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Abstract

The spin configuration in a magnet is in general a ‘natural’ consequence of
both the intrinsic properties of the material and the sample dimensions. We
demonstrate that this limitation can be overcome in a homogeneous
ferromagnetic film by engineering an anisotropy contrast. Substrates with
laterally modulated single-crystal and polycrystalline surface regions were
used to induce selective epitaxial growth of a ferromagnetic Ni film. The
resulting spatially varying magnetic anisotropy leads to regular
perpendicular and in-plane magnetic domains, separated by a new type of
magnetic domain wall-the ‘anisotropy constrained’ magnetic wall.
Micromagnetic simulations indicate that the wall is asymmetric, has a small
out-of-plane component and has no mobility under external perturbation.

1. Introduction

Controlling magnetic micro- and nano-structures and
associated magnetization reversal processes are key issues for
the future of magnetic information storage, and spin electronic
devices [1-6]. Isolated ‘island’ magnetic structures such
as dots [7-15], wires [16,17], and other special geometries
[18-21] have already been extensively studied. Such ‘island’
structures, supported on a substrate with no adjacent film
in the vicinity, can be fabricated using a number of nano-
fabrication techniques, including electron-beam lithography
[7,13,18,20,22], x-ray lithography [23,24], nanoimprint
lithography [25,26], and many others [27-29]. While the
simplicity and establishment of the fabrication methods are
advantages of these patterned structures, there are drawbacks
such as poor planarity, abrupt change of optical index, and
inconsistent magnetic switching behaviour due to irregular
edges caused by the lithography process. The issue of medium
planarity is particularly crucial for application purposes
[30,31].

A planar-patterned magnetic medium was first demon-
strated by Chappert er al [32], where a He* ion irradiation
technique was used to induce local chemical mixing in a
Co/Pt multilayer film through a lithographically made poly-
mer resist mask. The patterned magnetic structure obtained
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resulted from the modulated distribution of chemical compo-
nents, without significantly modifying the topography. Using
a different dose of ion energy, they can also effectively reduce
the anisotropy, coercivity, and Curie temperature in the Co/Pt
multilayer structures. Itis suggested that the effect is likely due
to local atomic relaxation and alloy formation [33-36]. More
attempts include that of Terris er al, who have also used He*
ion irradiation to locally modify the properties of a magnetic
material through non-contact silicon stencil masks [37,38];
that of Weller et al, who further found out that Co/Pt multi-
layer films undergo a spin orientation transition from out-of-
plane to in-plane when irradiated with nitrogen ions [39]; and
others [40].

The advance from ‘island’ to planar-patterned magnetic
structures leads to the question: can we fabricate patterned
structures in magnetic films which are not only continuous
spatially, but also chemically homogeneous? The ultimate goal
of such an approach is to control the local spin configurations
in a given material. The spin configuration in a magnet
is in general defined by both the intrinsic properties of
the material and the sample dimensions. For instance, the
domain pattern in a continuous Co film is determined either
in random or in parallel stripe with the appropriate applied
magnetic field [41,42]; however, the spin configuration is
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not locally controllable; Taniyama et al [43] have reported
an artificially controllable 180° domain wall in sub-micron
Co zigzag wires, and this artificially created domain wall,
which was also observed by Xu et al [44] in a NiFe cross,
was later analysed by Bruno as geometrically constrained
walls [45]. However, the naturally formed domain structures
do not have an exact reproducible switching mechanism and
the geometrically constrained walls require, for instance, that
the film must be sufficiently thick to have a significant shape
anisotropy field. Overcoming this limitation so that the local
spin configurations in continuous films can be systematically
controlled can open up new avenues for fundamental studies
and device applications. First, such structures can be used
as a planar-patterned magnetic medium [32] without breaking
the homogeneity of the magnetic film, which is important for
avoiding reduced Curie temperature effects. More importantly,
it introduces a new way to controlling spin configurations
instead of stabilizing the natural domains [46]. Furthermore,
such locally controlled spin configurations do not have lateral
dimension limitations and thus can provide a reproducible
switching mechanism, unlike the geometrically restricted
domains [43,44]. Such system is needed not only for
ultrahigh-density magnetic storage and device applications,
but also for fundamental studies. A film comprising regularly
arranged regions with different magnetic anisotropy strengths
for instance, constitutes a multi magnetic phase system which
would allow the study of magnetic dipolar and exchange
interactions, wall formation, and domain wall resistance in
highly controlled geometries.

