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Micromagnetic behavior of electrodeposited cylinder arrays
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Arrays of cylindrical magnetic particles have been made using interference lithography combined with
electrodeposition. The cylinders are made from Ni, Co, CoP, or CoNi, with diameters of 57–180 nm, aspect
ratios of 0.4–3, and array periods of 100–200 nm. The remanent states of the cylinders correspond to single-
domain ‘‘flower’’ states or to magnetization vortices depending on the particle size and aspect ratio. Experi-
mental data are in good agreement with a magnetic-state map calculated using a three-dimensional micromag-
netic model, which shows the remanent state as a function of particle size and aspect ratio. The interactions
between the particles, and their switching-field distribution, have been quantified.
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I. INTRODUCTION

There has been extensive interest in the magnetic pro
ties of small ~sub-100 nm! ferromagnetic particles or ele
ments, due to their possible applications in patterned m
netic recording media and other magnetic
magnetoelectronic devices.1,2 The magnetic behavior of suc
elements depends on their size relative to the magnetic
change lengthlex5A(A)/Ms ~expressed in cgs units!, where
A is the exchange constant andMs the saturation moment
For ferromagnetic metals,lex is typically in the range 6–20
nm. Elements of sub-100 nm dimensions are usually
small to support well-developed multidomain structures
remanence, but they are too large to be uniformly mag
tized, hence their magnetization states typically contain n
uniformities such as magnetization vortices, or variations
the magnetization direction exist at their surfaces or edg
These nonuniform magnetization states lead to comp
magnetic switching behavior that is not well described by
coherent rotation model. Although in some cases, agreem
with coherent rotation3 or curling4,5 models has been ob
tained, generally it is found that measured switching fie
are lower than model predictions6,7 or show a different de-
pendence on diameter,8 the activation volume is smaller tha
the physical volume of the particle,4,9–11or switching statis-
tics do not follow the Ne´el model12 indicating a more com-
plex magnetization reversal process. Other effects suc
magnetostriction also cause deviations from the curl
model.10,13

Computational micromagnetic models have, therefo
been used to improve understanding of both the rema
states and the switching behavior of small particles. This w
initially done for the two-dimensional case of thin-film ma
netic elements14,15 but in recent years, lithography, magne
characterization, and computational techniques have
proved to the point that it is now possible to compare thr
dimensional model predictions directly to experimental d
gathered from individual particles or arrays of particles,
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vealing the effects of microstructure, edge roughness,
size variations on magnetic behavior, and giving some
sight into the reversal mechanism and the effects of inte
tions between particles. Three-dimensional micromagn
studies have usually concentrated on the switching beha
of single-domain particles with high aspect ratio, for i
stance, magnetic-tape particles16 or particles made by elec
trodeposition into porous membranes or templates prep
lithographically.7,17 Additionally, calculations of remanen
states of ideal particle shapes such as cubes or cuboids
been made, as a function of size, shape, and anisotropy,18–20

and nonuniform magnetization states in cylinders have b
examined.21–23 There have only been a few direct compa
sons of computational remanence studies with experime
data.24

This paper presents a detailed comparison between
remanent states of arrays of low-aspect ratio cylindrical p
ticles and a three-dimensional micromagnetic calculati
The transition between ‘‘single domain’’ and more compl
remanent magnetization states deduced from hysteresis l
and magnetic images is compared with the predictions of
micromagnetic model, and good agreement is found. T
interactions between particles within the array and th
switching-field distributions have been quantified.

