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Magnetic properties of CdPt multilayers deposited on silicon dot arrays
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Arrays of silicon dots down to 200 nm in size have been prepared by standard lithography and etching
techniques, and then covered by different {€qm/Pt g ny 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 microgéépy) images show magnetic
domains about 1.22m 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 dofi particular the sharpness of the cornexsd 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.

[. INTRODUCTION Thus it is important to determine, as a function of both
height and separation of the dots, to what extent the amount
The fabrication of arrays of submicronic magnetic dotsof material deposited in the grooves separating the dots can
with a well-controlled geometry is very interesting from a modify their magnetic behavior, as compared to the case of
fundamental point of view as well as for potential techno-patterned magnetic layers.
logical applications in ultrahigh-density data storage and in- In this paper, we present results obtained ©o/P) mul-
tegrated magnetoelectronic devices.Various properties tilayers with perpendicular magnetic anisotropy. The domain
are investigated in these materigtaechanism of magneti- structures and the mechanism of the magnetization reversal
zation reversal, domain configurations, coupling betweerbf the material deposited on the dots and in the grooves are
dots, collective excitations, or dipolar effebtsMost of the investigated with a magnetic force microscoytFM) tip.
conventional approaches for the preparation of these arrayshe switching field distribution of the dots is determined and
consist in first depositing thse magnetic material on a flatts width is compared to the magnetostatic coupling between
wafer and locally etching ft=° In this paper, we report on he dots. Finally, micromagnetic calculations of the magne-

the magnetic properties of arrays of dots prepared by anothggstatic energy in arrays of various geometries are carried out
approach which consists in depositing the magnetic film ong compared to experimental results

an array of square Si dotsSuch a technique has been pre-
viously used for magneto-optic media with, however, dot
sizes and separations larger than the ones used in the present
Study}0—12 Il. SAMPLE PREPARATION

This method offers a number of advantagésthe depo-
sition of the metallic film is the last step of the process, thus The 8-in. silicon wafers are patterned in the form of ar-
eliminating any possible deterioration of its magnetic prop-fays of Si square dots by conventional lithographic and etch-
erties during patterningji) etching of silicon is a very well-  ing techniques at LETI in CEA-Grenoble. The different steps
controlled technique in microelectronics, thus allowing toinvolved in the sample preparation are summarized in Fig.
prepare magnetic submicrostructures with very high resolui(a). A 600 nm film of positive resistUV3 by Shipley is
tion (down to 50 nm, high aspect ratio, and qualitgiji ) the  first deposited on the silicon waféstep ) and parallel lines
substrate preparation is independent of the choice of thia two orthogonal directions are insulated on the resist with a
magnetic material; therefore, there is no need to find a parscanning electron beam. After revelation of the insulated
ticular etching procedure for each element. However, tharea, an array of resist dots is obtair{stép 3. Reactive ion
magnetic material is here deposited on the whole substratetching then transfers the resist pattern onto the silicon sub-
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1. | Resist |

2. Electron beam lithography and
removal of the insolated resist

3. Reactive Ion Btching

4. Magnetic deposition by sputtering

FIG. 1. (a) Lithographic preparation proces$) scanning elec-
tron microscopy image of €00/75/600 resist dots array, an@) 3
um x 3 um AFM image of a(200/200/150 square Si dots array.

strate(step 3. The last step of the preparation consists in
sputter-depositing a Co/Pt multilayer on the whole substrat
(step 4. Figure 1b) is a scanning electron microscopy image
of the resist array before the silicon etching and Fig) 1s

an atomic force microscop$AFM) image of the silicon ar-
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FIG. 2. Hysteresis loops of P§,m/(Cos nm/Plisnms
(squares  Ptg,m/(Cosnm/Phgnm)a  (crosses  and

Pto nm/(Cs nm/Plig nma (circles multilayers, obtained from
extraordinary Hall effect measurements. The coercive fields are 120
Oe, 170 Oe, and 400 Oe, respectively.

roughness of the film on the top of the dots, on the continu-
ous layer in the bottom of the grooves, and on the unpat-

?erned area. In all cases we found a roughness of about 0.8

nm.

ray at the end of the patterning process. This figure shows

the nice regularity of the arrays. In Fig(c], the dots look

cylindrical rather than square. However, this is an artifact of
the AFM measurement technique. Due to the size of the

AFM tip, the corners of the dots look much rounder than
they actually are.

The Si dots used in the present study will be identified in

the rest of this paper byL{d/h), whereL is the size of the
square dotgfrom 200 to 400 nmy d is their spacing100 or
200 nm), andh is their height(47 or 200 nm. The charac-

Ill. MAGNETIC PROPERTIES OF Co /Pt MULTILAYERS
ON FLAT WAFERS

Figure 2 presents the normalized hysteresis loops of the
three multilayers when deposited on unpatterned silicon sub-
strates, the magnetic field being applied perpendicular to the
plane of the wafer. They have been obtained from extraordi-
nary Hall effect measurements’ performed at room tem-
perature in the Van der Pauw configuration. In ordinary fer-

teristics of the arrays investigated in this study are listed ifomagnetic samples, the field dependence of the Hall
Table I. On each wafer, six different patterned patches cortesistivity is given byp, ,(H)=RoH +47RM(H), where
responding to various dot sizes were insulated, each patdRy and Rs are the ordinary and extraordinary Hall coeffi-

having a size of 1 mm 30 um. For some experiments
(magnetization measurements and statistical analiziger
arrays(3 mmx3 mm) were also prepared.

