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Fabrication of nanomagnet arrays by shadow deposition on self-organized
semiconductor substrates
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It is demonstrated how large-scale arrays of nanomagnets can be efficiently fabricated by shadow
deposition onto faceted surfaces of self-organized &e, films. By pulsed laser deposition of Co

in a grazing incidence geometry, we succeeded to cover just one selected type of facets resulting in
isolated Co patches with an areal density of about 8.28%in.2. These uniformly oriented
nanomagnets have a parallelogram-shaped base with about >2835mnm edge lengths.
Magneto-optic Kerr effect measurements reveal a clear in-plane anisotropy of the nanomagnets.
© 1999 American Institute of Physidss0003-695(99)01004-9

Within the trend towards ultra-high-density magnetic re-Sj, ;.Ge, 45 film surface. The morphology exhibits chains of
cording media there are increasing demands for effectivetriangular structures that originate from a step bunch to facet
and inexpensive ways to fabricate large-area arrays of magransition occurring at this substrate miscut of 4° towards
netic nanostructures. The main approach to manufacture ar110].1° Analysis of the local surface normals reveals that the
rays of nanomagnets is based on electron-beam lithography,itace consists of three types of nanoface@)501and
that yields structure sizes of less than 50 hBesides the 015) oriented facets antD01) terrace<® A model of this
low throughput of the method due to the serial processing, igurface is presented in Fig(t). The {105 facets are paral-
involves a considerable number of technological steps Cau?élograms with an acute angle of 47° and 25 and 35 nm edge
ing high fabrication costs. The second approach—scannin%ngths respectively. Th@01) terraces are—for an ideally

Furr?r?glirrlmcrr:iifgsgc;a;ssitlsﬂ()j ;: dn(gte:) tz:]'i(gi%or';e_umsigrsosscc(;dnmnpgeriodic arrangement of tH&05 facets—squares with a size
g b by of 35x 35 nnt. With the proper sample orientation one can

(AFM) to create magnetic structures down to the nanostale.

However, these methods are very time consuming and, ther?—'ther depoFs_lt on one typeh ofl'([)hoe paralleloglgratr)n-lr{lli@S}
fore, hardly suitable for mass production. acets[see Fig. 1)], or on the(100 terraces. In both cases

An alternative to man-made techniques is to “let nature
do the nanostructuring.” One way is island formation during
growth of magnetic thin film&:> Another way is achieved by
utilizing self-assembling or self-organization phenomena to
prepare nanostructured substrates, which are then used as
templates for subsequent deposition of magnetic material.
Size and arrangement of the resulting magnetic particles are
determined by the structure of the self-organized substrates.
Fe nanostructures have been obtained by electrodeposition
into self-organized aluminum oxide poréshermal growth
on a self-assembled Cu(10(2x2)N surface, or by
shadow deposition on self-organized NaCl surf&ceise ad-
vantage of this technique is quite obvious: once the self-
organized substrate has been prepared only one technological
step(i.e., metal depositionhas to be applied. We consider
here the strain-induced growth of;SiGe, films on the tech-
nologically relevant §D01) substrates. For this system a
family of self-organized nanostructures has been folind,
cluding a surface with just three types of nanofa¢®Such ~
a surface is a perfect template to fabricate two-dimensional ::Q
arrays of nanomagnets because it allows us to cover just one “~
selected facet type under grazing incidence.

