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Magnetic nanostructures from block copolymer lithography: Hysteresis, thermal stability, and
magnetoresistance
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A series of two dimensional close-packed Co, NiFe, and CoFe/Cu/NiFe magnetic particle arrays, in which
the particles have mean diameters of 34 nm, thicknesses of 5-20 nm, and periodicity of 56 nm, were made
using a process based on self-assembled polystyrgrodyferrocenyldimethylsilane block copolymer tem-
plates. Interparticle magnetostatic interactions lead to the thermally assisted collective reversal of small groups
of particles. The switching field distribution, whose width decreases as the thickness increases, has been
modeled as a result of the distribution of particle size, shape, and microstructure. For multilayered particles,
interlayer magnetostatic interactions stabilize flux-closed states with antiparallel alignment of the CoFe and
NiFe layers at remanence. The multilayer particles show a greater thermal stability than single-layer particles,
and a magnetoresistance comparable to that of the unpatterned film.
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[. INTRODUCTION only short-range order. Two-dimensional arrays of nanopar-
ticles, nanowires, and antidafisoley have been made using
The behavior of arrays of nanoscale magnetic particles iself-assembled anodized alumi¥a?® colloidal crystals*
interesting both from a fundamental point of view, and alsoand block copolymer8-36as templates. Magnetic arrays can
for applications in magnetic recording media, magnetic celalso be made directly by the self-assembly of nanoparticles
lular automata, or magnetoelectronic devices. Recent adormed by solution chemist’/. The present work is based
vances in nanofabrication technology have made possible tHen block copolymer lithography, where phase separation
study of magnetic particles with dimensions of order 10 nmwithin a thin film of a block copolymer generates a periodic
and abové:2 In the sub-100-nm regime, magnetic particlesarray that can be used as a template to pattern arrays of
are single-domairfor nearly so at remanence, but reversal nanoscale structures.
typically occurs nonuniformi§,and the reversal is thermally . Methods based on block copolymer templates are attrac-
assisted. For sufficiently small magnetic anisotropy enérgy tVe because the process can be integrated with more conven-
and particle volumey, i.e., for KV<25ksT for an isolated tional semiconductor processing methdd$; and because
particle, superparamagnetic behavior is observelierek, 1€ Siz€ and morphology of the template can be selected by
is Boltzmann’s constant arfl the temperatuneh Measure- choosing the molecular weight and composition of the poly-
ments of particle arrays invariably reveal a spread in th mer. I__ong-range order can also bg induced in bIO-Ck copoly-
nts of p yS aly ! Sp €mer films by the use of topographically* or chemically?
switching fields of nominally identical particleffor ex-

) LT R patterned substrates or by electric fieléi§ve have demon-
ample, Refs. 6 This switching field distribution has been ¢ 4taq that organic-organometallic polystyrene-

attributed to surface anisotropy, differences in size a”‘b—polyferrocenyldimethylsilanQPS—PFS block copolymers
shape, or microstructural variability between the particlescan pe used to make an etch mask for patterning of silica,
and is found even in particles patterned from single crystahnd the silica pattern can then be transferred into a range of
films.19-12 Additionally, for closely spaced particles, magne- other material$-32 Other groups have used organic block
tostatic interactions influence the behavior of the array byopolymers such as polystyrebegpolymethylmethacrylate
stabilizing certain configurations of the magnetic moments ofor templating arrays of parallel Co or Ni wires made by
neighboring particles. This can sharpen or broaden thelectrodepositioR>° Previous work on thin film structures
switching field distribution, depending on the arrangement oimade by block copolymer lithography has included a study
the particles in the array:'4 of exchange hias and anisotropic magnetoresistance in Fe
To identify the effects of these factors on magnetic behavantidot arraygnetwork structures’® and a study of hyster-
ior, there have been extensive studies of planar arrays asis in perpendicularly magnetized CoCrPt partiéfadow-
magnetic particles fabricated using nanolithography, in parever, some of the key attributes of these arrays have not been
ticular using electron-beam lithography. This method has a&xplored. In particular, the thermal stability, interactions, and
spatial resolution of order 10 nm, and the ability to definethe origins of variability of properties within arrays, and the
arbitrary shaped patterns, but its relatively low throughputoehavior of particle arrays patterned from multilayer films,
limits the area of the structures that can be made. Alternativhave not been described. These attributes are important for
methods have therefore been developed that can pattern largpplications such as patterned magnetic media, semiconduc-
areas with identical periodic structures. These methods caior memorie®® or other devices that incorporate nanostruc-
be based on optical interferent&®-1"which produces pat- tures.
terns with long-range coherence, or on self-assembling sys- This paper presents a detailed study of the magnetic prop-
tems, which generally produce high-density patterns witrerties of single layer Co and jyFe,q (permalloy particles
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and multilayer particles of a Gge g/ Cu/NiggFe,, pseudo-
spin-valve structure made using PS-PFS block copolymet
templates with 56 nm periodicity. Data from time-dependent
coercivity measurements antM curves are related to the
reversal process and the nature of interactions between th
particles in the arrays. The switching field distributions are
analyzed in terms of the deviation of the particle shapes from
perfect cylinders and the polycrystallinity of the films from
which the particles are made. In the case of pseudo-spin
valve particles, both hysteresis and magnetotransport shou
that the patterning process preserves the multilayer structur
and magnetoresistance of the film.

