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Magnetic properties of CoÕPt multilayers deposited on silicon dot arrays
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Département de Recherche Fondamentale sur la Matie`re Condense´e, SP2M/Laboratoire Nanostructures et Magne´tisme,

CEA Grenoble, 17 Avenue des Martyrs, 38054 Grenoble Ce´dex, France
~Received 12 May 2000!

Arrays of silicon dots down to 200 nm in size have been prepared by standard lithography and etching
techniques, and then covered by different (Co0.5 nm /Pt1.8 nm) multilayers which exhibit perpendicular mag-
netic anisotropy. On unpatterned substrates, the coercive field varies between 120 and 400 Oe, depending on
the buffer thickness and on the number of layers. Magnetic force microscopy~MFM! images show magnetic
domains about 1.2mm in size. Deposition of these multilayers on patterned silicon substrates shows that the
profile of the magnetic dots is the same as the initial Si dot profile even when the amount of magnetic material
represents 60% of the dot height. Atomic force microscopy cross sections indicate that a negligible amount of
material is deposited on the side walls of the dots. MFM images of arrays with a dot spacing large enough to
explore the bottom of the grooves show that the magnetic domains in areas between the dots are of the same
size as on the unpatterned area, although their coercive field is increased from 170 to 300 Oe. On the top of the
dots, single-domain configurations are observed, and the coercive field of the dots ranges from 1600 to 2400
Oe. This distribution of switching fields, which only weakly depends on the dot size, is mainly related to the
detailed shape of the dots~in particular the sharpness of the corners! and not to their magnetostatic interaction.
This confers to each individual dot a well-defined coercive field. The magnetization reversal of a given dot
weakly influences its first neighbors, which means that the dots are essentially independent of each other for
the range of Co and Pt thickness used in this study. In the same way, no significant coupling is mediated by the
continuous magnetic layer in the bottom of the grooves. These results are confirmed by micromagnetic calcu-
lations of the magnetic dot-dot and dot-groove interactions for the various geometries that we have
investigated.
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I. INTRODUCTION

The fabrication of arrays of submicronic magnetic do
with a well-controlled geometry is very interesting from
fundamental point of view as well as for potential techn
logical applications in ultrahigh-density data storage and
tegrated magnetoelectronic devices.1–3 Various properties
are investigated in these materials~mechanism of magneti
zation reversal, domain configurations, coupling betwe
dots, collective excitations, or dipolar effects4!. Most of the
conventional approaches for the preparation of these ar
consist in first depositing the magnetic material on a
wafer and locally etching it.4–8 In this paper, we report on
the magnetic properties of arrays of dots prepared by ano
approach which consists in depositing the magnetic film
an array of square Si dots.9 Such a technique has been pr
viously used for magneto-optic media with, however, d
sizes and separations larger than the ones used in the pr
study.10–12

This method offers a number of advantages:~i! the depo-
sition of the metallic film is the last step of the process, th
eliminating any possible deterioration of its magnetic pro
erties during patterning;~ii ! etching of silicon is a very well-
controlled technique in microelectronics, thus allowing
prepare magnetic submicrostructures with very high res
tion ~down to 50 nm!, high aspect ratio, and quality;~iii ! the
substrate preparation is independent of the choice of
magnetic material; therefore, there is no need to find a p
ticular etching procedure for each element. However,
magnetic material is here deposited on the whole subst
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Thus it is important to determine, as a function of bo
height and separation of the dots, to what extent the amo
of material deposited in the grooves separating the dots
modify their magnetic behavior, as compared to the case
patterned magnetic layers.

In this paper, we present results obtained on~Co/Pt! mul-
tilayers with perpendicular magnetic anisotropy. The dom
structures and the mechanism of the magnetization reve
of the material deposited on the dots and in the grooves
investigated with a magnetic force microscopy~MFM! tip.
The switching field distribution of the dots is determined a
its width is compared to the magnetostatic coupling betw
the dots. Finally, micromagnetic calculations of the mag
tostatic energy in arrays of various geometries are carried
and compared to experimental results.

II. SAMPLE PREPARATION

The 8-in. silicon wafers are patterned in the form of a
rays of Si square dots by conventional lithographic and et
ing techniques at LETI in CEA-Grenoble. The different ste
involved in the sample preparation are summarized in F
1~a!. A 600 nm film of positive resist~UV3 by Shipley! is
first deposited on the silicon wafer~step 1! and parallel lines
in two orthogonal directions are insulated on the resist wit
scanning electron beam. After revelation of the insula
area, an array of resist dots is obtained~step 2!. Reactive ion
etching then transfers the resist pattern onto the silicon s
12 271 ©2000 The American Physical Society
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strate~step 3!. The last step of the preparation consists
sputter-depositing a Co/Pt multilayer on the whole subst
~step 4!. Figure 1~b! is a scanning electron microscopy ima
of the resist array before the silicon etching and Fig. 1~c! is
an atomic force microscopy~AFM! image of the silicon ar-
ray at the end of the patterning process. This figure sh
the nice regularity of the arrays. In Fig. 1~c!, the dots look
cylindrical rather than square. However, this is an artifact
the AFM measurement technique. Due to the size of
AFM tip, the corners of the dots look much rounder th
they actually are.