II. SAMPLE FABRICATION, STRUCTURAL
CHARACTERIZATION AND MODELING

The cylinder arrays are fabricated by electrodeposit
into templates made by interference lithography or ach
matic interference lithography.24–26 These methods are cho
sen because they are capable of exposing large area~several
square centimeter! substrates with deep-submicron featur
in a patterning process that is much faster than electron-b
lithography. Both lithography methods rely on the interfe
ence between two laser beams to produce a fringe pa
that is used to expose a trilevel resist layer. Two perpend
lar exposures are used to define a square array of holes i
©2002 The American Physical Society17-1
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FIG. 1. Scanning electron micrographs of selected cylinder arrays of Ni, Co, CoP, and CoNi, and corresponding hysteresis lo
field is applied either in-plane~IP, solid points! or out-of-plane~OP, open points!. Additional samples are shown in Refs. 28 and 40. T
magnetization is normalized to the saturation magnetization of the sample.
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top resist layer. A negative resist is used for improved p
cess latitude.27 The hole pattern is transferred from the res
through an intermediate mask into an underlying 300–4
nm thick antireflective coating layer using reactive ion etc
ing to give holes with straight sidewalls, which form th
mold for the deposition of the cylinder arrays. The interf
ence lithography system produces patterns with period
nm and above, while the achromatic-interference lithogra
system produces patterns with period 100 nm. The diam
of the holes in the template is controlled through the ex
sure dose, and was varied in the range of 0.4–0.9 times
array period.

The templates are made on silicon wafers coated wit
thin evaporated conductive layer consisting of 5 nm Ti or
followed by 5–20 nm Au. The cylinder arrays are fabricat
by electrodeposition from aqueous electrolytes as descr
previously.28 Co and Ni are deposited from sulfamate ele
trolytes from a commercial vendor~MacDermid!. CoNi py-
rophosphate and CoP phosphate electrolytes were m
from salts. The area to be electroplated, 1–10 cm2, is defined
using a tape or photoresist mask. Depositions are carried
galvanostatically, except for CoNi alloys that are deposi
potentiostatically. After deposition, the antireflective coati
template could be removed using an oxygen reactive ion
14441
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to enable the cylinders to be imaged by scanning elec
microscopy.

The microstructure of the samples was assessed u
x-ray diffraction, transmission electron microscopy, a
scanning electron microscopy. Compositions of alloys w
determined by energy dispersive x-ray analysis or x-ray p
toelectron spectroscopy using appropriate standards suc
Co2P powder in the case of CoP samples. Magnetic cha
terization was carried out using an ADE vibrating samp
magnetometer or a Princeton alternating gradient magn
meter, and a Digital Instruments magnetic force microsco
~MFM!. Figure 1 shows representative scanning electron
crographs and hysteresis loops of several cylinder arr
The cylinders have straight sides, with a slight taper in so
cases due to an increase in the hole diameter through
thickness of the template.

Nickel samples were polycrystalline with a~111! fcc pre-
ferred orientation. From transmission electron microsco
@Figs. 2~a! and 2~b!#, the as-deposited grain size was 10–
nm, smaller than the cylinder diameter. However, annea
the smaller cylinders such as the sample shown in Fig. 1~c!
during the reactive ion etch could result in recrystallizatio
and the final microstructure then consisted of single-cry
cylinders with occasional grain boundaries or stacking fau
7-2
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MICROMAGNETIC BEHAVIOR OF ELECTRODEPOSITED . . . PHYSICAL REVIEW B65 144417
visible @Fig. 2~c!#. Co samples deposited from the sulfama
electrolyte had a weak~0001! preferred orientation.
Co1002xNix was deposited from an electrolyte containing d
ferent ratios of Co and Ni ions such that@Co21#1@Ni21#
50.2 molar. As the percentage of Co in the electrolyte
creased from 15 to 75 %, the Co content of the deposit a
increased linearly, varying between 60 at. % and 98.1 at
The alloy was polycrystalline with random crystallograph
orientation and had an hcp structure across the compos
range. In the case of Co1002xPx , samples were made wit
11,x,26 at. % by varying the current density. The allo
was polycrystalline for lowx but was amorphous or nano
crystalline forx.15 at. %. CoP cylinders had concave t
surfaces as deposited, but the heating experienced durin
moval of the template caused the cylinder structures
smooth out into spherical shapes as shown in Fig. 1~j!.

The remanent states of isolated cylindrical particles w
calculated using a three-dimensional micromagne
model.24,29 The particle was discretized into cubic cells
approximate the cylindrical shape, with 31 cells aross
diameter. The cell size was always kept below 0.5lex. The
starting state consisted of a uniform magnetization state
allel or perpendicular to the cylinder axis, or a circumfere
tial vortex. The Landau-Lifschitz-Gilbert equations we
then solved to find the equilibrium magnetization directi
within each cell, taking into account magnetostatic inter
tions, nearest-neighbor exchange interactions, and any e
nal fields or local anisotropies. The calculation used an
change constant of 1026 erg cm21 and a gyromagnetic ratio
of 0.0179 Oe21 ns21, and a damping constant of 1 to ensu
rapid convergence.

