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Fabrication of nanomagnet arrays by shadow deposition on self-organized
semiconductor substrates

C. Teichert,a) J. Barthel, H. P. Oepen, and J. Kirschner
Max-Planck-Institut fu¨r Mikrostrukturphysik, Weinberg 2, D-06120 Halle, Germany

~Received 13 April 1998; accepted for publication 18 November 1998!

It is demonstrated how large-scale arrays of nanomagnets can be efficiently fabricated by shadow
deposition onto faceted surfaces of self-organized Si12xGex 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 0.2531012/in.2. These uniformly oriented
nanomagnets have a parallelogram-shaped base with about 25 nm335 nm edge lengths.
Magneto-optic Kerr effect measurements reveal a clear in-plane anisotropy of the nanomagnets.
© 1999 American Institute of Physics.@S0003-6951~99!01004-9#
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Within the trend towards ultra-high-density magnetic
cording media1 there are increasing demands for effecti
and inexpensive ways to fabricate large-area arrays of m
netic nanostructures. The main approach to manufacture
rays of nanomagnets is based on electron-beam lithogra
that yields structure sizes of less than 50 nm.2 Besides the
low throughput of the method due to the serial processing
involves a considerable number of technological steps c
ing high fabrication costs. The second approach—scann
probe microscopy-assisted nanofabrication—uses scan
tunneling microscopy~STM! and atomic-force microscop
~AFM! to create magnetic structures down to the nanosca3

However, these methods are very time consuming and, th
fore, hardly suitable for mass production.

An alternative to man-made techniques is to ‘‘let natu
do the nanostructuring.’’ One way is island formation duri
growth of magnetic thin films.4,5 Another way is achieved by
utilizing self-assembling or self-organization phenomena
prepare nanostructured substrates, which are then use
templates for subsequent deposition of magnetic mate
Size and arrangement of the resulting magnetic particles
determined by the structure of the self-organized substra
Fe nanostructures have been obtained by electrodepos
into self-organized aluminum oxide pores,6 thermal growth
on a self-assembled Cu(100) –c(232)N surface,7 or by
shadow deposition on self-organized NaCl surfaces.8 The ad-
vantage of this technique is quite obvious: once the s
organized substrate has been prepared only one technolo
step ~i.e., metal deposition! has to be applied. We conside
here the strain-induced growth of Si12xGex films on the tech-
nologically relevant Si~001! substrates. For this system
family of self-organized nanostructures has been found,9 in-
cluding a surface with just three types of nanofacets.10 Such
a surface is a perfect template to fabricate two-dimensio
arrays of nanomagnets because it allows us to cover just
selected facet type under grazing incidence.

In this letter we report on the fabrication of nanomagn
by shadow deposition of Co layers onto the surface o
2.5 nm Si0.55Ge0.45 film grown on a vicinal Si~001! substrate.
Figure 1 shows an AFM image of the correspondi
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Si0.55Ge0.45 film surface. The morphology exhibits chains
triangular structures that originate from a step bunch to fa
transition occurring at this substrate miscut of 4° towa
@110#.10 Analysis of the local surface normals reveals that
surface consists of three types of nanofacets, (10̄5) and
(01̄5) oriented facets and~001! terraces.10 A model of this
surface is presented in Fig. 1~b!. The $105% facets are paral-
lelograms with an acute angle of 47° and 25 and 35 nm e
lengths, respectively. The~001! terraces are—for an ideally
periodic arrangement of the$105% facets—squares with a siz
of 35335 nm2. With the proper sample orientation one ca
either deposit on one type of the parallelogram-like$105%
facets@see Fig. 1~b!#, or on the~100! terraces. In both case

FIG. 1. 2.5 nm Si0.55Ge0.45 film grown on a vicinal Si~001! substrate with a
4° miscut towards the@110# direction. ~a! Gray-scale AFM image.~b!
Three-dimensional model of the surface morphology. The white areas

resent~100! terraces, the gray and black areas correspond to (10̄5) and

(01̄5) facets, respectively. The indicated deposition geometry~black arrow!

results in an array of parallelogram-like Co patches on the (10̄5) facets.
© 1999 American Institute of Physics
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the resulting areal density of the nanomagnets is about
1012/in.2.