Il. EXPERIMENTAL METHODS

Samples were made using block copolymer lithography in
a process described elsewhété? Films of Co and NjgFe,o
with thicknesses of 5, 10, 15, and 20 nm were deposited ontc
oxidized silicon wafers by electron-beam evaporation with a
base pressure in the mid-T0Torr range. Multilayer films
consisting of 3.3 nm GQFe;s/6.0 nm Cu/4.5 nm NpFe
pseudo-spin-valveaPSV) structures were sputtered in an
UHV chamber with a base pressure in theé®1Dorr range, at
1 mTorr sputter pressure, and 6 W/Zsputter power. The
alloy compositions are given in at. %, and will be referred to
subsequently as NiFe and CoFe for brevity. The magnetic
films were coated with a pattern transfer layer consisting of
20 nm W followed by 50 nm silicon oxide, deposited using
electron-beam evaporation. Finally, a solution of
polystyreneb-polyferrocenyldimethylsilane(PS-PF$ with
molecular weights of 91 k for the PS and 21 k for the PFS (b)
was spin-cast at 2000 rpm onto the $i@//magnetic stack. , , ,
The samples were then annealed at 180°C for 48 h to cause F'C: 1. Tilted SEM cross-section micrographs (@ a 15 nm
spontaneous phase separation in the polymer film, forming am .th'Ck Co array; andb) a 5 nm Fh'Ck Co array. The magnetic
close-packed monolayer of PFS spheres embedded in pqartlcles_daprl)earltaller than _the Co I]llm th_lclkness due to the presence
50 nm thick PS matrix. Four successive reactive ion etching(j) a residual W layer capping each particle.
(RIE) processes were used to remove the PS mé@ijpgas, ) o ) )
to transfer the PFS sphere pattern into the ox{eF; gas, thickness are shovyn in Fig. 1. Slightly tapered s_|dewalls are
to transfer the oxide pattern into the W hard mask layeebserved in the thicker sample due to the faceting effect of
(CF,+0, gas, then to remove residual polymer and silica longer ion-beam etching time. .
(high pressure CHFgas. Finally, arrays of discrete mag- The magnetic hys_teresus qf the; Co, NiFe, and PSV arrays
netic particles were produced by ion-beam etching the mag/éreé measured using a vibrating sample magnetometer
netic film in a neon plasma, using the W as a hard mask. Us€/SM) and an alternating gradient magnetome®&&M) at
of Ne provides optimum selectivity between the mask and©°m temperature in ambient atmosphere. The gradient field
magnetic films. It is possible to remove the remaining W byfor the AGM measurement was 1 Oe and the sweep rate was
reactive ion etching, but in these experiments it was left covvaried from 0.1 to 100 Oe/s. The normalized switching field
ering the magnetic particles to provide partial protectiondlstr!butlon(SFD) was cglculated from the _fuII width at half
from oxidation. maximum of the derivative of the hysteresis loops, fitted to a
This process leads to close-packed arrays of circular thinGaussian function, divided by the coercivity. The switching
film magnetic elements over areas of 1%ar greater. The Volume (activation volume of the arrays,Vs, was deter-
periodicity (center-to-center spacipgof the arrays was Mined by measuring the scan-rate dependence of the
56 nm with a standard deviation of 3.3 nm, and the particlé0€rcivity™ =/ The measured coercivitii(t) is related to
diameter was 34 nm, so there is a gap of at least 22 nrihe measurement time t according®*fo:
between adjacent particles. The periodicity corresponds to _ _ n
4.3% 10'° magnetic particles cm, and is determined by the He(t) = Hofl ~[(ksT/KenVs)IN(0.6%,0T}, @
molecular weight of the PS-PFS polymer chains. The mowheref, is an attempt frequency taken as’¥0%,** andH,
lecular weight of the minority PFS block determines the di-is the coercivity measured in the limit of high scan ratdg.
ameter of the particles, although this can be modified slightlyis given by K4/ Mg whereKq¢ is the net magnetic aniso-
by the etching conditions. Examples of Co arrays of differentropy andMg the saturation magnetization. This derivation is
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based on the assumption of a population of noninteracting -
uniaxial particles with their easy axes parallel to the applied 10 .C" .‘t 520 l"m A >
field. The value of is 0.5 for ideal Stoner-Wohlfarth rever- 0.54 i"—m: ¢

