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Polarized neutron scattering from ordered magnetic domains
on a mesoscopic permalloy antidot array
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Using polarized neutrons, we measured grazing-incidence scattering from a mesoscopic permalloy
antidot array. A kinematical theory incorporating a highly anisotropic resolution function was
developed to interpret the data. Calculations for a magnetic domain structure of the antidot array
were obtained from a micromagnetic simulation and show good agreement with the experiment. In
contrast, calculations based on a model of uniform magnetization between the antidots were not
found to be consistent with the data. ©2003 American Institute of Physics.
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Periodic antidot arrays consisting of nonmagnetic ho
in continous magnetic films have recently received much
tention because of their potential advantages over magn
dots system for data storage.1 Advantages of the antidot arra
include no superparamagnetic lower limit to the bit size a
the preservation of the intrinsic properties of the continuo
magnetic film. Antidot arrays possess unique magnetic pr
erties, such as their shape-induced magnetic anisotropy
main structure, and pinning in laterally confine
geometries.1,2 Previous results from several microsco
experiments2 showed three different types of domains with
the unit cell of the square lattice of antidots at remanen
The formation of domains at remanence has been unders
mainly as the result of the interplay between intrinsic anis
ropy and shape anisotropy due to the antidots.1,3 There have
also been several studies of antidot arrays using diffrac
magneto-optical Kerr effect measurements.4 In this letter, we
demonstrate that grazing-incidence diffraction using po
ized neutrons can be a powerful tool for studying magne
domain structure in such systems, which can be useful e
when the optical methods are inapplicable, as in the cas
very small ~;nm! lattice spacings or films with protectiv
nonmagnetic cover layers.

Since the interaction between polarized neutrons
magnetic moments on the sample depends on the rela
orientation of their spins, polarized neutron scattering allo
us to analyze the orientation as well as the magnitude of
magnetization distribution in the sample. This is done
measuring polarized neutron scattering with several value
f @f is the angle made by the~1 0!-axis of the antidot lattice
with the vertical direction#, as shown in Fig. 1, at remanenc
While polarized neutron reflectivity~in-plane momentum
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transferQi50) measures the laterally averaged depth pro
M (z) of the magnetic moments, polarized neutron in-pla
diffraction (QiÞ0) provides information about the in-plan
magnetization distributionM (x,y), especially for character
istic magnetic domains on antidot arrays as mentioned
viously. The interpretation of the diffraction from a two
dimensional array with large spacing is complicated by
highly anisotropic nature of the instrumental resolution fun
tion as will be discussed later. Our calculations for a dom
configuration obtained from micromagnetic simulation sh
good agreement with measurements, as opposed to cal
tions based on a model of uniform magnetization betwe
the antidots.

Permalloy films of nominal thickness of 250 Å wer
prepared using electron beam deposition. Square array
circular holes with a period of 2mm and a diameter of 1mm

FIG. 1. Schematic of polarized neutron scattering.Qz andQi are the com-
ponents of the wave vector transferQ perpendicular to and on the samp
surface, respectively. The fieldH was initially applied along~1 1! direction
and turned off for the measurements. Neutron beams were polarized pe
dicular to the horizontal scattering plane. The sample anglef is defined by
the angle between~1 0! direction and the vertical direction.
© 2003 American Institute of Physics
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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were generated using standard lithography and lift-
processes.5 Polarized neutron scattering measurements w
performed using the polarized neutron reflectodiffractome
Asterix, at LANSCE.6 A schematic of the experimental setu
is shown in Fig. 1. Polarizing neutron supermirrors we
used to prepare the incident neutron beam polarized per
dicular to the~horizontal! scattering plane and for polariza
tion analysis of the scattered beam. Two nonspin-flip sca
ing channels with polarization-up (11) and polarization-
down (22) were measured as a function of the detec
angle 2u by a linear position sensitive detector with a fixe
incident angle. Since LANSCE is a pulsed-neutron sou
the time-of-flight technique recorded scattered neutrons w
wavelengths varying between 4 and 12 Å at each 2u angle.
At the sample postition, a magnetic field of 0.4 T was i
tially applied along the diagonal direction of the antidot arr
and reduced to 0.4 mT for measurements in the rema
state.

