence for spin-up and spin-down polarized neutrons a
therefore carry magnetic information. Below the sample h
rizon the transmitted direct beams from the front- and ba
side measurements are visible as well.

We have carried out magnetization reversal measurem
for different sample rotation anglesx by measuring the in-
tensitites from the different cross sections at the first-or

e

FIG. 8. Results of an unpolarized neutron-scattering meas
ment. The intensity was measured with a position sensitive dete
as a function of the sample rotationx and the angle of the fina
neutron beama f . The gray-scale intensity in the figure is propo
tional to the logarithmic neutron counts. The measurements w
performed between a perpendicular orientation of the stripes w
respect to the scattering plane (x50°) over an 180° angle range t
again a perpendicular orientation atx51180°. The angle of the
initial beam a i was fixed toa i50.32°. The ‘‘X’’ in the pattern
corresponds to the first order Bragg peak of the wire array. T
vertical line in the middle of the pattern is from the specular bea
the left line comes from the partly blocked direct beam.
5-6
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Bragg peak~see above!. Forx50° ~easy axis configuration!,
the scans are taken ata i50.32° anda f51.06° ~Fig. 10, top
panels!. For the otherx angles (x545° in the middle panels
anda f50.62° in the bottom panels!, only thea f value had
to be readjusted for maximum intensity, while thea i value
was kept constant. For higherx values thanx563°, the
first-order Bragg peak position moves too close to the spe
lar ridge to be resolved.

The left column of panels of Fig. 10 show hysteresis m
surements performed at the first-order Bragg peak via po
ized neutron scattering. From these measurements,
neutron-derived magnetic hysteresis can be evaluated
compared to hysteresis loops determined by magneto-op
MOKE measurements~right column of graphs of Fig. 10!.
The measurements were performed between 0 Oe
800 Oe and between 720 Oe and 0 Oe~see above!. In Fig.
10, the second part of the measurements is plotted as a
of the hystereses between2720 Oe and 0 Oe, which is a
allowed procedure for symmetry reasons.

The top panel in Fig. 10 forx50° exhibits a large split-
ting of the (1,1) and (2,2) intensities, which reverse

FIG. 9. Results of a polarized neutron-scattering measurem
The intensity was measured via PSD as function ofqx andqz. The
sample rotation was fixed tox545°. The left pattern was take
with spin-up neutrons, and the right pattern with spin-down n
trons. The gray-scale intensity in the figure is proportional to
logarithmic neutron counts.
18441
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suddenly at the coercive fieldHc . There is almost no spin
flip scattering visible over the entire field range, indicati
that the magnetization reversal for the easy axis configu
tion takes place in the form of nucleation and fast doma
wall movements atHc , in complete agreement with the con
clusions from the MOKE measurements.

At x545°, the (1,1) - (2,2) splitting starts to be-
come reduced for field values far above and belowHc , while
the spin-flip scattering shows a gentle slope towards the
ercive field. The corresponding MOKE results shown in F
4 are consistent with a coherent rotation model. The neu
cross sections qualitatively confirm this notion in all detai
Quantitatively, there may indeed be a difference between
average angle for coherent magnetization rotation and
first Fourier component measured by PNS. In fact, we
serve at the specular ridge more spin-flip scattering than
the first-order Bragg peak, in agreement with the MOK
results.

The situation is more pronounced for the sample rotat
of x563°. The (2,2) intensity continuously decrease
with increasing field from negative to positive field value
while the (1,1) intensity is more or less constant for mo
of the field values and changes suddenly at the coercive fi
At the same time, the spin-flip intensity increases again
wards the coercive field, however, with a larger slope.
four cross sections are again consistent with a coherent r

nt.

-
e

FIG. 10. Magnetization reversal measurements performed a
first-order Bragg peak for three different cross sections~left col-
umn! and calculated curves from the polarized neutron meas
ments~right column!. The calculated curves are compared to lo
gitudinal MOKE hysteresis loops, reproduced as solid and do
lines. The top row depicts measurements at a sample rotationx
50°, the middle row measurements at a sample rotation ox
545°, and the bottom row measurements at a sample rotatio
x563°.
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tion of the magnetization vector away from the easy axis
very good agreement with the conclusions from our MOK
measurements.

The situation changes atHc where 180° head-to-head do
mains are created in the individual stripes and domain-w
movement sets in. A single domain state again is reached
fields slightly larger thanHc . In our neutron-scattering ex
periment, the field range in which domain nucleation a
domain-wall movement occur, is presented by only few d
points and therefore, the general behavior is domina
by a single domain state with a constant or a rotat
magnetization.

More quantitative statements can be made by evalua
the spin asymmetry related expressionSa8 ~see above!, using
the I (H) intensities of the cross sections (1,1), (2,2),
and (1,2). The neutron hystereses curves~open squares!
are compared to the respective longitudinal MOKE hyst
esis loops~solid and dotted lines! for the same sample rota
tion, as shown in the bottom graphs of Fig. 10. The ove
agreement is rather good for all three sample rotation ang

IV. DISCUSSION

If the remagnetization process does not involve a com
cated domain structure, in general, good agreement ca
expected between polarized neutron reflectivity and res
from other methods. This has been demonstrated for ho
geneous magnetic films by a number of investigators.23–25In
our case, the agreement has to be reestablished. First
sample is not homogeneous but laterally structured, and
ond, we compare off-specular neutron Bragg reflections w
specular vector MOKE and with MOKE microscopy. Neve
theless, the main conclusions from the MOKE measurem
could be confirmed by PNS. Those are given as follows.

