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Anisotropy and magnetotransport in ordered magnetic antidot arrays
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Magnetic films containing ordered arrays of holéantidots”) with period ~200 nm have been
prepared using porous anodic alumina substrates with square and hexagonal symmetries. Large area
(~cn?) single-layer CoFe ordered antidot arrays show well-defined in-plane magnetic anisotropy
related to the symmetry of the arrays, and the anisotropic magnetoresistance is smaller than that of
a continuous film. For NiFe/Cu/CoFe antidot arrays, the giant magnetoresistance ratio of the
patterned films is of similar magnitude to that of the unpatterned film, and shares the symmetry of
the substrate. This behavior is attributed to the geometry of the antidots, which confine the
magnetization of each layer parallel to the current flow2@4 American Institute of Physics
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Magnetic films containing holes or “antidots” have prop- However, in these antidot arrays it is not possible to quantify
erties very different from those of unperforated films. Thethe in-plane anisotropy resulting from the symmetry of the
holes introduce shape anisotropies which allow the nuclearray because the two-dimensional pore array lacks long-
ation and movement of domain walls, the net in-plane anisorange order over distances greater than about ten times the
tropy, and associated properties such as magnetoresistancep@e period. Additionally, although anisotropic magnetoresis-
be controlled. Measurements on these structures enable itnce has been reported for small period antidot artays,
sight to be gained into the magnetic behavior of confinedhere have been no reports on giant magnetoresistive
geometries, which is complementary to the extensive literamultilayer antidot arrays. We report here a study of the in-
ture on magnetic particles. The majority of work on antidotPlane anisotropy, coercivity, and magnetoresistance of CoFe
arrays has been carried out on films with square, rectangulatingle layer and NiFe/Cu/CoFe pseudo-spin-vaiASV)
or circular holes with dimensions and spacings on the microntidot arrays deposited on top of anodic alumina templates
or half micron scalé=® On these length scales, magnetic im- With ~200 nm periods and square or hexagonal symmetries.
aging shows that well-defined domain structures exist. Thd "€ antidot arrays investigated here differ from previous
shape anisotropy of the holes leads to complex remaned{OTK in having long-range order over several square cm,
states including periodic domain structures that depend oft!oWing a study to be made of the effect of array geometry
the direction of the magnetic field and the intrinsic aniso-°" the in-plane anisotropy of the hysteresis and magneto-

: . : esistance.

tropy axis. The regions between the holes, perpendicular t6 To prepare the samples, 10-cm-diam thermally oxidized
the magnetization direction, have even been proposed as d R ’ . . ;
storageg dorITZ1ai:1’s‘3 Fleevelrsal ocvcursv by the p%sSage of do?(thO) silicon wafers were coated with a trilayer resist stéck

: . P : nd the top resist layer was patterned with a grid of holes b
main walls through the struc_tqre, and pinning at the antidot o ConseF::utive int)e/rferencg lithography exr?osﬁ?eBoth y
leads to an enhanced coerC|V|t1¥) compared to the unpattern \%xagonal hole patterns with a periodicity of 208 nm and
film. Micromagnetic modeling— confirms the presence of

domain walls and regions with different magnetization direc-2duare hole patterns with a periodicity of 180 nm were made.

tions. due to the tendency of the magnetization to follow theThese hole patterns were transferred from the resist into the
’ : y 9 40-nm-thick oxide layer using reactive ion etching, then into
edges of the antidots.

. ) . . . the silicon substrate using an anisotropic KOH &&h wt%,
There is relatively little published data on antidot arraysg min), to create an array of inverted pyramifS§igs. Xa)
with deep §ubmicron .periodicity, although the domain MOr“and 2(6)]. A 300-nm-thick aluminum film was deposited con-
pholo%y7 gﬁers cqn&derably fr(_)m _that O.f larger pe_rlod formally over the inverted pyramid arrays and anodized in
arrays. "~ “Experimentally, in this size regime the fabrica-

. ! ) hosphoric acid5 wt%) at 3°C and 80—82 V. This creates
tion of regular arrays of antidots requires the use of eIectrogl

b ; dion b lith hv. which limits th n anodic alumina film containing parallel vertical pores.
eam or focused lon beam ftthography, which [imits the areéary, o pores form preferentially at the dimples in the aluminum

of .sar‘?plfe that can _be rlnade. To create fl_larger area Samplﬁﬁn, directly above the vertices of the inverted pyramids.
suitable for conventional magnetometry, films can be deposgjnce the inverted pyramids are slightly rectangular, there
ited over self-assembled porous templates, such as ano

lurmin fi o f tal filA15 P | 4Gn be a placement uncertainty of up+@0 nm in the pore
alumina films, to form a porous metal fili.”Porous alu-  qitions. Magnetic CoR&0 nm) films and

mina films with greatly improved pore size control and sfhor_t'CoFe(S.S nm/Cu (3 or 6 nm/NiFe (6 nm) multilayers were
range °£‘i'$r can .b_e made using a two-step anOd'Zat'ofhen dc-triode-sputtered from 3-in.-diam Jee;s NiggFe
process,” and Ni films grown onto such substrates, with 4 ¢ targets onto the porous alumina templates and also
40-70 nm antidot diameters, show higher magnetoresiss,i, smooth thermally oxidized.00) wafers. The base pres-
tance, coercivity, and remanence than continuous fifims. sure was below & 107 Torr and the argon pressure during
growth was 1 mTorr. All samples were capped with
?Electronic mail: caross@mit.edu 3 nm Cu to prevent oxidation. The sputter guns produce an
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FIG. 1. Scanning electron micrographs of the inverted pyramid sqaare
and hexagonalb) templates etched into @i00), and the squaréc) and
hexagonald) CoFe magnetic antidot arrays with 70-nm-square pores and

o
o
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_80-nm-diameter pores, respectively. The insets show higher magnification g % 0°
images. 1.0 it it 400
--=-= Simulationat0° | _,_ 80°
in-plane magnetic field of 20 Oe during film growth and the 900 -600 -300 O 300 600
templates were aligned so that this field coincided with the Field (Oe)