FIG. 2. Transmission electron micrographs of electrodepos
Ni ~a! polycrystalline Ni cylinder similar to Fig. 1~b!, side view;~b!
top view, indicating an equiaxed crystal structure with grain size
10 nm. ~c! Single-crystal Ni cylinders similar to Fig. 1~c!, side
view. The horizontal features in the right-hand cylinder are stack
faults or twin boundaries. The cylinders have a 5-nm oxide coat
and small circular features around their edges are redeposited
from their conductive base layer.
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III. MAGNETIC PROPERTIES OF ARRAYS

A. Hysteresis loops and remanent states

A total of 34 samples of different materials were prepar
with heights of 66–400 nm, diameters of 57–180 nm a
aspect ratiosR ~5height/diameter! of 0.4–3. For the Co and
Ni samples, the saturation momentMs is consistently lower
than that of the pure metals, presumably due to the code
sition of impurities into the films~both sulfamate solutions
contain proprietary additives to reduce grain size!. The Ni
samples hadMs5320 emu cm23, 0.66 times that of pure Ni.
For Co samples,Ms51100 emu cm23, 0.77 times that of
pure Co. For Co1002xPx , Ms decreases approximately lin
early asx increases, extrapolating to zero atx533 at. % in
agreement with previous data.30 The CoP cylinder arrays ha
moments in the range 280–585 emu cm23. For CoNi alloys,
Ms increases with Co content, and falls between 750 a
1050 emu cm23 for the samples reported here.

Three types of hysteresis loops were identified, as sho
in Fig. 1. High aspect ratio, low diameter Ni samples hav
high coercivity, trapezoidal~‘‘sheared’’! hysteresis loop in
the out-of-plane direction, while the in-plane direction sho
low coercivity and remanence characteristic of a hard a
This was labeled as typeA @Figs. 1~a!–1~c!#. For these
samples, MFM shows each cylinder as either a dark or a l
spot ~Fig. 3!. This is consistent with each cylinder behavin
like a magnetic dipole oriented perpendicular to the plan

In contrast, two low-aspect-ratio Ni samples~R50.41 and
0.74! show hysteresis loops characteristic of an easy axi
plane, with a hard axis parallel to the cylinder height. This
labeled as typeB @Fig. 1~d!#. The symmetry of the cylindrica

d

f

g
g,
old

FIG. 3. ~a! Topographic, and~b! magnetic image of an area o
the Ni sample of Fig. 1~b! in its as-deposited condition. Each cy
inder has the same height in~a!, but shows as a dark or light spot i
~b! corresponding to ‘‘up’’ or ‘‘down’’ magnetization.~c! Lower
magnification image of the same sample after ac demagnetiza
Areas of ‘‘checkerboard’’ pattern are visible.~d! MFM image of the
CoP sample of Fig. 1~i! after removing the template. In~a!, ~b!, and
~d! the rows of cylinders run diagonally across the picture while
~c! they run horizontally. The scale bars are printed parallel to
rows.
7-3
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C. A. ROSSet al. PHYSICAL REVIEW B 65 144417
particles would suggest that there should be an easy plan
magnetization, with zero in-plane coercivity, but the samp
do have significant in-plane coercivity, presumably due
pinning of the magnetization by inhomogeneities or surfa
roughness as it rotates in plane. Similar results have b
obtained for low-aspect-ratio evaporated particles.24

The majority of the samples, including the larger diame
Ni samples and all the Co and CoNi samples, show hys
esis in which both in-plane and out-of-plane magnetizat
directions have low coercivity and remanence, identified
type C @Figs. 3~e!–~h!#. The field required to saturate th
magnetization in either direction depends on the aspect r
and spacing of the cylinders. Higher aspect ratio or m
widely separated cylinders have lower out-of-plane satu
tion fields. MFM images of some samples were recorded
show little contrast, implying flux closure within the particle
that leads to small external fields and low remanence.