The Si dots used in the present study will be identified
the rest of this paper by (L/d/h), whereL is the size of the
square dots~from 200 to 400 nm!, d is their spacing~100 or
200 nm!, andh is their height~47 or 200 nm!. The charac-
teristics of the arrays investigated in this study are listed
Table I. On each wafer, six different patterned patches c
responding to various dot sizes were insulated, each p
having a size of 1 mm330 mm. For some experiment
~magnetization measurements and statistical analysis! larger
arrays~3 mm33 mm! were also prepared.

Co/Pt multilayers exhibit a magnetic anisotropy perpe
dicular to the film plane.13–15 Three different multilayers
were studied: Si/SiO2 /Pt20nm /(Co0.5 nm /Pt1.8 nm)4 ,
Si/SiO2 /Pt1.8 nm /(Co0.5 nm /Pt1.8 nm)4 and
Si/SiO2 /Pt1.8 nm /(Co0.5 nm /Pt1.8 nm)3. In all cases the depo
sition was carried out at room temperature by dc sputte
for cobalt and platinum at a rate of about 0.1 nm/s. The S2
layer is the native oxide layer 1 nm thick.

AFM measurements allowed us to determine the r

FIG. 1. ~a! Lithographic preparation process,~b! scanning elec-
tron microscopy image of a~200/75/600! resist dots array, and~c! 3
mm x 3 mm AFM image of a~200/200/150! square Si dots array.

TABLE I. Structural parameters of the arrays. The numbers g
the sizeL, spacingd, and heighth of the dots in nm, respectively

Array

400/100/47
400/100/200
300/100/47
200/100/200
200/200/47
te

s

f
e

n
r-
ch

-

g
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roughness of the film on the top of the dots, on the conti
ous layer in the bottom of the grooves, and on the unp
terned area. In all cases we found a roughness of abou
nm.

III. MAGNETIC PROPERTIES OF Co ÕPt MULTILAYERS
ON FLAT WAFERS

Figure 2 presents the normalized hysteresis loops of
three multilayers when deposited on unpatterned silicon s
strates, the magnetic field being applied perpendicular to
plane of the wafer. They have been obtained from extrao
nary Hall effect measurements16,17 performed at room tem-
perature in the Van der Pauw configuration. In ordinary f
romagnetic samples, the field dependence of the H
resistivity is given byrx,y(H)5R0H14pRsM (H), where
R0 and Rs are the ordinary and extraordinary Hall coef
cients, respectively, andM (H) is the sample magnetizatio
perpendicular to the plane. In the present samples, the o
nary term is very small, and the Hall measurement give
signal proportional to the magnetization. The square hys
esis loops in Fig. 2 indicate that the magnetization reve
occurs first by nucleation of a reversed domain followed
rapid domain wall motion.18

By adjusting the platinum buffer layer thickness or b
modifying the number of bilayers, the coercive field can
tuned in a wide range between 100 and 1000 Oe. Ho
et al.19 have studied the magnetization process in sputte
~Co/Pt! multilayers. The Co layer thickness was 0.5 nm a
the Pt layer thickness was between 0.5 and 1.5 nm, fo
number of bilayers between 5 and 60. Their numerical c
culations showed that the magnetization process can be
proximated by that of a single film having the same char
teristics as the multilayer after averaging over its who
thickness. Therefore, our multilayers can be considered
single layers with average magnetization. A vibrating sam
magnetometer~VSM! loop with the field applied in the plane
of the sample gives an in-plane saturation fieldHs of 8500
Oe and a spontaneous magnetizationMs of about 300
emu cm23. From Hs and Ms , the effective anisotropy con

e

FIG. 2. Hysteresis loops of Pt1.8 nm /(Co0.5 nm /Pt1.8 nm)3

~squares!, Pt1.8 nm /(Co0.5 nm /Pt1.8 nm)4 ~crosses!, and
Pt20 nm /(Co0.5 nm /Pt1.8 nm)4 ~circles! multilayers, obtained from
extraordinary Hall effect measurements. The coercive fields are
Oe, 170 Oe, and 400 Oe, respectively.
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stant Ke f f can be calculated usingHs52Ke f f /Ms , which
leads toKe f f5Ku22pMs

251.273106 erg cm23. This im-
plies a quality factorQ5Ku/2pMs

253.2 which is compa-
rable to values found in the literature.13

Magnetic imaging of these samples was performed
MFM using a Digital Instrument 3a Nanoscope, with a s
con tip coated with a CoCr film, in Tapping Mode.

The imaging was carried out with a two-step Lift Mod
process, the first scan being used to determine the topo
phy and the second one passing at a fixed height above
known surface while recording the magnetic response of
tip with a phase detection system. During the imaging,
tip was magnetized in the direction perpendicular to
sample surface, so that it can roughly be considered a
magnetic dipole. Figure 3 shows an example of the magn
domain configuration obtained by MFM on a continuo
Pt1.8 nm /(Co0.5 nm /Pt1.8 nm)4 film. The sample has been de
magnetized by rotating it in a static field of decreasing a
plitude around theY axis in Fig. 3. This axis is in the plan
of the film and perpendicular to the applied field.