cients, respectively, anill (H) is the sample magnetization
perpendicular to the plane. In the present samples, the ordi-
nary term is very small, and the Hall measurement gives a

Co/Pt multilayers exhibit a magnetic anisotropy perpen-signal proportional to the magnetization. The square hyster-

dicular to the film plané®~'® Three different multilayers
were studied: Si/SIQYPtoym/(Coys nm/Ptig nm)as
Si/SiG, /Pt g nm/(COy5 nm/Plig nm) 4 and
Si/SIO, /Pt g ym/(Cy 5 nm/Ptig nm)3- In all cases the depo-

esis loops in Fig. 2 indicate that the magnetization reversal
occurs first by nucleation of a reversed domain followed by
rapid domain wall motiorf®

By adjusting the platinum buffer layer thickness or by

sition was carried out at room temperature by dc sputteringnodifying the number of bilayers, the coercive field can be

for cobalt and platinum at a rate of about 0.1 nm/s. The,SiO
layer is the native oxide layer 1 nm thick.

tuned in a wide range between 100 and 1000 Oe. Honda
et al!® have studied the magnetization process in sputtered

AFM measurements allowed us to determine the rm§co/py multilayers. The Co layer thickness was 0.5 nm and

the Pt layer thickness was between 0.5 and 1.5 nm, for a

TABLE |. Structural parameters of the arrays. The numbers givq”lumber of bilayers between 5 and 60. Their numerical cal-

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

culations showed that the magnetization process can be ap-
proximated by that of a single film having the same charac-
teristics as the multilayer after averaging over its whole
thickness. Therefore, our multilayers can be considered as
single layers with average magnetization. A vibrating sample
magnetometefVSM) loop with the field applied in the plane

of the sample gives an in-plane saturation fielg of 8500

Oe and a spontaneous magnetizatighy of about 300
emucm 3. FromHg and M, the effective anisotropy con-
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FIG. 3. 40 wumxX40 um MFM image of a
Pt s nm/(Coy5 nm/Pti s nm) 2 Multilayer on a flat Si substrate in the
demagnetized state.

FIG. 4 (& 8 umx8 um AFM image of a
Pt /(C /Pt multilayer on a(200/200/47 array,
stantKe¢s can be calculated usings=2Kctt/Ms, which (bioglr:nM( c:)ggsnn;ectilgnng])an dot bgfore and (after depozition )(;f the
leads toKes=K,—27MZ=1.27x10°ergcni ®. This im-  muttilayer, (c) 8 umx 8 xm MFM image of the same arragd) 8
plies a quality factorQ=K /27M2=3.2 which is compa- umx8 um MFM image of a(400/100/47 array coated with the
rable to values found in the literatut®. same multilayer. Local checkerboard pattern are shown in white
Magnetic imaging of these samples was performed byPoXes.
MFM using a Digital Instrument 3a Nanoscope, with a sili-
con tip coated with a CoCr film, in Tapping Mode. ™o b
The imaging was carried out with a two-step Lift Mode d=t eXF{T ex;{1+ 2
process, the first scan being used to determine the topogra-
phy and the second one passing at a fixed height above tighereb is a constant equal te-0.66 andD, the character-
known surface while recording the magnetic response of thistic dipolar length, we determinBo=o,/27Mg=41 nm,
tip with a phase detection system. During the imaging, thevhich gives for the wall energy,=2.3 ergcm 2. The do-
tip was magnetized in the direction perpendicular to theMain wall (Bloch wall) width can thus be determined ty
sample surface, so that it can roughly be considered as Fow/4K=3.1 nm.
magnetic dipole. Figure 3 shows an example of the magnetic
domain configuration obtained by MFM on a continuous IV. ARRAYS OF (Co/Pt) SUBMICRONIC DOTS
Ptig nm/(Cbs nm/Plig nm)s film. The sample has been de- arrays studied in this section af200/200/47 and

magnetized by rotating it in a static field of decreasing am- :
plitude around theY axis in Fig. 3. This axis is in the plane (400/100/47 ones on which & B4 nm/(C0u.s nm/Plis nm)4

. . o multilayer has been deposited. The AFM image of the first

of the film and perpendicular to the applied field. sample[Fig. 4a)] reveals that the magnetic deposit does not