To interpret these results, a three-dimensional microm
netic simulation of the remanent state of an isolated cylin
cal particle was carried out. The simulation was used to id
tify regimes of behavior for small particles, i.e., those w
aspect ratio less than 3 and diameters less than about 6lex.

FIG. 4. Calculated remanent magnetization distributions in
lindrical particles.~a! Side view and~b! bottom face of a cylinder of
aspect ratioR52.1 and diameterd52.61lex, showing a flower
state.~c! Side view and~d! top face of cylinder withR52.1, and
d56.1lex, showing a vortex state. The arrow lengths in~b! and~d!
are plotted at different scales for clarity.
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In the case of high-aspect-ratio particles (R.0.9), for small
diameters a ‘‘flower-state’’ magnetization is found to be t
lowest energy state. The magnetization is parallel to the a
of the particle, except near the top and bottom surfa
where it spreads radially, and the axial remanence is clos
1 @Figs. 4~a! and 4~b!#. As the diameter increases, a gradu
transition to a ‘‘vortex’’ state occurs. The magnetizatio
adopts a helical structure, starting at the ends of the part
while the magnetization at the center of the particle rema
oriented primarily along the axis@Figs. 4~c! and 4~d!#. The
remanence drops with increasing diameter as the magne
tion tilts away from the axis. Remanence decreases m
slowly with diameter for higher aspect ratio cylinders b
cause the region of tilted magnetization is confined to
smaller volume fraction of the particles. The variation
axial remanence with diameter is illustrated in Fig. 5. T
flower-vortex transition is defined as the diameter at wh
circumferential tilt wasfirst observed. This occurred at
diameter of approximately 3.5lex for aspect ratios of 1–3
Cubic19 and cuboidal18 particles show similar flower-vortex
transitions with increasing size.

As the aspect ratio decreases, there is a transition from
out-of-plane flower state to an in-plane flower state at
aspect ratio below 0.9, in agreement with a value of 0.90
calculated for a uniformly magnetized cylinder.23,31 Particles
with R,0.9 show a transition from an in-plane flower to
vortex state with increasing diameter, which occurs at lar
diameters asR decreases. The low-aspect-ratio vortex co
sists of circumferential magnetization at the perimeter w
an out-of-plane component at the center of the cylinder.
the vortex state develops, the exchange energy increase
the magnetostatic energy decreases. The stable state wa
termined by comparing the total energy of the two config
rations. The calculated energy and hence the onset of
vortex depends to some extent on the discretization cell s
all these calculations were based on 31 cells across the
ameter of the cylinder. As the cylinder diameter increas
more complex states were obtained containing domain wa

Figure 6 shows the boundaries of the in-plane flower, o
of-plane flower, and vortex regions as a function of diame
and aspect ratio. The boundary between the in-plane
out-of-plane flower states is shown atR50.9.23,31 The
boundary between the out-of-plane flower and vortex sta

-

FIG. 5. Calculated remanence along the cylinder axis as a fu
tion of cylinder diameter, for three different aspect ratiosR. The
flower state has a remanence close to 1, which decreases a
vortex develops.
7-4
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is plotted at the diameter where circumferential tilt was fi
observed, though significantly the remanence is very clos
1 at this diameter and decreases only slowly with increas
diameter. High-aspect-ratio vortex-state particles can, th
fore, still have a high remanence, as shown by two conto
of equal remanence indicated on the figure. The bound
between the in-plane flower and vortex states is plotted ba
on only two data points.

This ‘‘magnetic-state diagram’’ can now be compar
with the experimentally determined remanent states of
cylinder arrays. Data points corresponding to the samples
superposed on Fig. 6, based on the physical dimension
the samples and the exchange length calculated from
measured saturation moment of each sample. Each data
is coded according to the hysteresis loop type. For the
samples, there is a good correlation between type-A loops
and the out-of-plane flower-state region, type-B loops and
the in-plane flower-state region, and type-C loops and the
vortex region. The CoNi and Co particles are all well with
the vortex region and all show type-C loops.