Figure 3 shows elongated magnetic domains paralle
the rotation axis with a width of about 1.2mm. This anisot-
ropy axis is not characteristic of the magnetic material bu
due to the method used to demagnetize the sample. Ind
when there is a nucleation event, the domain in theX direc-
tion is subjected to an alternative field. Therefore it can
expand through the whole sample and reaches an equilib
size. In contrast, no magnetic field is applied in theY direc-
tion. So the domains can keep on growing in this direct
during the demagnetization process. This explains why
magnetic domains are elongated in theY direction parallel to
the rotation axis. We have performed the same experime
determine the domain size for 5 samples with a total thi
ness varying from 11.2 nm~4 bilayers! to 48.8 nm~20 bi-
layers!. Using the relation established by Kaplan a
Gehring20 between the thicknesst of the film and the domain
size d for stripe magnetic domains,

FIG. 3. 40 mm340 mm MFM image of a
Pt1.8 nm /(Co0.5 nm /Pt1.8 nm)4 multilayer on a flat Si substrate in th
demagnetized state.
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2 G ,
whereb is a constant equal to20.66 andD0 the character-
istic dipolar length, we determineD05sw/2pMs

2541 nm,
which gives for the wall energysw52.3 erg cm22. The do-
main wall ~Bloch wall! width can thus be determined byl
5sw/4Ku53.1 nm.

IV. ARRAYS OF „CoÕPt… SUBMICRONIC DOTS

The arrays studied in this section are~200/200/47! and
~400/100/47! ones on which a Pt20 nm /(Co0.5 nm /Pt1.8 nm)4
multilayer has been deposited. The AFM image of the fi
sample@Fig. 4~a!# reveals that the magnetic deposit does n
modify the topography of the sample and that the dots
still well defined after the deposition of 29.2 nm materi
which represents more than 60% of the initial dot heig
Figure 4~b! is an AFM cross section of one dot of this arra
Although the image is the convolution of the real dot profi
and of the tip shape~leading to nonvertical dot walls!, it is
possible to study the evolution of the height and width of t
dot after the deposition of the multilayer. Neither the heig
nor the width of the dots is modified, meaning that the pro
is perfectly reproduced after deposition. In other words
seems reasonable to assume that no significant amou
magnetic material is present on the side walls of the d
This assumption will be used in the micromagnetic calcu
tions presented in Sec. VII. Electron microscopy experime
are underway in order to analyze these profiles with a m
higher resolution.

Figure 4~c! shows the corresponding magnetic image

FIG. 4. ~a! 8 mm38 mm AFM image of a
Pt20 nm /(Co0.5 nm /Pt1.8 nm)4 multilayer on a ~200/200/47! array,
~b! AFM cross section of a dot before and after deposition of
multilayer, ~c! 8 mm38 mm MFM image of the same array,~d! 8
mm38 mm MFM image of a~400/100/47! array coated with the
same multilayer. Local checkerboard pattern are shown in w
boxes.
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the same array in the as-deposited state~i.e., without any
magnetic treatment!. A uniform white or dark contrast is
seen on each dot, which indicates that the dots are si
domain. All sizes investigated~400, 300 and 200 nm! led to
the same observation. The spacing of 200 nm between
allows the tip to explore the magnetic configuration in t
bottom of the grooves. The continuous magnetic medi
within the grooves has a domain size of about 3–4mm,
comparable to the one observed on the flat part of the w
~bottom left of the image!. In this figure, it also appears tha
the magnetization of the dots can be up or down whate
the magnetization direction in the grooves. This shows t
there is no significant direct exchange coupling between
magnetic material at the top of the dots and in the groo
via the magnetic deposit which may exist on the sidewalls
the dots. This confirms that if any magnetic deposit is pres
on the walls, its thickness must be much smaller than
nominal one.

Figure 4~d! shows the magnetic image of the other arr
~400/100/47!. In this case, the small spacing between
dots ~100 nm! prevents the tip from imaging the magnet
configuration in the bottom of the grooves. Local check
board patterns are observed on this image. This magn
configuration corresponds to the minimum of the magne
static energy for a square lattice of interacting magnetic p
ticles with perpendicular anisotropy. The absence of suc
magnetic correlation on the array with 200 nm spacing@Fig.
4~c!# indicates that the dominant magnetostatic interaction
Fig. 4~d! is the interaction between the top of neighbori
dots.