Si12xGex films were grown under the conditions d
scribed in Ref. 9. These films that have a 1 nmnative oxide
on the surface were covered with Co films of 2 nm thickn
~if not otherwise specified! using pulsed laser depositio
~PLD! under ultra-high-vacuum conditions. To avoid cob
silicide formation and oxidation of Co, the film was embe
ded between two 2 nm Cu films also deposited by PL
Finally, the samples were capped with a 2 nm Aufilm. The
PLD was performed under conditions that ensure smooth
and Co films.11,12The angle of deposition was 5° towards t

@100# direction of the template, thus exposing only the (10̄5)
facets to the Co and Cu sources, respectively.

Figure 2 shows scanning electron microscopy~SEM!
micrographs of a sample with a shadow deposited Co
@Fig. 2~a!# and a reference sample that has been prep
under normal incidence resulting in a continuous Co la
@Fig. 2~b!#. While Fig. 2~b! does not show any distinct con
trast in SEM, it is the higher secondary electron yield th

lets the Co covered (10̄5) nanofacets, i.e., the Co nanoma
nets, appear as bright patches in Fig. 2~a!. Size, shape, and
orientation of the patches correspond to the dimension

the (1̄05) nanofacets@see the inset in Fig. 2~a!#. The area
fraction of the bright patches is 0.2560.02, which is in ex-
cellent agreement with the surface coverage one would
pect from the model presented in Fig. 1~b!.

Longitudinal magneto-optic Kerr effect~MOKE! mea-
surements were performed to investigate the in-plane m
netization as a function of the azimuthal sample orientati
The accuracy of the azimuthal alignment was65° with re-
spect to the@110# cleavage edge. The magnetic field w
applied parallel to the macroscopic surface. Hence, a sl
tilt up to about 9° may occur between the base planes of
nanomagnets and the field direction. Figure 3 shows mag
tization curves for selected sample orientations of both,
shadow deposited samples and a reference sample grow
der normal incidence. In order to increase the Kerr signa
the shadow deposited sample, we increased the thickne
the Co film to about 5 nm.13 In comparison, the shadow
deposited films reveal saturation fields in the range of k
which is ten times higher than the fields observed for
homogeneous films. Taking into account the 2.5 times lar
thickness of the nanomagnets and the 25% surface cove
we expect for the shadow deposited film a Kerr signal

FIG. 2. 360 nm3360 nm SEM images of the template shown in Fig. 1~a!
after shadow deposition~a! and normal incidence deposition~b! of a 2 nm
Co/2 nm Cu sandwich. The black arrow in~a! denotes the~projected! ori-
entation of the evaporation.
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saturation that is roughly 60% of that observed for the c
tinuous film. This value is in rather good agreement with t
experimental results along@010#.

Besides those deviations a more important finding
manifested in the change of the magnetic anisotropy. W
the continuous film has a nearly isotropic magnetic behav
the nanostructured ferromagnets exhibit a strong uniaxial
isotropy. Along the@100# direction an s-shaped hysteresis
found with almost vanishing remanence, whereas the e
axis of magnetization is in@010#, i.e., parallel to the long
edges of the (1̄05) facets. In Fig. 4 the squareness~ratio of
remanence to saturation value! versus the azimuthal orienta
tion of the external field is plotted. In Fig. 4~a!, also the
theoretical dependence for an ideal uniaxial behavior n
malized to the maximum of the experimental results is giv
Both the experimental data points and theoretical curve
not corrected for angle deviation of the facet plane to
macroscopic plane of observation, as the correction is sm
~,2%!. Figure 4~a! proves for the nanostructured film th
good agreement of the experimental results with the theo
ical angle dependence. For the continuous film@Fig. 4~b!#,
the deviation is so obvious that we omit the theoretical cur
Some uniaxial contribution, however, can be identified in
continuous film as well. The axes of symmetry appear
different directions, with easy and hard axis along@110# and

@ 1̄10#, respectively.
In order to find the reason for the uniaxial behavior w

have performed worst case estimations for the shape in
ence on the anisotropy, based on the finite-element metho14