The quantitative correspondence between the data po
and the magnetic-state diagram supports the following in
pretation of the remanent configurations of the particles. T
type-A loops represent out-of-plane flower-state partic
with high coercivity and remanence. The shear of the out

FIG. 6. A map showing the boundaries between the out-of-pl
and in-plane flower remanent states and the vortex remanent s
calculated as a function of aspect ratio and cylinder diameter.
out-of-plane flower to vortex transition is plotted as the diamete
which circumferential magnetization was first observed at the e
of the cylinder. The out-of-plane flower state has an axial rem
nence of 1, which decreases as the diameter increases and th
tex develops. Two contours of constant remanence~0.8 and 0.9! are
shown as dotted lines for high-aspect-ratio vortex-state cylind
Superposed on the plot are data points corresponding to the
trodeposited samples. The Ni samples are shown in three gr
based on their hysteresis loop shapes; these show excellent a
ment with the calculated boundaries. The Co and CoNi sample
fall well within the vortex region and have low remanence. The C
particles indicated by square symbols have high remanence w
the triangular point has low remanence, also in agreement with
model.
14441
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plane hysteresis loop is a result of magnetostatic interact
between the particles, as will be discussed below. The typB
loops represent particles with an in-plane flower state. In
vidual particles have high remanence but interactions tilt
magnetizations in plane and reduce the net remanence o
array. The type-C loops represent particles that contain mo
complex configurations such as vortices causing partial
closure, which reduces the remanence of individual partic
to a greater degree as the particles become larger. These
ticles are expected to have low coercivity because small
plied fields can move the vortex through the particle.

The CoP samples all showed type-C loops with low re-
manence and coercivity. Three of them were investigated
ther using MFM. Two samples with high aspect ratio, ind
cated with square symbols on Fig. 6, both showed dipo
contrast@Fig. 3~d!# indicating that the individual particles
have high remanence, as expected from the magnetic-
map. However, the coercivity of the individual particles is
low that interactions dominate the shape of the hyster
loops, so the overall remanence of the array is small du
self-demagnetization. A third sample of lower aspect ra
indicated with a triangular symbol on Fig. 6, showed p
ferred in-plane magnetization but no detectable contras
MFM, which is consistent with low out-of-plane remanenc

Several groups have reported the fabrication of electro
posited cylindrical particles of Ni, Fe, or NiFe that sho
dipolar MFM images similar to Fig. 3. For example,~25–
50!-nm-diameter Ni~Ref. 32! and 10–14-nm-diameter F
~Ref. 4! showed dipolar contrast. Chou and co-workers o
served dipolar states in 50–70-nm-diameter Ni but no c
trast in 110-nm-diameter cylinders, suggesting multidom
states at the higher diameter.33,34 140-nm-diameter NiFe cyl-
inders were described as being in a vortex configuratio35

Tall Ni cylinders of 200 nm diameter also commonly sho
MFM contrast36,37 that is consistent with development of
vortex with significant remanence in a high-aspect-ratio p
ticle. In all these reports, the transition from flower state
vortex or multidomain states, and the high remanence
elongated particles, agree with the interpretation of the m
netic state of the particles that is presented here.

The presence of uniaxial anisotropy additionally infl
ences the remanent state of small particles. To assess it
portance, the effect of uniaxial anisotropyKu added parallel
to the cylinder axis was modeled. For high aspect ratiosR,
anisotropy stabilizes the out-of-plane flower state to hig
diameters. Figure 7 shows how the flower-vortex transit
varies with normalized anisotropy (Q5Ku/2pMs) in par-
ticles with R51.5– 3. For comparison, the uniaxial magn
tocrystalline anisotropy of hcp Co corresponds toQ50.35.
At this value of Q, the transition occurs at 16.8lex for R
51.5, increasing slightly with aspect ratio. Therefore a
anisotropy present in the particles, due, for instance, t
preferred crystal orientation, can significantly affect the re
anent state. Such effects have been seen in evaporated N
Co particles,24 and may contribute to the high remanence
120-nm-diameter evaporated Ni particles,38,39but are not be-
lieved to be important in the electrodeposited cylinders
ported here. In the polycrystalline Ni samples, the grains
small and equiaxed, and the magnetocrystalline anisotrop
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C. A. ROSSet al. PHYSICAL REVIEW B 65 144417
weak, leading to negligible effects on remanent state.
CoP samples are amorphous or nanocrystalline, and the C
is polycrystalline with no preferred orientation. The on
samples studied here where magnetocrystalline anisot
may change the remanent state are the Co samples, whe
weak preferred orientation leads to a net axial anisotr
equal to about a tenth of the magnetocrystalline anisotrop
single crystal Co. However, according to Fig. 7, the partic
are still large enough to be in the vortex state.