V. MAGNETIZATION REVERSAL OF THE ARRAYS

In order to assess whether these systems can be us
ultrahigh magnetic recording media, we made some writ
tests by using a MFM tip as a local field source as Kleib
et al.21 and Konget al.22

As a first step, we studied the magnetization reversal
Pt1.8 nm /(Co0.5 nm /Pt1.8 nm)4 multilayer on the flat part of
the substrate~outside the array! in order to determine the
magnetic stray field of the MFM tip. We used a 40-n
CoCr-coated tip and the~200/200/47! array in order to be
able to also image the magnetic configuration in the bott
of the grooves. The image of Fig. 5~a! was recorded withou
an external field, and Fig. 5~b! ~recorded on the same are
but with an applied magnetic field of 35 Oe! shows that only
the magnetization on the flat part of the wafer has rever
after several scans. This means that the sum of the stray
from the tip and of the external field of 35 Oe is of the ord
of the coercive field of the continuous film (Hc5170 Oe as
obtained from the Hall experiments!. Therefore the magnetic
field created by the tip has a magnitude of about 135
comparable to the values reported in the literature for s
MFM tips.23

The fact that the magnetic configuration in the grooves
unchanged@Fig. 5~b!# means that, although the material d
posited in the bottom of the grooves is continuous, its co
cive field is larger than 170 Oe. Figures 5~c! and 5~d! present
MFM images obtained with the same tip on another par
le
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the sample. Figure 5~c! shows the magnetic configuration i
the as-deposited state. Then successive images were rec
while in situ increasing the external magnetic field. Figu
5~d! corresponds to an external field of 170 Oe, that is
total field of 305 Oe. The magnetization in the bottom of t
grooves has now reversed. In contrast, the magnetizatio
top of the dots is still in the initial direction. We recall tha
the scans have been recorded in tapping mode. Thus the
field generated by the tip on the material in the grooves is
same as the one previously determined on the flat part of
wafer, although the grooves are located 47 nm below b
the unpatterned area and the top of the dots. One thus ob
a coercive field of about 300 Oe for the magnetic materia
the grooves, that is, almost twice the value obtained on
unpatterned area. This enhanced coercivity can be ascr
to the fewer number of nucleation centers~defects! in the
grooves and/or to the pinning of the domain walls at the f
of the dots.

In order to be able to reverse the magnetization of
dots, we used a MFM tip with a higher magnetic moment~a
80-nm CoCr-coated tip! which creates a stronger stray fiel
Furthermore, we deposited a~Co/Pt! multilayer with only
three repeats in order to decrease the coercive field of
continuous layer~120 Oe in this case!, assuming that this
would also decrease the coercive field of the dots.

For particles with perpendicular anisotropy, the magne
poles are located all over the surface, and their influenc
dominant in the reversal process. The reversal behavio
not very different from that of the continuous film as long
the particle size is well above the domain wall width.24–26

Here, the domain wall width~3.1 nm! is by far smaller than
the dot size, so we can suppose that the magnetization re
sal on the dots occurs by nucleation of reversed domains
propagation. The nucleation is expected to take place at

FIG. 5. 6 mm36 mm MFM images of a
Pt1.8 nm /(Co0.5 nm /Pt1.8 nm)4 multilayer on a~200/200/47! array.
Top: without external field~a! and with an applied field of 35 Oe
~b!. Bottom: another area without external field~c! and with an
applied field of 170 Oe~d!.
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center of the dots where the demagnetizing field is maxim
or at the corner of the dots where the remnant magnetiza
is the most distorted in the so-called ‘‘flower pattern.’’27

MFM images of a~400/100/47! array corroborate this as
sumption as can be seen in Fig. 6~a! where the sample wa
first demagnetized with the same procedure used for cont
ous multilayers~see previously!. The areas with dark con
trasts have their magnetization in the down direction~like the
tip!, whereas white contrasts are associated with a mag
zation in the up direction. Using a MFM tip with a hig
magnetic moment leads to the observation of small dark c
trast areas at the center or corners of white dots, as show
circles in Fig. 6~a!. This confirms that the switching of th
magnetization does not occur by coherent rotation but b
nucleation-propagation mechanism. Figure 6~b! is an image
of the same part of the sample after several scans. The m
netization of all dots has now switched. It must be noted t
the white contrasts around the dots result from the stray fi
of the dots and do not imply that the magnetization at
edge of the dots switched again in the opposite direction

Recent studies on MFM tips similar to the ones used h
indicate local fields larger than 1000 Oe.28 Thus we can con-
clude that the coercive field of the dots is larger than 10
Oe, compared to 300 Oe for the grooves and 170 Oe for
unpatterned area. As in Refs. 29 and 30, the coercive fiel
the dots is thus strongly enhanced compared to continu
layers. This can be understood by considering that, on a
tinuous layer in which there is easy wall propagation,
reversal field of the whole sample is extremely dependen
the presence of major defects which act as nucleation
ters. For the dots, the domain wall propagation is necess
stopped at the dot edges. Therefore, the nucleation must
place on every individual dot, leading to a larger rever
field.

VI. DETERMINATION OF THE SWITCHING FIELD
DISTRIBUTION

In this section, we report on the determination of t
switching field distribution in these arrays of magnetic do
Figure 7 shows a sequence of MFM images of a~400/100/
200! array coated with a Pt1.8 nm /(Co0.5 nm /Pt1.8 nm)4
multilayer. The images were recorded with a 40-nm Co

FIG. 6. 4 mm34 mm MFM images ~using a 80-nm CoCr-
coated tip! of a Pt1.8 nm /(Co0.5 nm /Pt1.8 nm)3 multilayer on a~400/
100/47! array. Image~a! is the first scan after demagnetization
the sample and image~b! is the same area after several scans.
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coated tip, giving a stray field (.135 Oe! much smaller than
the coercive field of the dots (.1000 Oe!. Between each
image, the sample was saturated in a positive field perp
dicular to the film plane. Then a negative fieldHext was
applied and switched off, the MFM measurements being p
formed in the remnant state. Dots with dark contrasts are
magnetized in the positive saturation direction, whereas
magnetization in the dots with white contrasts has switch
in the down direction after the application ofHext .