sal, but for particles with a distribution of orientations and H

activation energies, and in the presence of interactions, 0.04

higher values forn are found to give a better fit to hickness

Normalized In-Plane
Magnetization

experimentdt-*> or micromagnetit® data. Takingn=1, and .0.54 5nm
expressing the measurement time as being inversely propor- _
tional to the field scan rat®(Oe/9 during the hysteresis -1.0- M - ;(5122

—
Q
=

loop measurement, E@l) can be rewritten in the form:

1.0- t 5-20 nm
“—>

Hc(R) = C + (kgT/IMVg)In(R), (2) % om
o g 0.5 <«—
whereC is a constant. By equatingwith the field step time £E H
during the measuremeri, can be found, and the energy B 00 /[ Thickness
barrier for magnetization reversal was then calculated as % 5 —a— 5nm
KeifVs The absolute values of switching volume will depend ES 0531
on the parameteré, f,) chosen for the fitting procedufé, S 18 —d— 15nm
but the trends in switching volume with particle thickness are o —¥—20nm
irrespective of the exact form ¢i(R). 600 -400 -200 O 200 400 600
The interactions between the magnetic particles were (b) Field (Oe)

characterized by comparing their isothermal remanent mag-
netization(IRM) and dc demagnetizatiqidbCD) curves?®4° FIG. 2. The in-plane hysteresis loops of single-lag@rCo ar-

The IRM curve was obtained by magnetizing an initially rays and(b) NiFe arrays with thicknesses of 5, 10, 15, and 20 nm.
ac-demagnetized sample by applying an increasing fi¢Jd, The moment is normalized to the saturation magnetization of each
in small steps and measuring the remanemMdgH), after ~ sample.
removal of the field. The DCD curve was similarly measured
by applying an increasing positive field to an initially nega- The two-dimensional NIST Object Oriented Micromag-
tively saturated sample, and measuring the remanencegtic Framework(OOMMF) Program was employed to
My(H), after removal of the field. ThAM, which is defined simulate the magnetization reversal process of single-layer
as Co and NiFe elements. An elliptical or circular particle was
discretized into 4 nm cells, which results in edge roughness
AM(H) = Mg(H)/M(¢) =[1 = 2M(H)/M,()],  (3)  of up to 4 nm. A 3D-random orientation of the magnetocrys-
talline easy axis was assigned to each cell to represent the
characterizes the deviation of the sample from a system d3D-random polycrystallinity of the particle. Hysteresis loops
noninteracting particles. For an ensemble of non-interactingnd remanence states were generated for individual circular
Stoner-Wohlfarth particlesAM is exactly zero for alH. A (36 nm diameter and low aspect ratio elliptica(36 nm
negativeAM indicates that DCD falls more rapidly with field < 32 nm) particles with thickness of 4 or 20 nm, made from
than 2IRM, i.e., the interactions between particles initially either NiFe or Co. For the elliptical particle the field was
assist in reversal and promote demagnetization of the erapplied along the long axis. Multiple calculations were made
semble, while positiveAM indicates that interactions ini- for each geometry or material, with a different random dis-
tially impede reversal and stabilize the magnetized state. tribution of magnetocrystalline easy axes in each calculation,
Magnetotransport measurements were made on the array simulate the effects of the polycrystallinity on the switch-
of PSV particles after coating it with 5 nm evaporated Au.ing field distribution. Standard parameters for @achange
Measurements were done using a four-point probe with astiffness A=3x107° erg cmt!, saturation moment M,
in-plane applied magnetic field. The giant magnetoresistance 1420 emu ci®, uniaxial magnetocrystalline anisotropy,
(GMR) ratio was defined agp(H)/p(Hma)—1]X100%, K,=5.2x 10° erg cm®) and NiFe(A=1.3x 10-° erg cm?,
where p is the resistivity,H the applied field, andH,x ~ M =800 emu cri, cubic anisotropyK,;=5x 10° erg cni®)
=10 kOe. were used, and the damping coefficient was set to 0.5.
X-ray diffraction was used to examine the crystallo-
graphic texture of the films and indicated that the Co films
are predominantly h.c.p. with a random crystallographic tex-
ture and a grain size of order 10 nm. Measurements of the At remanence, the unpatterned Co and NiFe films were
distribution of the geometry of the particles were based ormagnetized in-plane. The coercivities were 8—18 Oe for Co,
scanning electron micrographs. The micrograph was conand 5—14 Oe for NiFe, increasing with thickness. Patterning
verted to binary data with an intensity threshold value whichincreased the coercivity considerably, up to 228 Oe for Co
defined the boundaries and areas of the particles. Each parrays and 160 Oe for NiFe arrays. The coercivity typically
ticle shape was fitted to an elliptical shape and the two prinincreased with particle thickness as shown in Figs. 2 and 3.
cipal axes were measured. All the arrays have an in-plane easy axis. The in-plane loops