0° direction[see Figs. (c) and Xd)]. Thisin situ field intro-

duces a weak in-plane uniaxial ?mSOtrOpy in magnetic filmsgg. 2. (a) Angular dependence of the coercivity of the CoFe square and
on smooth substrates. Hysteresis loops were measured orh&xagonal antidot structures, and the results of the micromagnetic model for
X 10 mn? samples using an alternating gradient magnetomethe square structureb) Hysteresis loops from the square CoFe antidot array
ter and a vibrating sample magnetometer, and magnetoresi?—r selected applied field directions. The dashed line shows a simulated

d . he f . b hni lv@\gsteresis loop for an applied field along the 0° direction. The upper inset
tance was measured using the four-point probe techniqug,q s magnetoresistance curves of the square and hexagonal CoFe antidot

with contacts arranged linearly and the applied field alwaysurays, for a magnetic field along the 0° direction. The simulated magnetic
parallel to the current. The sense current was 20 mA and thepnfiguration at an applied field of 300 Oe is depicted in the lower inset.
arrays were measured at 10° increments from the 0° direc-
tion to map the in-plane anisotropy. i i

The coercivity, hysteresis loops, and magnetoresistand®€nt does not saturate unti2 kOe. The structure is mag-
curves of single layer 10-nm-thick CoFe antidot arrays ard'etically softer if the field is applied a few degrees away
depicted in Fig. 2. The square and hexagonal templates iftom the 0% and 90° directions, while along the 45° degree
duce well-defined fourfold and sixfold anisotropies which direction the coercivity is greatest. O@wommF modeling
completely mask the growth-induced anisotropy. The slighPrédicts in-plane anisotropy in the coercivity which is in ex-
distortions from perfect fourfold or sixfold symmetries are Céllent agreement with experimental dgsae Fig. 28], al-
most likely due to a slight rectangular distortion of the ar-though it predicts a slower approach to saturation than is
rays. The coercivity is largest-200 Oe, when applying a ©observed experimentally.
magnetic field along the closest-packed directions of the ar-  The anisotropic magnetoresistance rafdR) for both
rays. On the other hand, the remanence is highest along ti§éluare and hexagonal CoFe antidot arrays shows two distinct
magnetically harder direction@0° and 60° for the square Minima [see inset in Fig. @)], which correlate with the
and hexagonal arrays, respectiyend is almost constant Switching field of the arrays. The AMR is 0.25% for the
for the other applied field directions. CoFe film and significantly lower for the antidot structures

The behavior of the square CoFe array was comparet?.04% and 0.02% for the square and hexagonal arrays, re-
with a micromagnetic simulation, performed using two- spectively. Transport modeling of 20-nm-thick NiFe antidot
dimensionaloommF software from NIST on a %5 square- square arrays with similar lateral dimensions to those of our
hole array with dimensions identical to those in Figc)l sample&’ shows that the majority of the current flows along
The structure was discretized into 5 ¥ nm square ele- the strips of the film that are parallel to the current flGmd
ments and hysteresis loops were calculated using parametdasthe applied fielyl with a much lower current density in the
for bulk cubic CoFe alloys with random magnetocrystallinematerial that lies between the antidots. For a 200 nm period
anisotropy. Figure @) shows both the hysteresis loop and astructure with 100-nm-diam antidots, this model predicts that
snapshot of the domain structure at a magnetic field ofhe antidot array has an AMR that is 20 times smaller than
-300 Oe after positive saturation along the 0° direction. Atthe unpatterned NiFe, in good agreement with our data. This
remanence after saturation, the magnetization is aligneteduction in AMR can be attributed to the fact that the mag-
along the continuous strips of magnetic material that lie parnetization in the continuous horizontal strips of the array,
allel to the original applied field. However, in the regions where most of the current flows, is constrained to lie parallel
between the antidots, the magnetization tilts in plane to reer antiparallel to the current, and from the occurrence of

main parallel to the edges of the antiddtso that the mo- electron scattering from the antidot edges.
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3 CoFe and NiFe layers within the strips of film parallel to the
—0— PSVi# 1.00 (a) field and the current. This occurs because the magnetization
—&— Square £ o075 follows the edges of the antidots.

21—o— Hexagonal %‘0-75 In conclusion, we have fabricated long-range ordered
single-layer and PSV antidot arrays with periods of approxi-
mately 200 nm using porous alumina substrates with square
and hexagonal symmetries. Single layer CoFe antidot arrays
show in-plane magnetic anisotropy which follows the sym-
metry of the array, hysteresis behavior in agreement with a
micromagnetic model, and AMR smaller than the unpat-
terned film. However, CoFe/Cu/NiFe multilayer films show

a high GMR because the magnetization directions of the two
magnetic layers are constrained by the shape anisotropy of
the array. The use of large area porous alumina substrates,
with geometries controlled by templating the pore formation,
allows the symmetry, magnetic hysteresis properties, and
magnetoresistance of thin films to be controlled.
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