Since minor hysteresis loops obtained either from H
effect ~on continuous layers! or from superconducting quan
tum interference device~SQUID! experiments~on continu-
ous layer and on dot arrays! show that the magnetization i
constant when going fromHext to H50, this implies that the
magnetic structure~i.e., the proportion of dots with up an
down magnetization! is the same underHext and in the rem-
nant state.

By increasing the negative applied field, it is found th
the reversal of the magnetization of the dots takes place
tween21600 Oe and22400 Oe. This is in agreement wit
SQUID experiments we carried out on the same sample~a
333 mm array!. This validated our assumption and our e
perimental process for the determination of the switch
field by MFM. Besides, the width of the distribution is com

FIG. 7. Sequence of 12mm312 mm MFM images of a
Pt1.8 nm /(Co0.5 nm /Pt1.8 nm)4 multilayer on a~400/100/200! array.
Between each image, the sample was saturated in a positive
perpendicular to the film plane. Images were recorded in the r
nant state after applying an external fieldHext perpendicular to the
plane and decreasing from21400~a! to 21900 Oe~f! by steps of
2100 Oe.
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parable to results obtained by other authors.31 This width
may have two origins: one is the intrinsic switching fie
distribution of the assembly of dots supposed to be mag
tostatically independent of each other; the other is the in
ence of the magnetostatic interactions between dots w
shifts the hysteresis loop of a given dot towards positive
negative fields depending on the magnetic configuration
all the other dots. However, our calculations of magne
static coupling~see Sec. VII! show that the maximum mag
netostatic field on a given dot, generated by all other dots
43 Oe for the array of Fig. 7. This is much lower than t
width of the distribution of switching fields which is of th
order of 800 Oe. The magnetostatic interaction is therefo
minor contribution to the width of the distribution.

In addition, it is interesting to note that, despite the fa
that the sample was saturated in the positive direction
tween each MFM measurements, the switching sequenc
always the same. This means that every given dot has
own coercive field. This property was observed for all arra
we have studied. We think that a large part of the width
the distribution is due to the exact shape of the corners of
dots where the magnetization is the most distorted. Sl
fluctuations in this shape may exist from dot to dot whi
may lead to a strong variation in switching field whenev
the nucleation of the magnetization reversal takes plac
the corners of the dots.

In order to try to correlate the switching fields with som
particular structural defects of the dots, we carried out a
tailed AFM study, selecting two particular dots with switc
ing fields at the lower and upper part of the distributio
Unfortunately the resolution of this technique did not allo
us to establish a clear correlation between the nanostruc

FIG. 8. ~a! 5 mm35 mm AFM image of a
Pt1.8 nm /(Co0.5 nm /Pt1.8 nm)4 multilayer on a~400/100/200! array.
The four encircled dots are the first reversed ones.~b! 12 mm312
mm MFM corresponding image, which shows these first four
versed dots.~c! 1 mm31 mm AFM view of image~a! showing a
bridge between one of these dots and the unpatterned area.
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of the dots and their switching field.
However, in a particular situation, we have been able

identify the defects responsible for the weak reversal field
four dots near the unpatterned area at the right top part of
array in Fig. 8. AFM images show residual bridges betwe
the flat part of the wafer and the patterned area. The reve
field in the connected dots falls to 1000 Oe compared
about 2000 Oe for isolated dots. Fournelet al.32 showed that
the switching field of a dot bridged to a large continuous a
rapidly increases when the bridge width decreases but d
not depend neither on the bridge length nor on the dot s
The reversal field for these bridged dots is therefore low
than for isolated dots due to the propagation of a dom
wall from the continuous area through the bridge. It is, ho
ever, higher than on the continuous layer due to the difficu
for the domain wall to propagate through the bridge.

From sequences similar to the one shown in Fig. 7,
hysteresis loop can be calculated by using a relation of
form M /Ms5(n↑2n↓)/(n↑1n↓), wheren↑ and n↓ are the
number of dots magnetized either in the up or down dir
tion. Figure 9 shows the positive branch of the loops cal
lated for different arrays. The average coercive field~Table
II ! is about 12 times larger than for the continuous fi
(Hc5170 Oe!. There is some tendency for the reversal fie
to increase with decreasing the dot size, in agreement w
results found in the literature.30,33 However, a relatively
weak change in coercive field, less than 10%, is obser
between the different samples, although the dot area va
by a factor of 4. This indicates that the reversal mechanism
qualitatively the same for all sizes. Furthermore, this co
firms that the nucleation events do not take place on r
domly distributed centers on the surface or edges of the
~which would lead to a strong dependence of the reve

-

FIG. 9. Half of the hysteresis loops of different arrays calcula
from MFM sequences identical to the one of Fig. 7.