In this paper, a new type of magnetic medium [47,48]
is introduced where the spin configurations are engineered
in chemically homogenous magnetic films using selective
epitaxial growth’. Specifically, a regularly arranged in-plane
and out-of-plane spin configuration defined by modulation
of the magnetic anisotropy is demonstrated. Such a spin-
engineered medium not only maintains the surface planarity
but also the homogeneity of the magnetic materials, while the
method holds advantages for immediate applications due to its
simplicity and ease of integration.

2. Experiment

We demonstrate an approach of controlling the magnetic
structure in chemically homogeneous films via the artificial
modification of substrate surface properties prior to growth.
A modulated single/polycrystalline substrate surface is used
to locally modify the magnetic anisotropy in the subsequently
deposited magnetic films, which induces the desired magnetic
structure. Selective epitaxial growth introduces an alternation
between single-crystal and polycrystalline structures in the
film, according to the substrate patterning. We chose a
well-studied epitaxial Cu/Ni/Cu(001) structure [49-55] to
obtain an out-of-plane anisotropy. An epitaxial Ni(001)
film with appropriate thickness shows perpendicular magnetic
anisotropy (PMA) which is attributed to the magneto—elastic

3 The term ‘selective epitaxial growth’ is also widely used in semiconductor
technology. However, it refers to a process that allows the deposition of a Si
epitaxial layer on a bare Si substrate surface without the simultaneous growth
of amorphous Si thin film on the silicon dioxide surface, which is different
from the process used in this work.

interaction induced by the Ni/Cu(001) interface [50]. In
contrast, the magnetization of polycrystalline Ni lies in the
film plane due to the dominant demagnetizing field. Figure 1
shows the schematic of the selective epitaxial growth. The
substrates used are GaAs(001) and two types of pattern were
chosen: a 2 um width with 4 um separation wire array, and a
7 x 7 um? area with 3 wm separation square dot array. Wire
and dot arrays were obtained by optical lithography and a
subsequent lift-off of 1 nm thick Ni. The ultrathin Ni patterns
were then oxidized in air to become ultrathin NiO patterns.
The patterned substrates were annealed at 500°C for 2h
before film growth at room temperature. Continuous films of
Cu(5 nm)/Ni(5 nm)/Cu(70 nm)/Co(1.8 nm) were deposited
onto the substrates in an ultrahigh vacuum system (10~'° mbar)
using molecular beam epitaxy (MBE) techniques. The 1.8 nm
thick Co is used as a seed layer to promote epitaxial growth
on the GaAs substrate [56]. A thickness of 5nm is selected
for the Ni layer in order to obtain a strong PMA [49, 50, 53]
and the 5 nm thick Cu overlayer is used to prevent oxidation.
While the films grown on the ultrathin NiO patterns are
polycrystalline, those grown directly onto the GaAs surface
are single crystal films. The results have been confirmed by
in situ reflection high-energy electron diffraction (RHEED)
analysis. Figure 2 shows the obtained RHEED images with
the electron beam (15keV) parallel to the GaAs(100) and
GaAs(110) axes. The diffraction circles and streaky-line/dot
pattern reveals the co-existence of the polycrystalline and
epitaxial regions in the substrates and films. Magneto-optical
Kerr effect (MOKE) measurements were performed to obtain
the hysteresis loops of the selective epitaxial samples. While
magnetic force microscope (MFM) was used to study the
magnetic domain structures, atomic force microscope (AFM)
was used to examine the sample surface. Both MFM and AFM
images were obtained simultaneously during the scanning.

3. Results and discussion

We carried out MOKE measurements at room temperature
both in field-perpendicular-to-sample-film (polar) and field-
parallel-to-sample-film (in-plane) geometries. The incidence
angle of the laser in the polar and in-plane MOKE
configurations was ~0° and 35°, respectively. Spatially
averaged MOKE signals are obtained from the patterned
sample as the laser beam spot size was ~1 mm. Figure 3 shows
typical hysteresis loops measured from the samples. Loop (a)
is a polar MOKE curve obtained from an unpatterned epitaxial
reference sample. The perfectly square hysteresis behaviour
with high remanence indicates a strong PMA in the epitaxial
structure [51,52]. The measured in-plane MOKE loop from
the wire sample is shown in (b). The magnetic field was applied
along the wire direction during the measurement and the
hysteresis loop reveals the magnetization process in the sample.
The switching at the field ~1000e is due to the reversal
of the in-plane magnetization in the polycrystalline regions.
The sharp switch indicates that the reversal mechanism
is controlled by domain nucleation and subsequent wall
propagation. When the field is further increased towards
saturation, the perpendicular magnetization in the epitaxial
regions tends to align along the in-plane field direction through
a magnetization rotation process, as evidenced by the high
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Figure 1. Schematic of the selective epitaxial growth of a Ni(001) film. 1: magnetic film (5 nm Ni); 2: underlayer (1.8 nm Co/70 nm Cu);
3: ultrathin template (1 nm NiO); 4: substrate (GaAs). The ultrathin NiO was used for the embedded pattern on a GaAs(001) substrate. The
1.8 nm thick Co was used as a seed layer to promote epitaxial growth on GaAs. The 70 nm thick Cu buffer layer is thick enough to prevent
the Co seed layer signal from being detected in the MOKE measurements.