Figure 3 shows elongated magnetic domains parallel to,ify the topography of the sample and that the dots are
the rotation axis with a width of about 12m. This anisot- gl well defined after the deposition of 29.2 nm material,
ropy axis is not characteristic of the magnetic material but iyhich represents more than 60% of the initial dot height.
due to the method used to demagnetize the sample. Indeggdigure 4b) is an AFM cross section of one dot of this array.
when there is a nucleation event, the domain inXhgirec-  Although the image is the convolution of the real dot profile
tion is subjected to an alternative field. Therefore it cannotind of the tip shapéeading to nonvertical dot walisit is
expand through the whole sample and reaches an equilibriupossible to study the evolution of the height and width of the
size. In contrast, no magnetic field is applied in theirec-  dot after the deposition of the multilayer. Neither the height
tion. So the domains can keep on growing in this directionnor the width of the dots is modified, meaning that the profile
during the demagnetization process. This explains why thé perfectly reproduced after deposition. In other words, it
magnetic domains are elongated in thdirection parallel to seems reasonable to assume that no significant amount of
the rotation axis. We have performed the same experiment tmagnetic material is present on the side walls of the dots.
determine the domain size for 5 samples with a total thick-This assumption will be used in the micromagnetic calcula-
ness varying from 11.2 nrfd bilayers to 48.8 nm(20 bi-  tions presented in Sec. VII. Electron microscopy experiments
layerg. Using the relation established by Kaplan andare underway in order to analyze these profiles with a much
Gehring® between the thicknesf the film and the domain higher resolution.
size d for stripe magnetic domains, Figure 4c) shows the corresponding magnetic image of
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the same array in the as-deposited stag, without any
magnetic treatmept A uniform white or dark contrast is
seen on each dot, which indicates that the dots are sing|
domain. All sizes investigate@00, 300 and 200 njrled to
the same observation. The spacing of 200 nm between dot
allows the tip to explore the magnetic configuration in the
bottom of the grooves. The continuous magnetic medium
within the grooves has a domain size of about 3,
comparable to the one observed on the flat part of the wafer (a)
(bottom left of the imagk In this figure, it also appears that
the magnetization of the dots can be up or down whateve
the magnetization direction in the grooves. This shows that
there is no significant direct exchange coupling between th
magnetic material at the top of the dots and in the grooves
via the magnetic deposit which may exist on the sidewalls of
the dots. This confirms that if any magnetic deposit is presen
on the walls, its thickness must be much smaller than the
nominal one.
Figure 4d) shows the magnetic image of the other array (C) (d)
(400/100/47. In this case, the small spacing between the
dots (100 nm prevents the tip from imaging the magnetic -~ ¢ ¢ umx6 um  MEM images of a
configuration in the bottom of the grooves. Local checkerpy . /(cq .. /Pt 5 )4 multilayer on a(200/200/47 array.
board patterns are observed on this image. This magnetifop: without external fielda) and with an applied field of 35 Oe
configuration corresponds to the minimum of the magnetoth). Bottom: another area without external field and with an
static energy for a square lattice of interacting magnetic parapplied field of 170 Ogd).
ticles with perpendicular anisotropy. The absence of such a

magnetic correlation on the array with 200 nm spadifig.  the sample. Figure(6) shows the magnetic configuration in
4(c)] indicates that the dominant magnetostatic interaction ifhe as-deposited state. Then successive images were recorded
Fig. 4(d) is the interaction between the top of neighboringwhile in situ increasing the external magnetic field. Figure
dots. 5(d) corresponds to an external field of 170 Oe, that is, a
total field of 305 Oe. The magnetization in the bottom of the
grooves has now reversed. In contrast, the magnetization on
V. MAGNETIZATION REVERSAL OF THE ARRAYS top of the dots is still in the initial direction. We recall that
the scans have been recorded in tapping mode. Thus the stray
In order to assess whether these systems can be used@sd generated by the tip on the material in the grooves is the
ultrahigh magnetic recording media, we made some writingsame as the one previously determined on the flat part of the
tests by using a MFM tip as a local field source as Kleiberyafer, although the grooves are located 47 nm below both
et al?* and Konget al?? the unpatterned area and the top of the dots. One thus obtains
As a first step, we studied the magnetization reversal of @ coercive field of about 300 Oe for the magnetic material in
Pti g nm/(C0y5 nm/Pt s nm)a Multilayer on the flat part of the grooves, that is, almost twice the value obtained on the
the substratdoutside the arrgyin order to determine the unpatterned area. This enhanced coercivity can be ascribed
magnetic stray field of the MFM tip. We used a 40-nmto the fewer number of nucleation centddefects in the
CoCr-coated tip and thé200/200/47 array in order to be grooves and/or to the pinning of the domain walls at the foot
able to also image the magnetic configuration in the bottonof the dots.
of the grooves. The image of Fig(é was recorded without In order to be able to reverse the magnetization of the
an external field, and Fig.(B) (recorded on the same area dots, we used a MFM tip with a higher magnetic moment
but with an applied magnetic field of 35 Dshows that only  80-nm CoCr-coated tjpwhich creates a stronger stray field.
the magnetization on the flat part of the wafer has reverseBurthermore, we deposited (&o/P) multilayer with only
after several scans. This means that the sum of the stray fiettree repeats in order to decrease the coercive field of the
from the tip and of the external field of 35 Oe is of the ordercontinuous layer(120 Oe in this cage assuming that this
of the coercive field of the continuous filnH(=170 Oe as would also decrease the coercive field of the dots.
obtained from the Hall experimentsTherefore the magnetic For particles with perpendicular anisotropy, the magnetic
field created by the tip has a magnitude of about 135 Oepoles are located all over the surface, and their influence is
comparable to the values reported in the literature for sucklominant in the reversal process. The reversal behavior is
MFM tips.2® not very different from that of the continuous film as long as
The fact that the magnetic configuration in the grooves ighe particle size is well above the domain wall widfn?°
unchangedFig. 5b)] means that, although the material de- Here, the domain wall widtli3.1 nm) is by far smaller than
posited in the bottom of the grooves is continuous, its coerthe dot size, so we can suppose that the magnetization rever-
cive field is larger than 170 Oe. Figurecpand Fd) present  sal on the dots occurs by nucleation of reversed domains and
MFM images obtained with the same tip on another part oforopagation. The nucleation is expected to take place at the
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(a) (b)