TABLE II. Average coercive field of dots deduced from th
hysteresis loops.

Array Average coercive field~Oe!

400/100/200 1980
400/100/47 2100
300/100/47 2120
200/100/200 2070
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field on the dot size!, but rather occur at the center or corne
of the dots. In addition, these changes in coercive fields
be quantitatively accounted for by considering the variat
of the magnetostatic energy with the size of the dots~see
Sec. VII!.

Finally from Fig. 7, a statistical analysis of the magne
zation reversal of the dots can be performed. In particu
the probability for a given reversed dot to have zero, o
two, three or four first neighbors also reversed can be ca
lated. These experimental probabilities are compared w
the calculated probability assuming that the dots have
correlation between them. Under this assumption, the p
ability to havex first reversed neighbors as a function of t
average densityd of reversed dots is given by a binomi
law: P(x)5C4

xdx(12d)42x. Figure 10 shows that a goo
agreement is obtained between experiments and the bino
law. This implies that the dots are essentially uncorrela
which means that the defects which act as nucleation cen
on the dots are randomly distributed all over the array.

VII. MICROMAGNETIC CALCULATIONS

In this section, we describe the calculation of the mag
tostatic energy of these arrays of dots. Our goal is to de
mine how the coupling between the top of the dots and
bottom of the groove and the coupling between the top
adjacent dots depend on the geometry~dot spacing and do
height! and on the amount of magnetic material. The ma
netostatic field generated on a given dot by the rest of
array is also calculated from the magnetostatic energy,
the experimental results are compared to these microm
netic calculations.

A. Model

We recall that MFM images@Fig. 4~c!# show that after
demagnetizing the sample, the domain size in the groove
much larger than the dot size. In order to simplify the calc
lations, we thus consider that the magnetization in
grooves is uniform around a considered dot. Furthermore
suppose~and we showed in Sec. IV that this was a reas
able assumption! that there is magnetic material only on th

FIG. 10. Probabilities for a given reversed dot to have zero, o
two, three or four first neighbor dots also reversed as a functio
the density of reversed dots in the array. Experimental data~sym-
bols! are compared to a binomial law~solid line!.
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top of the dots and in the bottom of the grooves but
magnetic deposit is considered on the sidewalls of the d
We consider an infinite two-dimensional~2D! array of mag-
netic dots. Several micromagnetic calculations have b
previously performed on such arrays.34–36 The particularity
here is the presence of the magnetic material in the groo
which cannot be neglected in the calculation of the mag
tostatic energy.

Figure 11~a! schematically shows the structure of the a
ray. According to the superposition principle, the deposit
the grooves can be treated as the sum of an infinite cont
ous layer, with uniform magnetization, and an array of d
with opposite magnetization@Fig. 11~b!#. The system is
therefore equivalent to an infinite continuous layer and t
arrays of dots separated by a heighth. The continuous film
only adds a constant contribution to the magnetostatic ene
since the stray field outside the layer is equal to zero. In
following we can therefore neglect this contribution to t
magnetic energy and only calculate the magnetostatic en
of two arrays of dots separated by a heighth @Fig. 11~c!#. To
determine for which geometry the coupling between
groove and the top of the dots is less energetic than
coupling between the top of the dots, two magnetic dot p
terns have to be considered@Fig. 11~d!#: the ferromagnetic
pattern~FP! and the antiferromagnetic one~AFP!. In these
infinite arrays, the magnetization is a 2D periodic functi
with periodicitiesPx52(Lx1dx) andPy52(Ly1dy) along
theX andY axes, respectively, in whichLx andLy are the dot
dimensions anddx anddy the dot spacings. It may therefor
be expanded as a two-dimensional Fourier series.37,38

Considering the multilayer film as a uniform monolay
film of thicknesst, the magnetization function is for the AF
pattern

e,
of

FIG. 11. ~a! Schematic representation of the magnetic state
the arrays for the micromagnetic calculations,~b! the superposition
principle for the magnetic deposit in the bottom of the grooves,~c!
these two magnetic configurations are equivalent to two array
dots separated by a heighth, and ~d! magnetic patterns, on fou
dots, considered in order to determine the magnetic ground s
the ferromagnetic one~left! and the antiferromagnetic one~right!.
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By solving the Poisson equation¹2f54p¹MW , the potentialf can be derived and the magnetostatic energy can
calculated usingE5 1

2 m0*Sf(r )s(r )d2r , wheres is the surface density of magnetic poles (s5MW •nW , nW normal to the plane!
andS the dot area. For an infinite array of dots in the antiferromagnetic configuration, this energy is

EAF5m0Ms
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D 2
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D 2GexpF2ptAS m
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D 2

1S n

Py
D 2G . ~3!