GaAs <100> GaAs <110>

Patterned GaAs

GaAs/Co/Cu/Ni

GaAs/Co/Cu/Ni

Figure 2. In situ RHEED images obtained from the selective
epitaxial growth show the co-existence of the polycrystalline
(diffraction circles) and epitaxial structure (diffraction
dot/streaky-lines) in the patterned GaAs substrate and Ni films.
Images at left and right column were taken with the electron beam
parallel to the GaAs(100) and GaAs(110) axes, respectively.

saturation field. The irreversible behaviour near high field
seen in the loop is due to the sensitivity of the in-plane MOKE
geometry to the perpendicular component of the magnetization
in epitaxial Ni [51]. A measurement that can respond only
to the in-plane magnetization component can therefore be
expected not to show such an irreversible feature, and this is
confirmed by a superconducting quantum-interference device
(SQUID) measurement (inset of loop ()). Loops (¢) and (d)
show the measured polar MOKE results from the wire and
dot samples, respectively. In this measurement geometry only
the perpendicular magnetization component can be detected.
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Figure 3. MOKE hysteresis loops at room temperature. (a ) A polar
MOKE loop measured on the epitaxial Ni from an unpatterned
reference sample. (b) In-plane MOKE loop taken from the wire
sample, inset shows the hysteresis loop measured by SQUID after
subtracting the substrate signal. (c), (d) Polar MOKE loops
measured on the wire and the dot samples, respectively. The solid

(- - -») arrows show the magnetization orientations in the epitaxial
(polycrystalline) Ni film. The magnetization orientations of the
perpendicular Ni (up or down) in loop (b) and the in-plane Ni (right
or left) in loop (c) is arbitrarily chosen.

As the perpendicular field is reduced from positive saturation
to zero, the magnetization in the polycrystalline Ni rotates
back to the in-plane direction. However, the magnetization
in the epitaxial Ni remains in the normal direction of the
film. Upon increasing the field in the negative direction,
the perpendicular magnetization switches to the reversed
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direction at its coercive field (~200 Oe), while the in-plane
magnetization rotates progressively towards the out-of-plane
direction in an increasing negative field. The polar MOKE loop
obtained from the dot sample is squarer than that of the wire
sample; this is because the area of the epitaxial Ni region in the
dot sample is larger than that in the wire sample. The combined
MOKE observations, supported by the sharp switch in low field
and the gradual saturation seen in high field in both the in-plane
and polar MOKE loops, clearly reveal the striking feature that
both in-plane and out-of-plane magnetization co-exist in the
patterned samples.

The magnetic structures deduced from MOKE magne-
tometry were confirmed by MFM imaging. In the MFM, the
instrument was equipped with a CoCr coated Si tip, magnetized
along the tip axis. During scanning, the magnetic tip oscillated
ata chosen lift scan height while picking up the magnetic signal
from the samples. Figures 4(a) and (b) show the MFM images
of the dot and wire samples in the remanent state after saturat-
ing with a perpendicular field. A 100 nm lift scan height was
used in these scans. The bright stripes in the images correspond
to the out-of-plane Ni magnetization which has a strong mag-
netic signal and yields more contrast compared to the in-plane
magnetization. To explore the reversal mechanism of the per-
pendicularly magnetized Ni, we carried out MFM observations
under a lower lift scan height. Figures 4(c) and (d) show the
MFM images scanned at a 50 nm lift scan height for the dot and
wire samples, respectively, in the remanent state obtained after
perpendicular saturation. The lower lift scan height enabled
a stronger interaction between the emanating stray field from
the tip and the samples. The dark regions in the out-of-plane
Ni regions, encircled in white, are caused by the tip-induced

A 4T

Figure 4. MFM images in zero applied field after perpendicular
magnetic field saturation. 100 nm (@) and (b) and 50 nm (c) and (d)
lift scan height were used. For 50 nm lift scan height, the magnetic
stray field can induce switching in the perpendicularly magnetized
Ni (the white circles mark the tip-induced switch in (d)). In the
centre part of the image (c) and (d), the magnetization was almost
fully switched by the repeated scans. The bright regions in the
epitaxial Ni marked by black circles are the remaining unswitched
hard magnetic entities after the repeated scans.

