APPLIED PHYSICS LETTERS VOLUME 82, NUMBER 1 6 JANUARY 2003

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. D03 American Institute of Physics.
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Periodic antidot arrays consisting of nonmagnetic holegransferQ,=0) measures the laterally averaged depth profile
in continous magnetic films have recently received much atM(z) of the magnetic moments, polarized neutron in-plane
tention because of their potential advantages over magnetitiffraction (Q,# 0) provides information about the in-plane
dots system for data storaj@dvantages of the antidot array magnetization distributioM (x,y), especially for character-
include no superparamagnetic lower limit to the bit size andstic magnetic domains on antidot arrays as mentioned pre-
the preservation of the intrinsic properties of the continuougiously. The interpretation of the diffraction from a two-
magnetic film. Antidot arrays possess unique magnetic propdimensional array with large spacing is complicated by the
erties, such as their shape-induced magnetic anisotropy, dbighly anisotropic nature of the instrumental resolution func-
main structure, and pinning in laterally confined tion as will be discussed later. Our calculations for a domain
geometries:? Previous results from several microscopy configuration obtained from micromagnetic simulation show

experimentéshowed three different types of domains within 900d agreement with measurements, as opposed to calcula-
the unit cell of the square lattice of antidots at remanencelions based on a model of uniform magnetization between

The formation of domains at remanence has been understodge antidots. _ _ A

mainly as the result of the interplay between intrinsic anisot-  érmalloy films of nominal thickness of 250 A were
ropy and shape anisotropy due to the antiddtShere have p_repared usmg_electroq beam deposmon. Square arrays of
also been several studies of antidot arrays using dif'fractea'rCUIar holes with a period of 2m and a diameter of Zm

magneto-optical Kerr effect measuremehis.this letter, we
demonstrate that grazing-incidence diffraction using polar-
ized neutrons can be a powerful tool for studying magnetic
domain structure in such systems, which can be useful even
when the optical methods are inapplicable, as in the case of
very small (~nm) lattice spacings or films with protective
nonmagnetic cover layers.

Since the interaction between polarized neutrons and
magnetic moments on the sample depends on the relative
orientation of their spins, polarized neutron scattering allows
us to analyze the orientation as well as the magnitude of the ~ *++) I ‘
magnetization distribution in the sample. This is done by s
measuring polarized neutron scattering with several values of
¢ [¢ is the angle made by tH& 0)-axis of the antidot lattice

with the vertical directiofy as shown in Fig. 1, at remanence. FIG. 1. Schematic of polarized neutron scatteriQg.andQ, are the com-
ponents of the wave vector transi®rperpendicular to and on the sample

While pOIa”Zed neutron reflect|V|t)(|n-pIane momentum surface, respectively. The field was initially applied alond1 1) direction
and turned off for the measurements. Neutron beams were polarized perpen-
dicular to the horizontal scattering plane. The sample aggkedefined by
3E|ectronic mail: drlee@aps.anl.gov the angle betweefl 0) direction and the vertical direction.

Neutron spin
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0.04

- : - - - : - profiles. Thus, no significant net magnetization perpendicular
(a) ¢=45° (b) ¢=14° to the initial field direction exists to the extent measured by
U reflectometry.

] The Q, vs Q, maps in Fig. 2 show the diffracted inten-
sity distributions for¢=45° (a) and 14° (b). It should be
noted that the peak positions alo@y at ¢=45° and 14°
correspond to apparent positions £,3) and (—,:%), re-

& spectively, in the reciprocal lattice of the antidot array. These
0.01 . . . . . . : : fractional coordinates are ascribed to the resolution effect, as
-1.0 -0.8 -0.6 -04 -02 0 -0.8 -0.6 -0.4 -0.2 0 : . : :
Q [2n/a] Q [2n/a] explamgd I_ater._To_ ex_tract |nfor_rnat|0_n about the in-plane
I I magnetization distribution from diffraction data, we have de-
veloped a kinematical theory for polarized neutron diffrac-
tion at finite Q, from antidot arrays.
Let py be nuclear scattering length density of permalloy