In order to determine the laterally averaged values of
nuclear and magnetic scattering length densities~SLD!, the
polarized neutron reflectivity was measured atf545°,
where the field was initially applied parallel to the neutr
polarization, as shown in Fig. 1. The nuclear and magn
SLDs on the portion of the continous film were estimated
be 7.131026 Å 22 and 0.9831026 Å 22, respectively, from
a best fit using the optical formalism of Parratt.7 While the
nuclear SLD corresponds to 78% of the bulk value, the m
netic SLD corresponds to a net moment per atom
0.53mB , which is about a half of the tabulated value.8 These
values were used as input parameters for fitting the data f
the neutron diffraction measurements to be discussed l
On the other hand, atf5245° with the neutron polarization
being perpendicular to the initially applied field, no diffe
ence was observed between (11)- and (22)-reflectivity

FIG. 2. MeasuredQi2Qz neutron diffraction intensity maps and schema
drawings of corresponding diffraction configurations atf545° @~a! and~c!#
and 14°@~b! and~d!#. Note that the peak positions alongQi at f545° and

14° do not correspond to Bragg peaks but nominally to (2
1
2,

1
2) @Qi

50.7071(2p/a)# and (2
1

17,
4

17) @Qi50.2425(2p/a)#, respectively. The
gray stripes in~c! and ~d! represent the resolution volumes when scann
alongQi .
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profiles. Thus, no significant net magnetization perpendicu
to the initial field direction exists to the extent measured
reflectometry.

The Qz vs Qi maps in Fig. 2 show the diffracted inten
sity distributions forf545° ~a! and 14° ~b!. It should be
noted that the peak positions alongQi at f545° and 14°
correspond to apparent positions (2 1

2,
1
2) and (2 1

17,
4

17), re-
spectively, in the reciprocal lattice of the antidot array. The
fractional coordinates are ascribed to the resolution effect
explained later. To extract information about the in-pla
magnetization distribution from diffraction data, we have d
veloped a kinematical theory for polarized neutron diffra
tion at finiteQi from antidot arrays.

Let rN be nuclear scattering length density of permall
film and Ma be the component of in-plane magnetization
the sample,M , projected along the direction of neutron p
larization,a5x,y,z.9 The differential cross section for po
larized neutron scattering is then given in the Born appro
mation by

S ds

dV D 66

5U E dr @rN~r !6CMa~r !#e2 iQ"rU2

, ~1!

where the integration is over the film,C52gr 0/2, g is gy-
romagnetic ratio of neutron,r 0 is the classical radius of elec
tron, andQ is the wave vector transfer.

Since at grazing angles of incidence, the resolution n
mal to the scattering plane is much worse than the in-pl
resolution,10 the resolution function is essentially a long th
ellipse oriented in the direction perpendicular to the scat
ing plane. Then, for a close-packed reciprocal lattice, such
that corresponding to our mesoscopic antidot array, if on
nominally looking at a reflection (Nx ,Ny), one also samples
all reflections (nx ,ny) satisfying closely the conditions

nxNx1nyNy5~Nx
21Ny

2!, for integers nx ,ny . ~2!

The long thin resolution function also gives rise to addition
diffraction peaks as well as the regular Bragg peaks w
sweeping alongQi , as shown in Fig. 2. Therefore, the fir
diffraction peaks that appear alongQi away from ~0 0! do
not correspond to Bragg peaks, but to (2 1

2,
1
2) @Qi

50.7071(2p/a)# and (2 1
17,

4
17) @Qi50.2425(2p/a)# at f

545° and 14°, respectively.
If we assume the diffracted intensities are calculated

integrating over some range ofQz for all allowed peaks, the
polarized intensitiesI 66 nominally set for (Nx ,Ny) can be
written finally by

I 66~Nx ,Ny!5A (
nx ,ny

allowed H 2rNh2
J1@2p~nx

21ny
2!1/2h#

~nx
21ny

2!1/2h

6C
M̃a~nx ,ny!

a2 J 2

3e2 2p2/(k0Dc)2a2[(nx2Nx)21(ny2Ny)2] , ~3!