Ill. RESULTS
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FIG. 3. (a) Switching field distribution of Co and NiFe arrays, 92
calculated as the full width at half maximum of the field derivative CoFe/Cu/NiFe
of the hysteresis loop, divided by the coercivitly) The coercivity 88
of the Co and NiFe arraysolid symbol$ and the calculated inter- -
action field between a pair of neighboring particlepen symbols 8 844 CoFe
of Co and NiFe particles show a wide switching field distri- g 80r 3
bution (defined abovevarying from 0.8 to 2.9. Figure(3d) £ .
shows that the SFD decreases with increasing thickness, and -60 NiFe
is higher for NiFe than for Co. In contrast, the out-of-plane 64
loops have low remanence and saturate at fields of ' . i . i ' .
8—12 kOe in the case of C8. 3 2 1 0 1 2 3 4
Figure 4 shows linear least-squares fits to the data for (c) In (R, Oers)

coercivity versus the logarithm of the field scan rate. The S ]

higher slope of the fit line for thinner arrays indicates that the  FIG- 4. Scan-rate dependent coercivity with linear fits far
switching volume for thermally assisted magnetization reverC©; (P) NiFe, and(c) CoFe/Cu/NiFe arrays. R is the field scan rate
sal decreases with decreasing film thickness. The SWitChinQ Oe/s. The dat_a fqr the thinner arrays have a larger slope indicat-
volume Vs calculated for the in-plane magnetization reversal™d @ smaller switching volume.

process from Eq(2) is compared to the physical volune  fijm. The two multilayer films were grown in separate
of the particles in Fig. @). The ratio ofVs/Vp is 2-6 for  patches using the same deposition conditions. There are two
NiFe arrays and 1.5 for Co arrays. Figur@pplots the en-  (distinct steps in the hysteresis loops, although the patterned
ergy barrier for reversal in the samples. These data give vakim shows a much greater SFD. In the unpatterned film the
ues forKgy of 3X10°P—4x 10° erg/cn? for the Co arrays NiFe layer and the CoFe layer switch at fields of 5 and
and 7x10°-1.5x 10% erg/cn? for the NiFe arrays. It is 21 Oe, respectively, and the two layers are magnetized par-
worth emphasizing that the strong interactions between thellel at remanence. In contrast, the hysteresis loop for the
particles, and the lack of uniaxial anisotropy, contradict thearray shows the hard layer switching at 85 Oe and the soft
assumptions behind E¢R), but the calculated switching vol- layer switching at =65 Oe, i.e., the layers in the particles are
umes nonetheless give a qualitative indication of the reversaloupled antiparallel at remanence. The magnetotransport
process. measurements follow the hysteresis curves of the film and

The results of &AM measurement on two Co arrays are array. The GMR of the Au-coated patterned PSV array was
shown in Fig. 6. The interactions are stronger, relatively, in0.16%, compared to the unpatterned PSV film, which has a
the 5 nm thick array compared to the 15 nm thick array. TheGMR of 1.5% (without Au coating. The magnetoresistance
negativeAM indicates that reversal occurs at lower fields if of the patterned structure is attributed to GMR and not to
the sample starts from a dc demagnetized state compared dmisotropic magnetoresistance, because similar results were
an ac demagnetized state, i.e., the ac demagnetized stateoistained irrespective of the angle between the field and the
more stable and has a higher reversal field. current.