H
(©)o=45 § (Ao =14

X . - . .
ym * ol ° film and M , be the component of in-plane magnetization on
Q, the sampleM, projected along the direction of neutron po-
(14 e larization, «=x,y,z.° The differential cross section for po-
° larized neutron scattering is then given in the Born approxi-
] .
mation by
FIG. 2. Measured,— Q, neutron diffraction intensity maps and schematic do\ ™" 2
drawings of corresponding diffraction configurationsfat 45° [(a) and(c)] aQ = f dr[pn(r)=CM(r)]e Q"] | (1)
and 14°[(b) and(d)]. Note that the peak positions alo@y at $=45° and

14° do not correspond to Bragg peaks but nominally te%(%) [Q where the integration is over the filrfg,= — er/Z, y is ay-

- _ 1 4 - ; . ; . : .

=0.7071(2r/a)] and (~17,17) [Q,=0.2425(2r/a)], respectively. The  romaqnetic ratio of neutrom, is the classical radius of elec-
gray stripes in(c) and (d) represent the resolution volumes when scanning .
alongQ, . tron, andQ is the wave vector transfer.

Since at grazing angles of incidence, the resolution nor-
were generated using standard lithography and Iift—oi‘fmal to _theloscattenng plane IS much worse t_han the m-plgne
resolution,” the resolution function is essentially a long thin

processes.Polarized neutron scattering measurements were

performed using the polarized neutron reflectodif“fractometer?l“pSe oriented in the direction perpendicular to the scatter-

. . . ing plane. Then, for a close-packed reciprocal lattice, such as
Asterix, at LANSCE? A schematic of the experimental setup that corresponding to our mesoscopic antidot array, if one is

is shown in Fig. 1. Polarizing neutron supermirrors Were  minally lookin at a reflectionN, ,N.), one also samples
used to prepare the incident neutron beam polarized perpen: y 9 X1y P

dicular to the(horizonta) scattering plane and for polariza- all reflections (1,ny) satisfying closely the conditions

tion analysis of the scattered beam. Two nonspin-flip scatter- n N, + nyNy= (N§+ Nf,), for integersn,,n,. 2

ing channels with polarization-upH+) and polarization- _ i i ) ) .
down (— —) were measured as a function of the detectorT_he Ior_19 thin resolution function also gives rise to additional
angle @ by a linear position sensitive detector with a fixed difraction peaks as well as the regular Bragg peaks when

incident angle. Since LANSCE is a pulsed-neutron sourceSWWeePIng alon®;, as shown in Fig. 2. Therefore, the first

the time-of-flight technique recorded scattered neutrons Wiﬂqiffraction peaks that appear aloy away from(0 0) do

1
wavelengths varying between 4 and 12 A at eaéraggle. not correspond to Bragg peaks, but to-3) [Q

_ _ 1 4 =
At the sample postition, a magnetic field of 0.4 T was ini- :0'1071(2”/6:)] and ( , i7:17) [Q=0.2425(2r/a)] at ¢
tially applied along the diagonal direction of the antidot array ~4°° and 14°, respectively. y
and reduced to 0.4 mT for measurements in the remanent If we assume the diffracted intensities are calculated by
state. integrating over some range @, for all allowed peaks, the

In order to determine the laterally averaged values of th@°larized intensities™= nominally set for {x,Ny) can be

nuclear and magnetic scattering length densit@isD), the  Written finally by

polarized neutron reflectivity was measured &t 45°, allowed 32 W(n)z( +n2)12p]
where the field was initially applied parallel to the neutron — I**(N,,Ny)=A > [—pan ———
polarization, as shown in Fig. 1. The nuclear and magnetic MMy (N +ny) ™y
SLDs on the portion of the continous film were estimated to M (n,.n,) 2

be 7.1x10°% A~2 and 0.98 10 ® A2, respectively, from ic#]