B. Interactions between particles

The importance of interparticle magnetostatic interactio
can be estimated by comparing the nearest-neighbor inte
tion field Hi to the switching field of an individual cylinde
Hc . Hi can be calculated straightforwardly for saturated p

FIG. 7. The flower-vortex transition as a function of axial a
isotropy, for cylinders of aspect ratioR51.5 – 3. The anisotropy is
normalized toQ5Ku/2pMs . Axial anisotropy stabilizes the vorte
state to larger diameters.
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ticles by treating them as magnetic dipoles or prisms. If
consider a square array of parallel identical dipoles w
magnetization perpendicular to the plane, the total field a
ing on any given dipole, obtained by summing the inver
cube dipolar field from all other particles in the array,
9Hi . Hence the parameter 9Hi /Hc gives an indication of
how strongly interacting an array is. If 9Hi /Hc.1, then the
fields from neighboring particles can be large enough to
verse the magnetization of a particle in the array leading
remanence less than 1. In contrast, if 9Hi /Hc,1 then the
saturated magnetic state is stable at remanence. Such b
ior has been observed experimentally.40

Out-of-plane hysteresis loops can be modeled by ass
ing that the array consists of magnetostatically interact
cylinders. Each cylinder is assumed to have a square hy
esis loop but there is a spread in their switching fields.39–43

To fit to the measured data, the spacing, diameter, hei
average switching field, and moment of the cylinders in
12312 array are assigned values measured from the sam
and hysteresis loops are calculated; the only fitting param
is the standard deviation of switching fieldss. This model
gives excellent fits to cylinder arrays with type-A hysteresis
loops. Figure 8 shows results of the model including fits
the samples of Figs. 1~b! and 1~c! both for the major loop
and the virgin curve following ac demagnetization. This su
ports the assumption that individual cylinders have nea
square hysteresis loops, which is consistent with the h
remanence calculated for flower-state particles, unlike
case for conical evaporated particles.24 The lowest magneto-
static energy configuration of a square array is to have e
cylinder alternately magnetized up or down. When imaged
MFM, this resembles a checkerboard pattern of alterna
light and dark features. In the more strongly interacting
r-
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all
d

-
g
-

all

ld
-

-

FIG. 8. Out-of-plane hysteresis loops for a
rays of type-A particles, modeled using param
eters from the sample of Fig. 1~c!. ~a! Calculated
hysteresis loop in the case that the particles
have the same switching field of 710 Oe an
there are no interactions;~b! the case that the par
ticles have a Gaussian distribution of switchin
fields with s515 Oe, but there are no interac
tions;~c! the case that the particles interact but
have the same switching field;~d! the case in-
cluding both interactions and the switching-fie
distribution, which gives a good fit to the mea
sured hysteresis loop of sample 1~c!. ~e! A fit to
sample 1~b! with s5100 Oe.~f! A calculated vir-
gin curve for sample 1~b!, using the same param
eters as in~e!, which compares well with experi-
mental data.
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rays, we have found that this pattern forms spontaneo
over small areas of the sample,40 but it can be formed in
more weakly interacting arrays by ac demagnetizing
sample, then imaging it with a low-moment MFM tip t
avoid disturbing the pattern. An MFM image of the samp
of Fig. 1~b!, which exhibits a correlated checkerboard patte
over lengths as large as 1mm, is shown in Fig. 4~c!.

In the case of very strong interactions, the out-of-pla
magnetization of the cylinders reorients to an in-plane dir
tion. Reorientation occurs more readily at low aspect rat
and its onset has been calculated for saturated cylin
arrays.31 However, reorientation was not observed in this e
periment because none of the type-A arrays was sufficiently
closely spaced.