If Lx5Px/2 and Ly5Py/2, Eq. ~3! gives the dipolar energy calculated by Kaplan and Gehring20 for the checkerboard
pattern. In the same way, ifPy tends to infinity, Eq.~3! leads to the dipolar energy of a stripe pattern.20

Similarly, the magnetostatic energy for an infinite arrays of dots in the ferromagnetic configuration is

EF58tm0Ms
2S LxLy
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For the calculation of the magnetostatic interaction energy between the two arrays of dots separated by a heighth, only the
case of the ferromagnetic pattern must be considered. Indeed, for the antiferromagnetic case, the product of the pof
generated by one array and the surface densitys of the other array is an odd function. As a result, the double integration
the calculation ofE leads to an even function which gives no contribution to the magnetostatic energy. So for two array
a thicknesst of magnetic material in the ferromagnetic configuration and separated by a heighth, the magnetostatic interactio
energy is
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Therefore, from Fig. 11~c!, the magnetostatic energy
EAF5EAF1EF for the antiferromagnetic configuration an
EF5Eint12EF for the ferromagnetic configuration. Furthe
more, the magnetostatic field acting on a given dot and g
erated by all other dots and by the magnetic material in
grooves can be obtained by usingHW 52¹W f. The depen-
dence of this magnetostatic field on the geometry of the
rays can thus be investigated.

B. Magnetostatic phase diagram

As mentioned before, the magnetic material in t
grooves may induce a magnetostatic coupling between
top of the dots and the bottom of the grooves. So in orde
determine which configuration~FP or AFP! has the mini-
mum magnetostatic energy as a function ofLx , dx , Ly , dy ,
h, andt, the equationEint1EF2EAF50 must be solved. To
reduce the numbers of variables, we fix the size of the d
(Lx andLy) and their spacing (dx anddy) and determine the
values of the thicknesst and critical height of dotshc , for
which the two configurations have the same energy. Fig
12 gives the variation ofhc as a function of the thicknesst of
magnetic material for dots of different sizes and a cons
spacing of 100 nm@Fig. 12~a!# and for 200 nm dots with
different spacings@Fig. 12~b!#. The first point to note is tha
for a fixed thickness and for large values ofh, the configu-
ration of lowest magnetostatic energy is the antiferrom
netic pattern~checkerboard pattern!. This can be easily un
derstood by considering that in this case the domin
interaction is the magnetostatic interaction between the
of the dots. This is also the most stable configuration for

FIG. 12. ~a! Magnetostatic phase diagram (hc , t) for dot sizes
of 400 nm~squares!, 300 nm~crosses!, and 200 nm~circles! with a
spacing of 100 nm;~b! same diagram for a dot size of 200 nm a
spacings of 200 nm~squares!, 100 nm~circles!, or 75 nm~crosses!.
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arrays which have no magnetic material around the do4

Conversely, for small values ofh, the ferromagnetic pattern
is less energetic than the antiferromagnetic one. The dots
therefore coupled by dipolar interactions with the bottom
the grooves@the second case in Fig. 11~c!#.

To compare these calculations with the experimental
sults, we have demagnetized the~400/100/200! array. By
using six images~18 mm318 mm each! taken from a 3
mm33 mm array, we have then imaged the magnetic c
figuration by MFM over an area of about 8000 dots, a
determined by statistical analysis the correlation coeffici
R between two first-neighbor dots. This coefficient refle
the magnetization alignment between adjacent dots,
ranges from21 for an antiferromagnetic alignment~check-
erboard pattern! to 11 for a ferromagnetic alignment. Fo
this array,R is found equal to20.35 which reveals that ther
is a real tendency towards an antiferromagnetic alignm
between neighboring dots. The micromagnetic calculati
@Fig. 12~a!# show that, for this array, the antiferromagne
pattern has a lower energy than the ferromagnetic one, w
favors the antiferromagnetic alignment between adjac
dots. Therefore, this experiment agrees with the microm
netic calculations. It should be noted that ifR is not equal to
21, it is essentially due to the difficulty to reach the dema
netized state of lowest magnetostatic energy in these arr
Indeed, we saw before that the distribution of switchi
fields in such arrays is determined by the distribution
nucleation centers, which is random. Therefore the dem
netized state reached here is a metastable configuration
not the one of lowest energy for whichR would be equal to
21.

C. Magnetostatic and pinning energy

In the prospect of using such arrays as magnetic stor
media, it is important to check the stability of any writte
magnetic configuration against magnetostatic interactions
tween dots. Therefore calculations of the maximum mag
tostatic field on a given dot were made and compared to
coercive field. This magnetostatic field corresponds to
one created by the whole array on a given dot. From
magnetostatic phase diagram and the five geometries li
in Table I, this field is maximum when the magnetization
all dots and of the magnetic deposit in the grooves are p
allel. In Table III, the calculated fields are listed for the d
ferent geometries. A maximum field of 115 Oe is found f
the ~200/200/47! array, lower than the coercive field in th
continuous layer~170 Oe! and therefore by far lower than th
reversal field of the dots~1600–2400 Oe! determined by
SQUID and MFM measurements.

TABLE III. Maximum magnetostatic field created by the arra
on a given dot.

Array Maximum magnetostatic field~Oe!