whereA is the constant containing the integration overQz ,
h5R/a, R is the radius of circular holes,a is the size of the
square lattice of hole array,J1 is the first order Bessel func
tion, andM̃a(Qi) represents the in-plane magnetic form fa
tor, i.e., the Fourier component of the in-plane magneti
tion. All reflections (nx ,ny) are weighted by a gaussian i
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Eq. ~3!, wherek0 is the incident neutron wave vector, an
Dc is the angular divergence normal to the scattering pla
The constantA can be cancelled out if the asymmetry rat
(I 112I 22)/(I 111I 22), for each nominal diffraction peak
(Nx ,Ny) is considered. Table I shows the asymmetry rat
of peak intensities inQi measured at four differentf’s after
integrating intensities overQz from Qz2Qi intensity distri-
butions measured at (11) and (22) channels, as shown in
Fig. 2.

Assuming a model of uniform magnetization betwe
antidots, M̃a(nx ,ny) has the same functional form as th
nuclear form factor except for the coefficientCM0 cos(f
2f0), where M0 is the remanent magnetization obtain
from the reflectivity measurements discussed earlier andf0

is the angle made by the~1 0!-axis with the initial field
direction, f0545° in this case. The asymmetry ratio the
does not depend on the indices of diffraction peaks but o
on the sample anglef. However, this simple model canno
explain the experimental data, as shown in Table I, and th
fore, a more realistic model is needed to account for mag
tization distribution at remanence.

For a realistic model, the micromagnetic domain co
figuration was calculated using the micromagnetic simu
tion programOOMMF.11 The material parameters contained
the program for permalloy were used for this calculatio
Figure 3~a! shows the simulated magnetization distribution
remanence with the field initially applied along the diagon
direction~1 1!. The simulated result reveals the existence
three types of characteristic domains, as mentioned ea
two that are stripe-shaped domains connecting the hole
each end and one that is a diamond-shaped domain.

To obtain the magnetic form factorM̃a from micromag-
netic simulation, we simplified the domain structure as

TABLE I. Asymmetry ratios of polarized neutron diffraction intensitie
measured at four different sample anglesf’s. ‘‘Domain’’ and ‘‘uniform’’
denote the calculations using a domain structure obtained from microm
netic simulation and uniform magnetization between antidots, respectiv

f Measurement Uniform Domain

45° 0.2560.01 0.237 0.246
14° 0.1260.03 0.205 0.122
24.5° 0.2060.01 0.155 0.207

249.5° 20.0460.03 20.019 20.020

FIG. 3. Spin configuration using micromagnetic simulation~a! and sche-
matic of domain structure~b!. Dashed arrows in~b! represent a model of
uniform magnetization between antidots.
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picted in Fig. 3~b! without loss of generality. For a given
sample anglef the magnetic form factorM̃a for a reciprocal
lattice point (nx ,ny) can be then given by

M̃a~nx ,ny ;f!

M0
5M̃ r~nx ,ny!@cosf2cos~f2f0!#

1M̃ r~ny ,nx!@sinf2cos~f2f0!#

2R2
J1@2p~nx

21ny
2!1/2h#

~nx
21ny

2!1/2h
cos~f2f0!,

~4!

where M̃ r(p,q)5 $(21)qa2j sin@p(q2pj)(122h)#/p(q
2pj)% sin(ppj)/ppj, andj5h/(&2h).

Substituing Eq.~4! into Eq. ~3!, the asymmetry ratios
have been calculated around four differentf’s with corre-
sponding nominal diffraction peaks and compared with
measurements in Table I. In spite of rather complicated c
culations due to resolution effects, our calculations for
domain model show good agreement with measuremen
all f’s.

In summary, we have presented a polarized neutron
fraction analysis for a mesoscopic permalloy antidot ar
with magnetic domain structure that is obtained from mic
magnetic simulation. A kinematical theory with a highly a
isotropic resolution function was developed to interpret
experimetal data. This study demonstrates successfully
polarized neutron diffraction can be a powerful tool f
studying magnetic domain structures in mesoscopic p
terned systems.
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