For type-B particles, a more complex interaction model
needed to account for the possibility of rotation of the ma
netization in plane and the different angles between the
ments of neighboring particles.44–46 The simpler case of el
liptical thin-film elements with in-plane magnetizatio
which have an in-plane uniaxial easy axis, has, howe
been treated using a modified interaction model.42 Type-C
arrays cannot easily be fitted using the dipolar interact
model because the particles are not saturated at all fie
Their behavior is dominated by interactions becauseHc is
small; we find that more closely spaced arrays show a hig
out-of-plane saturation field that is consistent with stron
interactions.

C. The switching field distribution

Control of the switching field is critical in any devic
application of particle arrays. The spread in switching fie
of the particles arises from two causes: the effects of m
netostatic interactions, and intrinsic variability between
particles. These two factors cause the hysteresis loop o
array to be nonsquare, even though individual particles m
have square hysteresis loops.

Intrinsic variability between particles arises from sm
variations in size, shape, or the statistical effects of the gr
in polycrystalline particles. The intrinsic variability, ex
pressed by the standard deviations of the switching-field
distribution, can be extracted from the fit to the shape of
hysteresis loops as discussed above, but we have found
the quality of the fit is not highly sensitive to the value ofs
chosen. A better estimate ofs can be obtained by the proce
of imaging the array by MFM in a varying applied field
Figure 9 shows examples of such data for a type-A Ni
sample. An increasing magnetic field was applied by bri
ing a permanent magnet towards the sample. The total
plied field is the sum of the field from the permanent mag
plus that of the MFM tip.@The tip field is calibrated by using
it to image an ac demagnetized sample, then counting
number of ‘‘up’’ and ‘‘down’’ cylinders, calculating the ne
magnetization, and comparing this with the virgin curve
determine what field the tip produced.# For each particle tha
switches at a given applied field, the magnetization state
its neighbors are known so the true switching field of t
particle can be found. For the sample of Fig. 1~c!, which has
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Hc5710 Oe, we founds5105 Oe, which is mainly attrib-
uted to variations in cylinder diameter.47 Clearly, for appli-
cations involving small magnetic particles,s must be mini-
mized by control of both the lithographic processing and
microstructure of the particles.

IV. CONCLUSIONS

The magnetic behavior of arrays of electrodeposited c
inders with diameters of 57–180 nm and aspect ratios
0.4–3 has been investigated. For aspect ratios~height/
diameter! greater than 0.9, the smaller diameter partic
show high remanence parallel to the cylinder axis and h
teresis loops characteristic of an array of ‘‘single-domai
particles that interact magnetostatically. As the particle s
increases, the remanence and coercivity decrease and th
istence of vortex or multidomain states is inferred. This b
havior is in excellent agreement with the results of a mic
magnetic model, which predicts a gradual transition from
flower to a vortex remanent state and corresponding decr
in axial remanence as the diameter increases. In cont
low-aspect-ratio particles have an easy magnetization p
parallel to their base, and the flower-vortex transition occ
at larger diameters as the aspect ratio decreases.

Such particle arrays have applications in patterned m
netic recording media. This requires the particles to be sin

FIG. 9. MFM images of the Ni sample of Fig. 1~b! under dif-
ferent fields applied out of plane. The rectangle encloses the s
area of 16311 particles. The particles reverse successively as
field increases; one is outlined to show it reversing.
7-7



be
a
n

hy
r
-
id
ld

nd

k, J.
sup-
R

C. A. ROSSet al. PHYSICAL REVIEW B 65 144417
domain with significant axial remanence: this can
achieved in small particles even at modest aspect ratios,
is promoted by the presence of axial anisotropy. Interactio
shear the hysteresis loops, and can dominate the overall
teresis loop of the array in the case of low coercivity pa
ticles such as CoPx . In patterned media applications, mag
netostatic interactions must be sufficiently small to avo
array self-demagnetization, and the intrinsic switching-fie
l.
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distribution must be minimized by control of lithography a
microstructure.
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