FIG. 6. 4 umX4 um MFM images(using a 80-nm CoCr-
coated tip of a Pt g nm/(C0y 5 nm/Pt g nm)3 Multilayer on a(400/
100/47% array. Image(a) is the first scan after demagnetization of
the sample and imag@) is the same area after several scans.

center of the dots where the demagnetizing field is maximum
or at the corner of the dots where the remnant magnetization
is the most distorted in the so-called “flower patterfl.”
MFM images of a(400/100/47 array corroborate this as-
sumption as can be seen in Figapwhere the sample was
first demagnetized with the same procedure used for continu-
ous multilayers(see previously The areas with dark con-
trasts have their magnetization in the down directide the

tip), whereas white contrasts are associated with a magneti-
zation in the up direction. Using a MFM tip with a high
magnetic moment leads to the observation of small dark con- (©) ®

trast areas at the center or corners of white dots, as shown by

circles in Fig. &a). This confirms that the switching of the ~ FIG. 7. Sequence of 12:mXx12 um MFM images of a
magnetization does not occur by coherent rotation but by &4.8 nm/(C.s nm/Ptg nm)4 multilayer on a(400/100/200 array.
nucleation-propagation mechanism. Figutb)@s an image Between each image, the sample was saturated in a positive field

of the same part of the sample after several scans. The ma?t_arpendicular to the film plane. Images were recorded in the rem-

netization of all dots has now switched. It must be noted tha ant state after applymg an external fiéid,q perpendicular to the
the white contrasts around the dots result from the stray fiel _lir(])% "gg decreasing from1400(a) to —1900 Oe(f) by steps of
of the dots and do not imply that the magnetization at the
edge of the dots switched again in the opposite direction. . )

Recent studies on MFM tips similar to the ones used her&02ted tip, giving a stray field=135 Og much smaller than
indicate local fields larger than 1000 &Thus we can con- the coercive field of the dotsX1000 Og. Between each

clude that the coercive field of the dots is larger than 100dMmage, the sample was saturated in a positive field perpen-
Oe, compared to 300 Oe for the grooves and 170 Oe for théicular to the film plane. Then a negative fietth,; was
unpatterned area. As in Refs. 29 and 30, the coercive field giPplied and switched off, the MFM measurements being per-
the dots is thus strongly enhanced compared to continuolf8'med in the remnant state. Dots with dark contrasts are still
layers. This can be understood by considering that, on a coff@gnetized in the positive saturation direction, whereas the
tinuous layer in which there is easy wall propagation, the_magnetlzatmn. in the dots with whltg cc_)ntrasts has switched
reversal field of the whole sample is extremely dependent off? the down direction after the application Bif;.

the presence of major defects which act as nucleation cen- Sincé minor hysteresis loops obtained either from Hall
ters. For the dots, the domain wall propagation is necessaril§ffect (on continuous layeysor from superconducting quan-
stopped at the dot edges. Therefore, the nucleation must ta interference deviceSQUID) experimentson continu-

place on every individual dot, leading to a larger reversaPus layer and on dot arrayshow that the magnetization is
field. constant when going from ., to H= 0, this implies that the

magnetic structuréi.e., the proportion of dots with up and
down magnetizationis the same undet,,; and in the rem-
VI. DETERMINATION OF THE SWITCHING FIELD nant state. . o
DISTRIBUTION By increasing the negative applied field, it is found that
the reversal of the magnetization of the dots takes place be-
In this section, we report on the determination of thetween—1600 Oe and-2400 Oe. This is in agreement with
switching field distribution in these arrays of magnetic dots.SQUID experiments we carried out on the same sanle
Figure 7 shows a sequence of MFM images aq#@0/100/ 3X3 mm array. This validated our assumption and our ex-
200 array coated with a Pg . m/(Cosnm/Plsnma perimental process for the determination of the switching
multilayer. The images were recorded with a 40-nm CoCr{ield by MFM. Besides, the width of the distribution is com-
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H =160 Oe 1400 1600 1800 2000 2200 2400 2600
H, = 1000 Oe H (Oe)
H, = 2000 Oe FIG. 9. Half of the hysteresis loops of different arrays calculated

from MFM sequences identical to the one of Fig. 7.

of the dots and their switching field.

However, in a particular situation, we have been able to
identify the defects responsible for the weak reversal field for
four dots near the unpatterned area at the right top part of the
array in Fig. 8. AFM images show residual bridges between
the flat part of the wafer and the patterned area. The reversal
field in the connected dots falls to 1000 Oe compared to
pmm MFM corresponding image, which shows these first four re-abOUt _200_0 Oe_ for isolated d_OtS' Foureetl showed that
versed dots(c) 1 umx 1 um AFM view of image(a) showing a  the switching field of a dot bridged to a large continuous area
bridge between one of these dots and the unpatterned area. rapidly increases when the bridge width decreases but does