We obtain for the demagnetizing factor along the facet n
mal Nz50.69. Within the plane we get values of 0.077 a
0.12 along the@010# and@551# direction, respectively. While

FIG. 3. In-plane hysteresis loops measured by longitudinal MOKE in^100&
and ^110& orientations.~a! shadow deposition of 5 nm Co onto the C
covered (1̄05) facets.~b! continuous 2 nm thick Co film prepared by norm
incidence deposition. The arrows indicate the orientation of the magn
field with respect to the nanomagnets or the nanostructured continuous
respectively. Note the different scales for the magnetic field.
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these numbers support an explanation by shape effects,
ther investigations of the demagnetization factors in cer
in-plane directions rule out that explanation. Due to t
asymmetry of the facet with respect to the low index dire
tions of the substrate, the magnetostatic energy for seemi
equivalent directions are unalike. In particular, the shape
fects along the@110# and the@ 1̄10# direction of the substrate
are different. While the shape anisotropy along@110# is 1.4
times that of the@010# direction, it is 2.8 times larger alon

@ 1̄10#. The hysteresis loops obtained in these directio
however, are very much the same. From that, we can c
clude that the in-plane shape of the nanostructured ferrom
nets is not responsible for the anisotropic behavior. T
shape effect due to the tilt of the plane of observation to
facet plane can also be neglected. The demagnetization
tors are 0.013 and 0.026 for@110# and @100#, respectively.
Hence, if shape is responsible for magnetic behavior,
anisotropy along@110# should be half that of the hard axis
The hysteresis loop along@110# should exhibit strong devia
tions from the easy-axis hysteresis, in contradiction to
experimental results.

We do not know the mechanism that makes the~010!
direction an easy direction. As the symmetry observed in
experiments@see Fig. 4~a!# does not show a direct correlatio
to the symmetry of the nanostructure, symmetries on
smaller scale might manifest in the magnetic properties.
might expect that the step structure of the$105% facets15 is
the origin of the uniaxial anisotropy. The (10̄5) facets serv-
ing as templates for the nanomagnets consist of equ
spaced step edges running parallel to the@010# direction pro-
ducing a uniaxial local symmetry that can cause the unia
magnetic property.16,17The results obtained with the continu

FIG. 4. Squareness (MR /MS) of the in-plane hysteresis loops as a functio
of sample orientation for the shadow deposited sample~a! and the continu-
ous Co film~b!. Arrows and the inset are shown to identify the orientation
the magnetic field with respect to the nanostructures for a given azimu
anglef. The solid line in~a! representsucos(f)u scaled to the maximum of
MR /MS .
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ous films also support that hypothesis. The second kind
$105% facets is oriented such that the~100! direction is the
easy axis. Hence, for the one$105% facet the easy axis is th
direction of hard magnetic behavior of the second one. T
system finds the intermediate direction of both facets as
easy axis. This magnetic behavior is not altered by the th
kind of facet existing on the self-organized substrate surfa
i.e., the fourfold~001! terrace.

The strong increase of the saturation fieldHs for the
shadow deposited film is striking. This might be due to t
effect that the nanomagnets are isolated or only wee
coupled via a narrow stripe along the long diagonals in
shadow deposited films. In any case, the creation of reve
domains, and thus domain walls, is impossible due to
small lateral size of the individual nanomagnet. Thus, o
has to assume the magnetization reversal by rotatio18

which usually happens at higher fields. From our expe
ments we cannot decide whether the particles switch se
rately or not.

In summary, we demonstrated that shadow deposition
magnetic material on nanofaceted, self-organized semic
ductor substrates is an efficient way to fabricate ultra-hi
density arrays of nanomagnets that might be utilized
magnetic storage devices. The self-organized templates
in this study bear the potential of being easily implemen
in mainstream semiconductor technology. By varying t
deposition angle, there is control of size and separation of
resulting nanomagnets. Moreover, by multistep shad
deposition of material~magnetic and nonmagnetic! onto the
different facets, complex magnetic nanostructures as, e
giant magnetoresistive devices or sensors can be create

The authors thank J. C. Bean and L. J. Peticolas
growing the template, M. Fu¨ting for recording the SEM mi-
crographs, and W. Lutzke for calculating the demagneti
tion factors.
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