~i! Only for x50° the orientation of the magnetization
constant for all field values and parallel to the magne
stripes. At H5Hc nucleation and domain wall motio
occurs.

~ii ! Independent of the sample rotation angle and for m
netic fields below the coercive fieldHc , a single domain
state is present.

~iii ! For rotation anglesx.0° belowHc , a coherent spin
rotation occurs with increasing field away from the easy a

~iv! For a rotation angle ofx;90°, the remagnetization
process consists solely of a coherent magnetization rota
without nucleation.

The good agreement between both the methods is a r
of the single domain state, which is present for all rotat
angles and for all field values different from the coerci
field. Furthermore, the interactions and correlation effe
appear to be negligible. This simple domain structure, wh
follows from the sample design, furnishes a good test
ground for comparative studies. As the domain state beco
more complex and correlation effects are present, we ex
deviations between the MOKE and the PNS results.

Deviations between hysteresis measurements taken a
specular reflected beam and higher-order diffracted be
have been observed with MOKE at several magnetic mic
structures, as was reported, e.g., in Refs. 14,37,38~and ref-
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erences therein!. In these studies, it was observed that t
diffracted beam of ordern is proportional to thenth-order
Fourier component of the magnetization distribution of t
stripes. Therefore, one should expect equivalent effects
PNS for nÞ0, if domains are present in the stripes, whi
will be explored in more detail in the future.

So far our discussion was concentrated on domain r
tion. However, neutron scattering can also provide inform
tion on the nucleation process. Combining results from
spin-flip and the non-spin-flip cross sections allows to der
values for the angle and the length of the magnetization v
tor MW , similar to vector MOKE. As a constant length of th
magnetization vector accounts for rotational processes a
changing length for domain nucleation and domain-w
movement, we calculateduM /Msatu for the x563° configu-
ration with the highest spin-flip intensities observed. The
sult is shown in Fig. 11.

Since the magnetization reversal is dominated by a co
ent rotation of the magnetization vector, the magnitude ofMW
does not change over most of the field range. In this resp
the neutron results perfectly agree with our MOKE data
most of the field range, as mentioned before. A small
occurs, however, atHc . This is due to domain nucleatio
and domain-wall movement within this small filed range.

From the present neutron-scattering experiments o
magnetic stripe array several conclusions can be dra
which are important for future studies and for the potential
this method in general. First, several orders of Bragg pe
in the off-specular scattering regime can be recognized
measurements with unpolarized~Fig. 8! and polarized neu-
trons ~Fig. 9!. By rotating the stripes with respect to th
scattering plane, the peak positionqx changes because th
effective period changes according to Eq.~8!. Samples with
a pattern period of about 3mm are ideally suited for scatter
ing experiments in the off-specular regime. For smaller pe
ods, the intensity of the first-order Bragg peak becomes
small, and for larger periods, the Bragg peaks move too c
to the specular ridge to be well enough separated. Period
about 3mm are an ideal compromise. In this case, a fir
order Bragg peak can be identified over the complete sam
rotation range. Only for small angles, the first-order pe
moves very close to the position of the specular scatte

FIG. 11. Results foruM /Msatu at thex563° orientation. The
normalized magnetization was derived from the non-spin-flip a
the spin-flip Bragg intensities.
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and can no longer be resolved.

V. SUMMARY

We have studied the magnetization reversal behavior
Co0.7Fe0.3 stripe array with a grating period of 3mm, which
was generated by scanning laser lithography. Using polar
neutron scattering~PNS!, vector MOKE, and Kerr micros-
copy, we have analyzed and compared the magnetic hy
esis as a function of anglex between the stripes and th
applied field.

The MOKE experiments were carried out with the fie
parallel to the scattering plane~longitudinal configuration!
and perpendicular to the scattering plane~transverse configu
ration!. The combination of this yields both components
the in-plane magnetization vector. Similarly, we have inv
tigated the magnetic hysteresis of the same sample with
larized neutron scattering at small angles using the first-o
Bragg peak from the stripe array in the off-specularqx direc-
tion. Unlike the MOKE experiment, for the polarize
neutron-scattering experiment, the magnetic field is alw
applied perpendicular to the scattering plane and paralle
the polarization axis of the neutrons. Both components of
in-plane magnetization then follow from an analysis of t
non-spin-flip @(1,1),(2,2)# and spin-flip @(1,2),(2,
1)# cross sections.

The results from vector MOKE and from PNS agree ve
well. Both the methods confirm that for most of the fie
values the stripes are in a single domain state. In case tha
field is applied parallel to the stripe axis~easy axis!, a do-
main nucleation and a domain-wall movement occurs wit
a narrow field range at the coercive field. For all oth

*Electronic address: k.theis-broehl@ruhr-uni-bochum.de U
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