In this letter we report on the fabrication of nanomagnets
by shadow deposition of Co layers onto the surface of a

; : ;L FIG. 1. 2.5 nm §j5G&, 45 film grown on a vicinal Si001) substrate with a
2.5 nm S 565&, 45 film grown on a vicinal S001) substrate. 4° miscut towards thd110] direction. (a) Gray-scale AFM image(b)

Figure 1 shows an AFM image of the correspondingthree-dimensional model of the surface morphology. The white areas rep-
resent(100) terraces, the gray and black areas correspond @5)k&and

dpresent address: Institut “rfu Physik, Montanuniversita Leoben,  (015) facets, respectively. The indicated deposition geontétack arrowy
A-8700 Leoben, Austria. Electronic mail: teichert@unileoben.ac.at results in an array of parallelogram-like Co patches on th5) facets.
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FIG. 2. 360 nmx360 nm SEM images of the template shown in Fi¢g)1 501

after shadow depositiof@) and normal incidence depositigh) of a 2 nm N

Co/2 nm Cu sandwich. The black arrow (@) denotes théprojected ori- 50 i —
entation of the evaporation. 25[ H 50
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the resulting areal density of the nanomagnets is about 0.25

......

10'%in.2, 50 ] 100

Si,_,Ge, films were grown under the conditions de- 25. 1 ¢ 1%
scribed in Ref. 9. These films that lexa 1 nmnative oxide 25l ;I ?50
on the surface were covered with Co films of 2 nm thickness -50 juol 100
(if not otherwise specifigdusing pulsed laser deposition -4 2 0 2 4 040200 02 04
(PLD) under ultra-high-vacuum conditions. To avoid cobalt H (kOe)

silicide formation and OXIdatIOIj of Co, the film _Was embed- FIG. 3. In-plane hysteresis loops measured by longitudinal MOKE& 0@

ded between two 2 nm Cu films also deposited by PLDand (110 orientations.(a) shadow deposition of 5 nm Co onto the Cu
Finally, the samples were capped i 2 nm Aufilm. The  covered (D5) facets(b) continuous 2 nm thick Co film prepared by normal
PLD was performed under conditions that ensure smooth C'pcidence deposition. The arrows indicate the orientation of the magnetic

. 1,12 . o ield with respect to the nanomagnets or the nanostructured continuous film,
and Co films: The angle of depOSItIOI’I was 5° towards the respectively. Note the different scales for the magnetic field.

[100] direction of the template, thus exposing only th@%)

facets to the Co and Cu sources, respectively. saturation that is roughly 60% of that observed for the con-
Figure 2 shows scanning electron microscdBEM)  tinyous film. This value is in rather good agreement with the
micrographs of a sample with a shadow deposited Co f””bxperimental results alor{@10].
[Fig. 2a)] and a reference sample that has been prepared ' Besides those deviations a more important finding is
under normal incidence resulting in a continuous Co layeinanifested in the change of the magnetic anisotropy. While
[Fig. 2b)]. While Fig. 2b) does not show any distinct con- the continuous film has a nearly isotropic magnetic behavior
trast in SEM, it is the higher secondary electron yield thatthe nanostructured ferromagnets exhibit a strong uniaxial an-
lets the Co covered @) nanofacets, i.e., the Co nanomag-isotropy. Along thg100] direction an s-shaped hysteresis is
nets, appear as bright patches in Fi¢p)2Size, shape, and found with almost vanishing remanence, whereas the easy
orientation of the patches correspond to the dimensions ddxis of magnetization is if010], i.e., parallel to the long
the (105) nanofacet$see the inset in Fig.(3)]. The area edges of the (@5) facets. In Fig. 4 the squarendsatio of
fraction of the bright patches is 0.28.02, which is in ex- remanence to saturation vajugersus the azimuthal orienta-
cellent agreement with the surface coverage one would exion of the external field is plotted. In Fig.(@, also the
pect from the model presented in FighlL theoretical dependence for an ideal uniaxial behavior nor-
Longitudinal magneto-optic Kerr effegMOKE) mea- malized to the maximum of the experimental results is given.
surements were performed to investigate the in-plane maddoth the experimental data points and theoretical curve are
netization as a function of the azimuthal sample orientationnot corrected for angle deviation of the facet plane to the
The accuracy of the azimuthal alignment was° with re-  macroscopic plane of observation, as the correction is small
spect to the[110] cleavage edge. The magnetic field was(<2%). Figure 4a) proves for the nanostructured film the
applied parallel to the macroscopic surface. Hence, a sligrgood agreement of the experimental results with the theoret-
tilt up to about 9° may occur between the base planes of thigal angle dependence. For the continuous fiffig. 4(b)],
nanomagnets and the field direction. Figure 3 shows magnéhe deviation is so obvious that we omit the theoretical curve.
tization curves for selected sample orientations of both, th&ome uniaxial contribution, however, can be identified in the
shadow deposited samples and a reference sample grown wentinuous film as well. The axes of symmetry appear at
der normal incidence. In order to increase the Kerr signal oflifferent directions, with easy and hard axis al¢ad0] and
the shadow deposited sample, we increased the thickness [af10], respectively.
the Co film to about 5 nnt® In comparison, the shadow In order to find the reason for the uniaxial behavior we
deposited films reveal saturation fields in the range of kOehave performed worst case estimations for the shape influ-
which is ten times higher than the fields observed for theence on the anisotropy, based on the finite-element méthod.
homogeneous films. Taking into account the 2.5 times largewe obtain for the demagnetizing factor along the facet nor-
thickness of the nanomagnets and the 25% surface coveragaal N,=0.69. Within the plane we get values of 0.077 and
we expect for the shadow deposited film a Kerr signal in0.12 along th¢010] and[551] direction, respectively. While
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(a) A L B S S N ous films also support that hypothesis. The second kind of
;’g :/ - N | /=X t /7 {105 facets is oriented such that tl&00) direction is the
sk \Q®> easy axis. Hence, for the o005 facet the easy axis is the
o7k v 4 i direction of hard magnetic behavior of the second one. The