400/100/200 70
400/100/47 43
300/100/47 88
200/100/200 42
200/100/47 115
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MFM experiments were also carried out to confirm t
relatively weak value of the magnetostatic energy compa
to the pinning one. The sample was first saturated along
normal to the film plane and MFM scans were performed
the remnant state~Fig. 13!. Imaging the same array with
MFM tip saturated in the opposite direction leads to the sa
type of image, although with reversed contrasts. This de
onstrates that all contrasts in Fig. 13 only originate from
magnetization of the sample. Furthermore, it appears
this saturated magnetic configuration, which is the confi
ration of highest magnetostatic energy, is stable in time
room temperature for several days. So the pinning energ
the dots is much higher than the magnetostatic energy. A
consequence, any magnetic configuration could be store
these arrays.

D. Influence of the geometry on the coercive field

We mentioned above that the coercive field of the d
was only weakly dependent on the different geometries
the arrays~Fig. 9!. Actually these variations can be entire
accounted for by the variation of the magnetostatic ene
due to the variation of the dots size and spacing. For
arrays with different geometries, the field on a given do
different because of three contributions:~i! as the distance
between dots varies, the field created by all the other do
modified;~ii ! in addition the field generated by the magne
deposit in the bottom of the grooves varies with the spac
between dots;~iii ! finally, thez component of the demagne
tizing field inside the dot is reduced when the dot size
creases. As we want to determine the change in coer
field of the whole array, the average magnetization of
dots is assumed equal to zero.

In order to estimate the magnitude of the first contrib
tion, we consider an unfavorable magnetic configuration
which all the nearest neighbors of a given dot have th
magnetization parallel. Calculation of the magnetostatic fi

FIG. 13. MFM images in the remnant state after saturation al
the normal to the film plane of a Pt20 nm /(Co0.5 nm /Pt1.8 nm)4

multilayer on a~400/100/47! array:~a! 5 mm32.5 mm image with
the MFM tip saturated along the up direction;~b! 1.5 mm30.75
mm image with the MFM tip saturated along the opposite directi
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for this configuration shows that the field variation on th
given dot is only of 2 Oe when the size of the dots var
from 400 to 200 nm. Therefore, this first contribution can
neglected. Let us now consider the second and third con
butions~Fig. 14!. At the coercive field of the dots, the mag
netization of the whole groove is uniform and already in t
down direction since the coercive field in the grooves
much lower than on the dots~Sec. III!. Therefore the groove
can be considered as the sum of a continuous layer wi
negative uniform magnetization and of an array of dots w
a uniform positive magnetization@Fig. 11~b!#. The stray field
of this system can be calculated with the same method
presented before. It gives at the center of a dot of heighth a
positive stray fieldHgroove , whereas the self-demagnetizin
field of the dotHdemag, as well as the external applied field
gives negative contributions.

Consequently, the variation of the coercive field betwe
two different geometriesi and j is H j2Hi5(Hgroove

j

2Hgroove
i )2(Hdemag

j 2Hdemag
i ). Table IV shows that a rea

sonable agreement between experimental and calcul
variations is obtained. These results confirm the fact t
there is no significant change in the magnetization reve
mechanism in the arrays of dots when their size decrea
from 400 nm to 200 nm.

VIII. CONCLUSIONS

We have shown that the deposition of~Co/Pt! multilayers
on patterned silicon substrates can be used to prepare s
domain submicronic magnetic dots with enhanced coerciv
This increase is ascribed to the reduced influence of m
defects for isolated dots compared to a continuous layer.
negligible amount of magnetic material deposited on
sidewalls of the dots does not induce perturbing effects in
magnetic configurations of the top of the dots. Furthermo

g

. FIG. 14. Schematic representation of the various fields acting
the dots and considered for the change in coercive field of the w
array.
try of
TABLE IV. Experimental and calculated variations of the coercive field as a function of the geome
the array.

Considered arrays ExperimentalDHc ~Oe! CalculatedDHc ~Oe!

L5400, d5100, h from 47 to 200 285 226
L from 400 to 300,d5100, h547 131 139
L from 400 to 300,d5100, h from 200 to 47 1116 165
L from 400 to 200,d5100, h5200 162 167
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despite the presence of magnetic material in the grooves,
results show that any magnetic configuration could be sto
on these dots, which is of considerable interest for appli
tions to storage media.

Compared to continuous films, the reversal mechanism
unchanged for dots and occurs via nucleation and propa
tion, as long as the domain wall width is well above the d
size. The distribution of reversal fields cannot be ascribed
magnetostatic interactions between dots. It is associated
the detailed shape of the dots resulting from the pattern
process.

Micromagnetic calculations have been carried out by c
sidering both magnetic deposits on top of dots and in
bottom of the grooves. The calculated magnetostatic ene
can explain the change in the coercive field of the wh
array with the geometry of the dots, and confirms that
reversal mechanism in the dots does not fundament
ur
d
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is
a-
t
to
ith
g

-
e
gy
e
e
ly

change while the dots’ size varies from 400 nm to 200
By extrapolating the magnetic calculations to arrays
square dots with a dot size of 30 nm and a spacing of 50
~corresponding to a density of 100 Gbit/in.2), the maximum
magnetostatic field on a given dot would be 70 Oe. Since
coercive field of the dots increases as their size decre
these calculations show that the present preparation
nique would still be efficient for ultrahigh-density recordi
media.
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