Figure 7 shows hysteresis loops and MR curves for both From the data in Fig. @) and Eq.(2) the switching vol-
the patterned and unpatterned CoFe/Cu/NiFe multilayeumes of the CoFe layer and NiFe layer werx 20* and
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FIG. 5. () Comparison of the switching volume and physical  F|G. 7. Hysteresis loops @8) unpatterned CoFe/Cu/NiFe PSV
volume of the Co and NiFe arrays. The switching volume is largefsim and (b) patterned PSV array after coating with 5 nm Au. The
than the physical volume of the particles, indicating that the parinsets show the corresponding magnetoresistance data. The sche-
ticles reverse cooperativelgh) the energy barrier for reversal in Co  matic in(b) illustrates how the array was electrically modeled as an
and NiFe arrays. array of unit cells, each of which consisted of a 34 nm diameter,

) ] ] ~13.8 nm thick PSV element with a 20 nm W cap on a 56 nm diam-
8 x 10* nm?, respectively, which compared with the physical eter, 5 nm thick Au shunt layer.

volumes of 2.5¢10% and 4.5< 10° nm® show that the ratio . . o .
of V/Vp is 8 for the NiFe and 18 for the CoFe layers. minor axis lengthis shown in Fig. ). The average ellip-
The particles in the arrays exhibit a distribution in sizeticity of the particles is 1.06, and 80% of the particles have
and shape. A plan-view scanning electron micrograph of allipticities between 1 and 1.15. The area distribution of the
array of 15 nm thick Co particles is shown in Fig@ag  Particles is shown in Fig.(8). The mean area of each par-
which is typical of all the arrays. The particles are locally ticle is 903 nm, which corresponds to the area of a circle of
close packed but the array lacks long-range order, and theg# nm diameter. The standard deviation of the diameter is
is a distribution of diameters, in-plane aspect raeptici- 9%-_ )
ties) and in-plane orientations of the major axis. Statistical Figure 9 shows the results of repeated OOMMF simula-
results from analyzing 400 magnetic particles from this arrayfions of 36 nm< 32 nm elliptical magnetic particles. About
are shown in Figs. @) and 8c). The distribution of ellip- 40 simulations were carried out for each of four types of

ticities (defined as the ratio of the major axis length to theparticle: NiFe with thickness of 4 and 20 nm, and Co with
thickness of 4 and 20 nm. In each set of 40 simulations the

0.00 geometry was unchanged but the 3D orientation of the mag-
netocrystalline anisotropy in each 4 nm cell was randomly

— 0.05. reassigned. The range of behavior of the simulations there-
g fore gives a qualitative indication of the influence of the
3 varying magnetocrystalline anisotropy of the polycrystalline
5'0'10' particles. Figure 9 shows that there is a distribution of
E '} switching fields in each case. To facilitate comparison, the
= -0.15- 1! ===-15nm Co Array distributions have been normalized to the mean switching
5 nm Co Array field, which was 184 and 374 Oe for 4 nm thick and 20 nm

-0.20 r T T thick Co elements and 30 and 80 Oe for 4 and 20 nm thick

0 NgrmalizeszieId'(Hc;),’ 4 NiFe elements, respectively. The Co particles have consider-

ably higher switching fields than NiFe, and thicker particles

FIG. 6. AM plots of 5 and 15 nm thick Co arrays. The applied have higher switching field than thinner particles, as ob-