a best fit using the optical formalism of Parrattvhile the a

nuclear SLD corresponds to 78% of the bulk value, the mag-
netic SLD corresponds to a net moment per atom of
0.53 ug, which is about a half of the tabulated vafti€hese ~ where A is the constant containing the integration oG,
values were used as input parameters for fitting the data from=R/a, R is the radius of circular holes, is the size of the
the neutron diffraction measurements to be discussed latesquare lattice of hole array; is the first order Bessel func-
On the other hand, at= —45° with the neutron polarization tion, andm «(Qy) represents the in-plane magnetic form fac-
being perpendicular to the initially applied field, no differ- tor, i.e., the Fourier component of the in-plane magnetiza-

ence was observed betweett {)- and (— —)-reflectivity  tion. All reflections f,,n,) are weighted by a gaussian in
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TABLE |. Asymmetry ratios of polarized neutron diffraction intensities picted in Fig. 3b) without loss of generality. For a given

measured at four different sample anglg's. “Domain” and “uniform” sample angles the magnetic form factavl . for a reciprocal
denote the calculations using a domain structure obtained from micromaq- . . . @
attice point f,n,) can be then given by

netic simulation and uniform magnetization between antidots, respectively.

) Measurement Uniform Domain M a(nx Ny ¢) Y
— i =M (n,ny)[cosp—cos ¢ do)]
45° 0.25-0.01 0.237 0.246 0
14° 0.12-0.03 0.205 0.122 ~ .
—4.5° 0.20-0.01 0.155 0.207 +M,(ny,n)[sing—cog ¢d— ¢o)]
—49.5° —0.04+0.03 —-0.019 -0.020 T
Ll ) O
- 7, 2\12 ~ ®o),
(Ni+ny) =7

Eqg. (3), wherekg is the incident neutron wave vector, and
Ay is the angular divergence normal to the scattering plane. “)
The constant4 can be cancelled out if the asymmetry ratio, where M, (p,q)= {(—1)%2& sif m(q—péd)(1—27)1/=(q
(1t F=177)/(1" " +177), for each nominal diffraction peak —pé)} sin(mpé)/mpé, and E= 7/ (V2— 7).
(Nx,N,) is considered. Table | shows the asymmetry ratios ~ Substituing Eq.(4) into Eq. (3), the asymmetry ratios
of peak intensities ifQ, measured at four different’s after ~ have been calculated around four differepi$ with corre-
integrating intensities ove®, from Q,— Q, intensity distri-  sponding nominal diffraction peaks and compared with the
butions measured at{+) and (— —) channels, as shown in measurements in Table I. In spite of rather complicated cal-
Fig. 2. culations due to resolution effects, our calculations for the
Assuming a model of uniform magnetization betweendomain model show good agreement with measurements at
antidots,l\~/la(nx,ny) has the same functional form as the all ¢'s.
nuclear form factor except for the coefficie@M,cos In summary, we have presented a polarized neutron dif-
— o), where My is the remanent magnetization obtainedfraction analysis for a mesoscopic permalloy antidot array
from the reflectivity measurements discussed earlierénd with magnetic domain structure that is obtained from micro-
is the angle made by thél 0)-axis with the initial field magnetic simulation. A kinematical theory with a highly an-
direction, ¢o=45° in this case. The asymmetry ratio then isotropic resolution function was developed to interpret the
does not depend on the indices of diffraction peaks but onlgxperimetal data. This study demonstrates successfully that
on the sample anglé. However, this simple model cannot polarized neutron diffraction can be a powerful tool for
explain the experimental data, as shown in Table I, and therestudying magnetic domain structures in mesoscopic pat-
fore, a more realistic model is needed to account for magneterned systems.
tization distribution at remanence. Work at Argonne is supported by the U.S. DOE, Office
For a realistic model, the micromagnetic domain con-of Basic Energy Sciences, under Contract No. W-31-109-
figuration was calculated using the micromagnetic simulaENG-38. V.M. is supported by the U.S. NSF, Grant No.
tion programooMMF.!! The material parameters contained in ECS-0202780. M.F and S.K.S. are supported by the U.S.
the program for permalloy were used for this calculation.DOE, BES-DMS, under Contract No. W-7405-Eng-36.
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