not depend neither on the bridge length nor on the dot size.
The reversal field for these bridged dots is therefore lower
parable to results obtained by other authtrdhis width  than for isolated dots due to the propagation of a domain
may have two origins: one is the intrinsic switching field wall from the continuous area through the bridge. It is, how-
distribution of the assembly of dots supposed to be magnesver, higher than on the continuous layer due to the difficulty
tostatically independent of each other; the other is the influfor the domain wall to propagate through the bridge.
ence of the magnetostatic interactions between dots which From sequences similar to the one shown in Fig. 7, the
shifts the hysteresis loop of a given dot towards positive ohysteresis loop can be calculated by using a relation of the
negative fields depending on the magnetic configuration oform M/M¢=(n;—n)/(n,;+n), wheren, andn, are the
all the other dots. However, our calculations of magnetonumber of dots magnetized either in the up or down direc-
static coupling(see Sec. VIl show that the maximum mag- tion. Figure 9 shows the positive branch of the loops calcu-
netostatic field on a given dot, generated by all other dots, itated for different arrays. The average coercive figldble
43 Oe for the array of Fig. 7. This is much lower than thell) is about 12 times larger than for the continuous film
width of the distribution of switching fields which is of the (H.=170 Og. There is some tendency for the reversal fields
order of 800 Oe. The magnetostatic interaction is therefore & increase with decreasing the dot size, in agreement with
minor contribution to the width of the distribution. results found in the literatur®:*® However, a relatively

In addition, it is interesting to note that, despite the factweak change in coercive field, less than 10%, is observed
that the sample was saturated in the positive direction besetween the different samples, although the dot area varies
tween each MFM measurements, the switching sequence kay a factor of 4. This indicates that the reversal mechanism is
always the same. This means that every given dot has itgualitatively the same for all sizes. Furthermore, this con-
own coercive field. This property was observed for all arraydirms that the nucleation events do not take place on ran-
we have studied. We think that a large part of the width ofdomly distributed centers on the surface or edges of the dots
the distribution is due to the exact shape of the corners of théwhich would lead to a strong dependence of the reversal
dots where the magnetization is the most distorted. Slight
fluctuations in this shape_ may _eX'St from do@ to dot which g g |, Average coercive field of dots deduced from the
may lead to a strong variation in switching field wheneverm,steresiS loops.
the nucleation of the magnetization reversal takes place at

FIG. 8 (@& 5 wumxX5 um AFM image of a
Pt g nm/(C0p 5 nm/Pt g nm)a Multilayer on a(400/100/200 array.
The four encircled dots are the first reversed offles12 umx12

the corners of the dots. Array Average coercive fieldOe)
In order to try to correlate the switching fields with some

particular structural defects of the dots, we carried out a de400/100/200 1980

tailed AFM study, selecting two particular dots with switch- 400/100/47 2100

ing fields at the lower and upper part of the distribution.300/100/47 2120

Unfortunately the resolution of this technique did not allow 200/100/200 2070

us to establish a clear correlation between the nanostructure
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FIG. 10. Probabilities for a given reversed dot to have zero, one, Py/1 @ $ @ @

two, three or four first neighbor dots also reversed as a function of

the density of reversed dots in the array. Experimental ¢ata- Px >

bols) are compared to a binomial laggolid line). B )
ferromagnetic antiferromagnetic

field on the dot sizg but rather occur at the center or corners _ _ _

of the dots. In addition, these changes in coercive fields can FIG. 11. (8) Schematic representation of the magnetic state of

be quantitatively accounted for by considering the variatiorthe arrays for the micromagnetic calculatiofts, the superposition

of the magnetostatic energy with the size of the dstse principle for the magnetic deposit in the bottom of the grooves,

Sec. VII). these two magnetic configurations are equivalent to two arrays of

Finally from Fig. 7, a statistical analysis of the magneti- d°ts separated by a height and (d) magnetic patterns, on four
zation reversal of the dots can be performed. In particular?OtS‘ Cons'dereq in order to determ'n.e the magnetic 9F°””d state,
the probability for a given reversed dot to have zero, one,he ferromagnetic onéeft) and the antiferromagnetic orfgght).
two, three or four first neighbors also reversed can be calcu-
lated. These experimental probabilities are compared witiop of the dots and in the bottom of the grooves but no
the calculated probability assuming that the dots have nenagnetic deposit is considered on the sidewalls of the dots.
correlation between them. Under this assumption, the probwe consider an infinite two-dimension@D) array of mag-
ability to havex first reversed neighbors as a function of thenetic dots. Several micromagnetic calculations have been
average densityl of reversed dots is given by a binomial previously performed on such arrai/s® The particularity
law: P(x)=Cj3d*(1—d)* *. Figure 10 shows that a good here is the presence of the magnetic material in the grooves
agreement is obtained between experiments and the binomiahich cannot be neglected in the calculation of the magne-
law. This implies that the dots are essentially uncorrelatedtostatic energy.
which means that the defects which act as nucleation centers Figure 11a) schematically shows the structure of the ar-
on the dots are randomly distributed all over the array. ray. According to the superposition principle, the deposit in
the grooves can be treated as the sum of an infinite continu-
ous layer, with uniform magnetization, and an array of dots
with opposite magnetizatiofiFig. 11(b)]. The system is