field is normalized to the coercivity of the samples, which are 140served experimentally. The thinner particles also have a
and 228 Oe, respectively. broader range of switching fields. Remanent statest
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0 ! ) ! T Y lation was repeated about 40 times, each time with a different ran-
) 100 105 As1p.<1egt Rat1ic.>15 h2g dom distribution of magnetocrystalline anisotropy directions within
the 4 nmx 4 nm cells. The coercivity distribution obtained from the
multiple simulations is normalized on the axis to the average
° 8o0f CausslancHit coercivity of the particles, which was 30 Oe for 4 nm thick NiFe,
% <A> = 903 nm? 80 Oe for 20 nm thick NiFe, 184 Oe for 4 nm thick Co, and 374 Oe
£ 60 / for 20 nm thick Co. The probability distributions are normalized so
a that each has an area of 1.
"s'» 40
2 zation in preference to a flux-closed or “vortex” stit&?53
£ 20t i.e., the particles ideally approximate in-plane dipoles with
= zero in-plane coercivity(The 20 nm thick Co particles are
0 near the flower-vortex boundaly,and they may be thick

400 900 1§00 1000 1200 1400 enough to support vortex statgs.
© Arsainm ] Magnetostatic interactions play a major role in determin-

FIG. 8. (a) Plan-view SEM micrograph of a 15 nm thick Co ing t_he beh_avior_ of these closely spaced arrays. In Rig),_?;
array; (b) the distribution of the in-plane aspect rati@lipticities) the interaction field between two nearest neighbor particles

of the particlesyc) the size distribution of the particles. (calculated using a dipole approximatjas plotted for com-
parison with the coercivity of the array. The dipole approxi-

. . , L mation underestimates the interaction field between single
showr) also exhibit a variety of configurations; in many domain disks by about 10% for the geometry of our

cases the remanent state was approximately uniform but \’V"’?ampleé.4 These interactions profoundly affect the reversal

tilted away frO”.‘ the easy axis as a result of the net m""gneﬁrocess, the in-plane coercivity, and the switching field dis-
tocrystalline anisotropy.