w 06E [110] h system finds the intermediate direction of both facets as the
< o05f ] easy axis. This magnetic behavior is not altered by the third
= o4} ] kind of facet existing on the self-organized substrate surface,

03 . i.e., the fourfold(001) terrace.
02f 1 The strong increase of the saturation figdd for the
8':)-' shadow deposited film is striking. This might be due to the

(b)' —— T effect that the nanomagnets are isolated or only weekly
10F ] coupled via a narrow stripe along the long diagonals in the
09p N " ] shadow deposited films. In any case, the creation of reversed
8'35 = b " domains, and thus domain walls, is impossible due to the

w06l “‘\. - ! /# ] small lateral size of the individual nhanomagnet. Thus, one

Sosf AT R A ] has to assume the magnetization reversal by rotafion,
04l h which usually happens at higher fields. From our experi-
03b” — \{ | 7~ — X f /] ments we cannot decide whether the particles switch sepa-
02 £{010][110] [100] {170] [070] [110] [100] [T10][010]] rately or not.
o1r ] In summary, we demonstrated that shadow deposition of
00 =30 80 90 120 150 180 210 240 270 500 330 36 magnetic material on nanofaceted, self-organized semicon-

azimuthal angle (deg.) ductor substrates is an efficient way to fabricate ultra-high-

FIG. 4. Squarenesr/Mg) of the in-plane hysteresis loops as a function density arrays of nanomagnets that might be utilized for
of sample orientation for the shadow deposited sarfglend the continu-  magnetic storage devices. The self-organized templates used
ous Co fllm(_b)._Arrovx{s and the inset are shown to identify the orientation of iP this study bear the potential of being easily implemented
the magnetic field with respect to the nanostructures for a given azimuthal . . .

angle ¢. The solid line in(a) representscos(®)| scaled to the maximum of n ma'_r?Stream semlcopductor teChnObgy- By varymg the
Mg/Mg. deposition angle, there is control of size and separation of the

resulting nanomagnets. Moreover, by multistep shadow

these numbers support an explanation by shape effects, fufi€position of materiaimagnetic and nonmagnetionto the

ther investigations of the demagnetization factors in certaiflifférent facets, complex magnetic nanostructures as, e.g.,
in-plane directions rule out that explanation. Due to thediant magnetoresistive devices or sensors can be created.
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