In this section, we describe the calculation of the magnetherefore equivalent to an infinite continuous layer and two
tostatic energy of these arrays of dots. Our goal is to deterarrays of dots separated by a heighfThe continuous film
mine how the coupling between the top of the dots and th@nly adds a constant contribution to the magnetostatic energy
bottom of the groove and the coupling between the top ofince the stray field outside the layer is equal to zero. In the
adjacent dots depend on the geométtgt spacing and dot following we can therefore neglect this contribution to the
height and on the amount of magnetic material. The mag-magnetic energy and only calculate the magnetostatic energy
netostatic field generated on a given dot by the rest of th@f two arrays of dots separated by a heighiFig. 11(c)]. To
array is also calculated from the magnetostatic energy, andetermine for which geometry the coupling between the
the experimental results are compared to these micromagroove and the top of the dots is less energetic than the
netic calculations. coupling between the top of the dots, two magnetic dot pat-
terns have to be consider¢Big. 11(d)]: the ferromagnetic
pattern(FP) and the antiferromagnetic orf@&FP). In these

A. Model infinite arrays, the magnetization is a 2D periodic function

We recall that MFM image$Fig. 4(c)] show that after with periodicitiesP,=2(L,+d,) andP,=2(L,+d,) along
demagnetizing the sample, the domain size in the grooves the X andY axes, respectively, in whidh, andL, are the dot
much larger than the dot size. In order to simplify the calcu-dimensions andl, andd, the dot spacings. It may therefore
lations, we thus consider that the magnetization in thebe expanded as a two-dimensional Fourier sefies.
grooves is uniform around a considered dot. Furthermore, we Considering the multilayer film as a uniform monolayer
supposegand we showed in Sec. IV that this was a reasonfilm of thicknesst, the magnetization function is for the AFP
able assumptionthat there is magnetic material only on the pattern

VIl. MICROMAGNETIC CALCULATIONS
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odd 1
16M Ly Ly X
M,(X,y)= 2, > sin mar—|sin nw =% |(—1)(M* M2~ 1gin 2mar —|sin 2n7rl (1)
m,n=1 mn772 Px Py l:)x_ I:)y

and for the FP pattern

LL, & 8MdL, Ly LN osMgL, [ L y
y s m/2 STX s y n/2
M,(X,y)= 4MSP b, E P, Ysin mm 5 }( 1) cos{Zmrr 5. nZZ nmp, ST Py}( 1) CO{ZHWPJ
even
16Mg¢ Ly X
+ > - sm mm — r{mw—}( 1)(m+“)’2c03{2m77— cos{anl 2
m,n=2 mn’7T Px I:)y Px Py

By solving the Poisson equatioVi2¢=477Vl\7l, the potential¢y can be derived and the magnetostatic energy can be

calculated usindE= % uof s¢(r)o(r)d?r, whereo is the surface density of magnetic pole;em(l\7l -n, n normal to the plane
and Sthe dot area. For an infinite array of dots in the antiferromagnetic configuration, this energy is

odd
32 L L
Ear=uoM2 X, sinz{mqr—x Sir?| nr—
m,n=1 m 2 n 2 PX Py
(mn2m°\/| —| +| =
P, \P,
m\2 [ n)\2 m\2 [ n)\2
X sinh #t —| +|—| |exg — =t —| +| = 3)
P \P, P, \P,

If Ly=P,/2 andL,=P/2, Eq. (3) gives the dipolar energy calculated by Kaplan and Geftifiy the checkerboard
pattern. In the same way, B, tends to infinity, Eq(3) leads to the dipolar energy of a stripe patt&tn
Similarly, the magnetostatic energy for an infinite arrays of dots in the ferromagnetic configuration is

LoL\2 e 16p, L2 L, t t
Er=8tuoM?2 +uoM2Y —sm2 ma—|sintf| mr— |exg —maz —
xy m=2 (mar) P2 X X Px
even 16P L2 Ly t' t
+uoM2Y " sir?{ nr— | sint?|{ nm — |exg —nm—
n=2 (n)3P% y yl y
L, L,
even 32sir? ma - sir?| nr— 5 5 5 5
) « v m n m n
+uoM2 > sind mt\/| —| +|—| |exg —#t\/| —| +|— (4)
m,n=2 m) 2 n\? Py Py Py Py
(mn?m°\/| —| +|=—
P/ P,

For the calculation of the magnetostatic interaction energy between the two arrays of dots separated byhadmdygttie
case of the ferromagnetic pattern must be considered. Indeed, for the antiferromagnetic case, the product of theppotential
generated by one array and the surface densitf the other array is an odd function. As a result, the double integration for
the calculation oE leads to an even function which gives no contribution to the magnetostatic energy. So for two arrays with
a thicknesg of magnetic material in the ferromagnetic configuration and separated by a heibbtmagnetostatic interaction

energy is
e 16P, LS Ly t h
Eine=poM2 > — 2 sird| mr— | sint?| mm—|exp —m27 —
p2° P P
m=2 (mar) P X X X
ven 16PyL% Ly t h
+uoM2Y, —sm2 na—|sink?| nm—|exg —n2m—
n=2 (n)3P% y y y
. Ly Ly
even 32Sirf ma-rP—X sir? mTP_y T a2 T e
+uoM2 > sinl 7t \/| —| +|—]| |exg —2=h +| — (5)
m,n=2 m 2 n 2 Px Py PX Py
(mn?z°\/|—]| +|=—
P \P,
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55 I TABLE Ill. Maximum magnetostatic field created by the array
S # vense®"] on a given dot.
45 j.-..................----"‘ = Array Maximum magnetostatic fieltDe)
E 40~ R 400/100/200 70
£935 [ L 400/100/47 43
o e _ 300/100/47 88
200/100/200 42
25 [mammmanmRnE AR 200/100/47 115
20 \ \ \ ,
0 10 20 30 40 50
(a) t(nm) _ . .
arrays which have no magnetic material around the Hots.
160 I I I Conversely, for small values d¢f, the ferromagnetic pattern
140 A—LTJ% . is less energetic than the antiferromagnetic one. The dots are

therefore coupled by dipolar interactions with the bottom of
the groovegthe second case in Fig. @d].
To compare these calculations with the experimental re-