tribution. The samples may be modeled as hexagonally close
packed arrays of dipoles with in-plane magnetization.
IV. DISCUSSION Simulation§* indicate that magnetostatic interactions i_n a
hexagonal array lead to the formation of frustrated micro-
The properties of the arrays are determined both by thenagnetic states where the orientations of adjacent particles’
behavior of individual particles and by the geometry of themoments are correlated and form closed loops or spirals. As
array which defines the magnetostatic interactions betweea result of magnetostatic interactions, the in-plane coercivity
the particles. In all of these samples the magnetization iss nonzero. The coercivity has been calculated for square
oriented in plane as a result of shape anisotropy. The magyrays of in-plane dipol€3°® and hexagonal arrays of
netic particles are cylindrical with a maximum height/ uniaxial nanoparticle%]°® and can be large for closely
diameter ratio ranging between 0.15 and 0.59, which is lesspaced particles. For example the coercivity reaches
than the value of 0.9 at which the magnetization in a uni-0.147Mg) for a square array of in-plane dipoles with
formly magnetized cylinder reorients from in-plane to diameter/period of 0.8 but decreases for more widely
out-of-planex®°! Moreover, the diameter and thickness of spaced particles.
the particles are sufficiently small that the particles are ex- The effect of magnetostatic interactions is also seen in the
pected to exhibit an in-plane unifor(flower-stat¢ magneti- AM data. The IRM measurement starts from an ac-
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demagnetized state, in which the particle moments are asindrical particles. The effects are evident from the OOMMF
sumed to be arranged in in-plane flux-closed loops as notesimulations on Co and NiFe particles, and have also been
above>* A higher field is required to reverse the magnetiza-estimated statistically in polycrystalline €8%6*When re-
tion in this micromagnetic structure compared to reversingpeated OOMMF simulations are performed, in which the 3D
the dc-demagnetized remanent configuration. This inequalitdistribution of the magnetocrystalline anisotropy is reas-
leads to a negativd M, which is larger for the thinner Co signed randomly each time, a distribution of remanent states
sample because the ratio of interaction field to coercivity isand coercivities is obtained, as shown in Fig. 9. The switch-
greater. This resembles other systems dominated by magnieg field distribution (calculated as the full width at half
tostatic interactions, which are characterized by negativenaximum of the distribution divided by the average switch-
AM. Additionally, magnetostatic interactions are responsiblang field, from the micromagnetic simulation data 1.4 and
for the high values of switching volume derived from ther- 1.0 for 4 and 20 nm thick Co particles, and 1.3 and 0.8 for 4
mal stability data. The switching volume is greater than theand 20 nm thick NiFe particles. The calculated SFDs de-
physical volume, particularly for the NiFe arrays, which in- crease with film thickness, as seen experimentally. This mod-
dicates cooperative reversal of several particles. In contrasgling treats the grains as squares, 4 nm in lateral dimensions,
measurements on weakly interacting 30-nm-diameter pawhereas in the actual samples the grains are larger than 4 nm
ticles and other small particle systems indicate that the reveand the SFD will therefore be higher than the values calcu-
sal process of isolated particles is incoherent and typicallyated here.
involves a fraction of the volume of the particé? The thermal activation measurements gave values for the
For device applications, one of the most important char-effective anisotropyKes; of the switching volume which is
acteristics of an array of nanomagnets is the switching fieldnuch smaller than the magnetocrystalline anisotropy for
distribution. There are several sources of intrinsic variabilityboth Co and NiFeK; includes contributions both from the
between nominally identical particles: nonideal shéglép-  shape anisotropy and the averaged magnetocrystalline aniso-
ticity), variations in size and in the long axis direction, thetropy of the grains within the particleX. has the same
effects of magnetocrystalline anisotropy in polycrystallineorder of magnitude as the effective anisotropy given by
materials, and surface anisotropies. Additionally, the interacH.M¢/2, whereH, is determined from the OOMMF model-
tions between particles increase the switching field distribuing (Fig. 9). The energy barrier for reversal is linear with film
tion because the local field experienced by each particle ithickness for both Co and NiFé&ig. 5b)]. All the samples
affected by the orientation of its neighbors. have an energy barrier larger than B3 and are thermally
The effects of shape on coercivity can be estimated bytable at room temperature. However, arrays below
considering the shape anisotropy of a triaxial ellipsoid of Co~2-3 nm thickness are predicted to be superparamagnetic at
or NiFe with two major in-plane axes of 33 and 35 fine., room temperature.
the ellipticity is 1.06, as suggested from Fighg and an The preceding discussion suggests that the combined ef-
out-of-plane axis which equals 5, 10, 15, or 20 nm. An in-fects of ellipticity, size variations, magnetocrystalline aniso-
plane coercivity ranging between 145 Oe for a 5 nm thicktropy from the polycrystalline microstructure, and magneto-
Co ellipsoid and 345 Oe for a 20 nm thick Co ellipsoid, andstatic interactions are sufficient to explain the values of
80 Oe for a 5 nm thick NiFe ellipsoid and 196 Oe for a coercivity and the switching field distributions measured for
20 nm thick NiFe ellipsoid is predicted. These values showthe Co and NiFe particle arrays. Edge roughness, though not
that a few percent ellipticity in the particle shape can givequantified in this work, can also pin the magnetization as it
rise to a significant in-plane coercivity. Thus, the presence ofotates and contribute to the coercivity and SFD. The switch-
a small ellipticity can explain the increase in coercivity with ing field distributions calculated as a result of crystalline
increasing thickness, and contributes to the higher coercivitanisotropy and ellipticity may be compared with the mea-
measured for the Co compared to the NiFe. sured values of 2.1 and 0.8 for 5 and 20 nm thick Co and 2.9
A further contribution to switching field distribution arises and 1.2 for 5 and 20 nm thick NiFe.
from the variation in area of the particles. A switching field The multilayer nanostructures will now be discussed. The
distribution of 0.4-0.5 would be expected for an ensemble omost prominent feature of the hysteresis loop of the PSV
ellipsoidal particles with sizes and shapes as shown in Fig. &rray is that the reversal of the soft NiFe layer occurs before
The ellipticity, as well as the variation of the particle areazero field, so that the hard and soft layers are magnetized
seen in Fig. &) is also present in SEM images of the block antiparallel at remanendd-ig. 7(b)]. Similar behavior has
copolymer template, and is believed to originate from thebeen seen for other low aspect ratiadth/length multilayer
low diffusivity of polymer molecules during annealing, thin-film elements and is a result of magnetostatic coupling
which limits the monodispersity of the PFS spherical do-between the hard and soft layers within each particle to give
mains. a flux-closed configuration at remanerféeThe hysteresis
Magnetocrystalline anisotropy contributes to the coerciv-behavior is reflected in the magnetoresistance data, where the
ity and switching field distribution of the particles, particu- high-resistance antiparallel state is present at zero field. Al-
larly the Co arrays. The evaporated magnetic films are polythough the GMR ratio of the PSV array is small compared to
crystalline with a grain size of order 10 nifbased on the unpatterned film, this difference can be attributed prima-
electron microscopy of similar films and x-ray diffraction rily to the shunting effect of the Au and residual W. An
so each particle contains several grains and the net magnestimate of the expected magnetoresistance of the patterned
tocrystalline anisotropy is unlikely to be exactly zero. Thisarray can be obtained by approximating the array as consist-
leads to a nonzero in-plane coercivity even for perfectly cy-ing of 56X 56 nm unit cells in the plane of the substrate.
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Each unit cell is modeled as a 38B4nm with smaller diameter and wider spacing may be produced
CoFe/Cu/NiFe/W particle connected in parallel with a 56 by using a block copolymer with a smaller volume fraction
X'56 nm Au layer. A sketch of the unit cell is shown in Fig. of the minority PFS phase. A narrower switching field distri-
7(b). Bulk resistivities of the metals were assunté®ased pution can be achieved by reducing the variation among the
on this estimate, if the uncoated PSV ﬁl_m has_a GMR ofparticles, for instance by using a single-crystal magnetic
1.5%, the GMR of the Au-coated array is predicted to befiim, and improving the uniformity of the block copolymer
0.22% as a result of shunting of the current into the Au a”C{empIates and lowering the edge roughness during pattern-
W. This is comparable to the measured value of 0.16% fof,q ‘The hysteresis and magnetoresistance of the multilayer
the Au-coated array, and indicates that the GMR of the paty, icles, whose properties are relevant in the design of deep-
terned elements is within a factor of 0.7 of that of the origi- o bmicron magnetoelectronic devic8san be adjusted by