120

illllIIIIIIIIIIIIIIIIII-llllllllllllll...l..l..l‘l’ll

100 — |

2080 — - sults, we have demagnetized tk#00/100/200 array. By
<60 _ using six imageg18 umx18 um each taken from a 3
40 4.-------------------ooo.-.--.o.--.-.o.--:::::::; mmx3 mm array, we have then imaged the magnetic con-
B B e figuration by MFM over an area of about 8000 dots, and
B | | | lm | determined by statistical analysis the correlation coefficient
o 10 20 30 20 50 R between two first-neighbor dots. This coefficient reflects
(b) t ) the magnetization alignment between adjacent dots, and

ranges from—1 for an antiferromagnetic alignmeftheck-
erboard patternto +1 for a ferromagnetic alignment. For
this array R is found equal to- 0.35 which reveals that there

is a real tendency towards an antiferromagnetic alignment
between neighboring dots. The micromagnetic calculations
[Fig. 12a)] show that, for this array, the antiferromagnetic

. : ! . attern has a lower energy than the ferromagnetic one, which
EA"=Enr+ Er for the antiferromagnetic configuration and Favors the antiferromaggnyetic alignment bgtween adjacent

E"=Ejn + 2E for the ferromagnetic configuration. Further- ;. Therefore, this experiment agrees with the micromag-
more, the magnetostatic field acting on a given dot and ge netic calculations. It should be noted thaRifs not equal to

erated by all other dots and by the magnetic material in the 1, itis essentially due to the difficulty to reach the demag-

grooves can be obtained by usikt=—V¢. The depen- petized state of lowest magnetostatic energy in these arrays.
dence of this magnetos_tatic field on the geometry of the arnpgeed, we saw before that the distribution of switching
rays can thus be investigated. fields in such arrays is determined by the distribution of
nucleation centers, which is random. Therefore the demag-
netized state reached here is a metastable configuration but

_ ] o not the one of lowest energy for whi¢kwould be equal to
As mentioned before, the magnetic material in the_q

grooves may induce a magnetostatic coupling between the
top of the dots and the bottom of the grooves. So in order to
determine which configuratiod=P or AFP has the mini-
mum magnetostatic energy as a functiorLof d,, L, dy, In the prospect of using such arrays as magnetic storage
h, andt, the equatiork;,;+ Er—EAr=0 must be solved. To media, it is important to check the stability of any written
reduce the numbers of variables, we fix the size of the dotsagnetic configuration against magnetostatic interactions be-
(Lx andL,) and their spacingdy andd,) and determine the tween dots. Therefore calculations of the maximum magne-
values of the thicknessand critical height of doté., for  tostatic field on a given dot were made and compared to the
which the two configurations have the same energy. Figureoercive field. This magnetostatic field corresponds to the
12 gives the variation di,. as a function of the thicknes®f  one created by the whole array on a given dot. From the
magnetic material for dots of different sizes and a constaniagnetostatic phase diagram and the five geometries listed
spacing of 100 nnjFig. 12a)] and for 200 nm dots with in Table I, this field is maximum when the magnetization of
different spacing$Fig. 12b)]. The first point to note is that all dots and of the magnetic deposit in the grooves are par-
for a fixed thickness and for large valueshgfthe configu- allel. In Table Ill, the calculated fields are listed for the dif-
ration of lowest magnetostatic energy is the antiferromagferent geometries. A maximum field of 115 Oe is found for
netic pattern(checkerboard patteynThis can be easily un- the (200/200/47 array, lower than the coercive field in the
derstood by considering that in this case the dominantontinuous layef170 Og and therefore by far lower than the
interaction is the magnetostatic interaction between the topeversal field of the dot§1600—2400 Ok determined by

of the dots. This is also the most stable configuration for allSQUID and MFM measurements.

FIG. 12. (a) Magnetostatic phase diagrarm,( t) for dot sizes
of 400 nm(squares 300 nm(crosseg and 200 nnicircles with a
spacing of 100 nm(b) same diagram for a dot size of 200 nm and
spacings of 200 nnisquares 100 nm(circles, or 75 nm(crosses

Therefore, from Fig. 1(t), the magnetostatic energy is

B. Magnetostatic phase diagram

C. Magnetostatic and pinning energy
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FIG. 13. MFM images in the remnant state after saturation along
the normal to the film plane of a Btym/(Co.s nm/Ptig nma
multilayer on a(400/100/47 array:(a) 5 umXx 2.5 um image with *oanass’
the MFM tip saturated along the up directioffy) 1.5 ©umx0.75 ) ] )
um image with the MFM tip saturated along the opposite direction. ~ FIG. 14. Schematic representation of the various fields acting on

the dots and considered for the change in coercive field of the whole

MFM experiments were also carried out to confirm thed&-:
relatively weak value of the magnetostatic energy compare ) ! ) ! - .
to the pinning one. The sample was first saturated along tho" this configuration shows that the field variation on this
normal to the film plane and MFM scans were performed ind'V€N dot is only of 2 Oe when the SIz€ of the dOtS varies
the remnant statéFig. 13. Imaging the same array with a from 400 to 200 nm. Therefqre, this first contnbunon can be.
MFM tip saturated in the opposite direction leads to the sam@€glected. Let us now consider the second and third contri-
type of image, although with reversed contrasts. This demPUtions(Fig. 14. At the coercive field of the dots, the mag-
onstrates that all contrasts in Fig. 13 only originate from the€tization of the whole groove is uniform and already in the
magnetization of the sample. Furthermore, it appears th{ﬂown direction since the coercive field in the grooves is
this saturated magnetic configuration, which is the configu-mUCh lower t_han on the dotSec. ll)). Thergfore the groove
ration of highest magnetostatic energy, is stable in time at@" b considered as the sum of a continuous layer with a
room temperature for several days. So the pinning energy iA€92live uniform magnetization and of an array of dots with
the dots is much higher than the magnetostatic energy. As & Uniform positive magnetizatidirig. 11(b)]. The stray field

consequence, any magnetic configuration could be stored ff IS system can be calculated with the same method as
these arrays. presented before. It gives at the center of a dot of hdigt

positive stray fieldH,,0,¢, Whereas the self-demagnetizing
field of the dotH yemag as well as the external applied field,
gives negative contributions.

We mentioned above that the coercive field of the dots Consequently, the variation of the coercive field between
was only weakly dependent on the different geometries ofwo different geometriesi and j is HJ—H'=(HJg,00Ue
the arrays(Fig. 9). Actually these variations can be entirely —H, ;o) = (Hiemag- Hagemag- Table IV shows that a rea-
accounted for by the variation of the magnetostatic energgonable agreement between experimental and calculated
due to the variation of the dots size and spacing. For twaariations is obtained. These results confirm the fact that
arrays with different geometries, the field on a given dot isthere is no significant change in the magnetization reversal
different because of three contributior(s; as the distance mechanism in the arrays of dots when their size decreases
between dots varies, the field created by all the other dots iom 400 nm to 200 nm.
modified; (ii) in addition the field generated by the magnetic
deposit in the bottom of the grooves varies with the spacing
between dotsfiii) finally, the zcomponent of the demagne-
tizing field inside the dot is reduced when the dot size de- We have shown that the deposition(@fo/P) multilayers
creases. As we want to determine the change in coerciven patterned silicon substrates can be used to prepare single
field of the whole array, the average magnetization of thedomain submicronic magnetic dots with enhanced coercivity.
dots is assumed equal to zero. This increase is ascribed to the reduced influence of major

In order to estimate the magnitude of the first contribu-defects for isolated dots compared to a continuous layer. The
tion, we consider an unfavorable magnetic configuration imegligible amount of magnetic material deposited on the
which all the nearest neighbors of a given dot have theisidewalls of the dots does not induce perturbing effects in the
magnetization parallel. Calculation of the magnetostatic fieldnagnetic configurations of the top of the dots. Furthermore,

JEURIOR R R

D. Influence of the geometry on the coercive field

VIIl. CONCLUSIONS

TABLE IV. Experimental and calculated variations of the coercive field as a function of the geometry of

the array.

Considered arrays ExperimentaH . (Og) CalculatedAH, (Og
L =400, d=100, h from 47 to 200 -85 —26

L from 400 to 300d=100, h=47 +31 +39

L from 400 to 300d=100, h from 200 to 47 +116 +65

L from 400 to 200d=100, h=200 +62 +67
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despite the presence of magnetic material in the grooves, oehange while the dots’ size varies from 400 nm to 200 nm.
results show that any magnetic configuration could be storeBy extrapolating the magnetic calculations to arrays of
on these dots, which is of considerable interest for applicasquare dots with a dot size of 30 nm and a spacing of 50 nm
tions to storage media. (corresponding to a density of 100 GbitA. the maximum

Compared to continuous films, the reversal mechanism isnagnetostatic field on a given dot would be 70 Oe. Since the
unchanged for dots and occurs via nucleation and propaga&oercive field of the dots increases as their size decreases,
tion, as long as the domain wall width is well above the dotthese calculations show that the present preparation tech-
size. The distribution of reversal fields cannot be ascribed tmique would still be efficient for ultrahigh-density recording
magnetostatic interactions between dots. It is associated witimedia.
the detailed shape of the dots resulting from the patterning
process.

Micromagnetic calculations have been carried out by con-
sidering both magnetic deposits on top of dots and in the These experiments were performed in the framework of
bottom of the grooves. The calculated magnetostatic energihe PLATO program. The authors gratefully acknowledge B.
can explain the change in the coercive field of the wholeDal'’Zotto, S. Talesco, and M. HeitzmaniLETI, CEA
array with the geometry of the dots, and confirms that theGrenoble for the preparation of the patterned silicon sub-
reversal mechanism in the dots does not fundamentallgtrates.
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