nal film. This result suggests that the patterning process do‘?ﬁarying the layer sequence, for instance the magnetostatic

FOOLZ'RQI'S\%nrﬂyo?qeggisev\}i?géayered structure, in COMPArsotl eractions between the hard and soft layers may be reduced

The behavior of the multilayer array is also strongly af- by the use of a syntheUc antn‘erromagnet st??ﬁ:kddnmn-
fected by interparticle interactions: the nearest-neighbof""y’ long-range ordering of the arrays is possible by templat-
magnetostatic coupling between two saturated particles i§'9 the self-assembly of the block copolymer, leading to ar-
about half of the coercivity of the hard layer. This is sup-TayS of nanoparticles on the substrate surface with two-
ported by the switching volume measurements, which give &imensional ordet?4
value of V' considerably higher than the physical volume of
the magnetic Iayers. The results suggest copperative_ (eversal V. CONCLUSIONS
of a number of particles. Indeed, the interactions stabilize the
magnetic layers against superparamagnetism, which might Arrays of 34 nm diameter, 5—20 nm thick magnetic par-
be expected in the 3.3 nm thick CoFe layer, which is onlyticles have been made by ion-milling Co, NiFe, and
slightly thicker than the thickness at which superparamagCoFe/Cu/NiFe films through tungsten masks made using
netism would occur in single layer Co particles at room tem-self-assembled polystyrene-polyferrocenyldimethylsilane
perature. block copolymer templates. The arrays have 56 nm period

This work has shown that the magnetic behavior of nanoand show short-range close-packed ordering in-plane. The
structure arrays made using block-copolymer lithographyparticles have an in-plane easy axis, with substantial in-plane
can be understood by considering the properties of the indieoercivity due to the effects of interactions and the distribu-
vidual particles, which vary according to their size, shapetion of grain size and particle shape. Reversal occurs by the
and microstructure, and the geometry of the array whickcollective switching of more than one particle, due to the
governs magnetostatic interactions between the particles. Mstrong interparticle magnetostatic interactions present in the
cromagnetic simulations substantiate the influence of microarrays. Arrays made from CoFe/Cu/NiFe show antiparallel
structure on the switching field and the uniformity of the alignment between the layers as a result of magnetostatic
remanent state. The strong magnetostatic interactions icoupling within the particles. These structures also exhibit a
these arrays make them unsuitable for applications such amlue of magnetoresistance which is similar to that of the
patterned media, where the particles must reverse indepennpatterned film, indicating that the ion-milling process pre-
dently. To reduce the interaction between particles, arrayserves the layered structure even on this lateral length scale.
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