switch. The high density of the reversed regions indicates a
nucleation-dominated reversal process in our samples [57, 58].
The reversal stages, including domain nucleation, local
expansion from the nuclei, and widening by domain wall
displacement, are completed in a very small external field
interval as indicated by the rapid switch in the MOKE loops.
To verify this, we have repeated scanning in the centre with a
smaller scan area until the magnetization there has been almost
fully switched (see the ~20 x 20 ;m? ‘cut-off” at the centre of
the images). The remaining unswitched hard magnetic entities
near crystal defects, which define the final reversal stage,
require higher magnetic fields to reverse. Figure 5 shows
evolutions of the tip-induced switch in a scan area of
50 x 50 um? on the (a) dot sample and (b) wire sample.
A close-up- scanned MFM image shows a strong dark contrast
in the fully switched perpendicular Ni magnetization.
Roughness analyses were performed on the scanned
AFM images using a software available to the commercial
scanning probe microscope. The analyses yield two statistical
roughness parameters: mean roughness R, and root mean
square roughness Ryyns. The obtained R, and Ry, values
are 1.178 and 1.756 nm for the matrix sample and, 1.182 and
1.539 nm for the stripe sample, respectively. These values
are comparable to the roughness data reported in literature
in epitaxial Cu/Ni/Cu continuous films. Using polarized

neutron reflectivity (PNR), Hope et al have obtained a range
of interface roughness from 1.30 to 2.25 nm for different Ni
thicknesses (3—40 nm) [54]. Therefore, the selective epitaxial
sample produced in this work is considered a flat continuous Ni
film. Figure 6 shows a typical profile analysis on a 50 x 50 jzm?
matrix sample image.

Figure 5. The perpendicular Ni magnetization is slowly switched by
repeated scanning on the same 50 x 50 um? area with a lift height
of 50 nm for (a) matrix sample, (b) stripe sample. Circle MFM
image (c) is a close up for a repeated-scanned stripe sample with a
lift height of 50 nm. The strong dark contrast in the epitaxial regions
clearly shows the near fully switched magnetization. White dots in
the epitaxial stripes are the above-mentioned hard magnetic entities.
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Figure 6. Profile analysis on a AFM image: a 30 x 40 um?
averaged profile on a 50 x 50 um? dot sample image.

The 90° transition between the in-plane and out-of-plane
regions is very sharp, as observed in figure 4. Figure 7
illustrates the spin orientation of the regions. To the author’s
knowledge, a domain wall of this kind has not been stud-
ied before. Consequently, micromagnetic numerical simu-
lations were carried out in order to determine its width and
internal structure. Using a conjugate gradient solver, the
micromagnetic equilibrium equation was solved after saturat-
ing the sample along the perpendicular and in-plane directions.
A cell size of 1 nm and typical Ni intrinsic parameters (A =
9 x 107 7ergem™!, M, = 490emucm~>) were used in
the simulation. K; = 2.7 x 10°ergcm™ is the perpen-
dicular anisotropy constant measured experimentally from
Cu/Ni(5 nm)/Cu(001) films [55]. The magnetization config-
uration in the transition region is represented in figure 8(a). In
figure 8(b), the variation of the out-of-plane component M,
along the z-direction is plotted, where z = 0 corresponds
to the boundary between the epitaxial (left) and polycrys-
talline (right) regions. Actually, the obtained wall is differ-
ent in detail from the well-known Bloch wall [59-61] and
several new features can be observed. Firstly, it is an asym-
metric wall due to the different anisotropy strength on both
sides of the boundary. Secondly, the wall is constricted in
the film with no mobility under external perturbation, which
is particularly important for stable ultrahigh-density magnetic
recording. Finally, it is important to note that immediately
after the sharp transition there is a region with a small out-
of-plane component (M, < 0), which partially compensates
the upwelling flux on the epitaxial region of the transition
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Figure 7. (a) A zero field MFM image (enlarged) of the Ni wire
sample (cartoon) exhibiting (b) the new artificial 90° anisotropy
constrained magnetic wall and (c) the well-known 180° Bloch wall
which is defined by partial switch of the perpendicularly magnetized
Ni inside the epitaxial wire structure. The white arrow indicates the
in-plane magnetization, whereas the symbols O refer to the
perpendicular upward magnetization, and ® refers to the
perpendicular downward magnetization.
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Figure 8. (a¢) Computed magnetization configuration of the
transition between the epitaxial and polycrystalline regions.

(b) Variation of the perpendicular component of the normalized
magnetization across the boundary (z = 0) between the
perpendicular and in-plane magnetized Ni. Note the asymmetry of
the wall due to the different magnetic anisotropy strengths of the
in-plane and perpendicular Ni. Inset (b) shows a close up of the
small perpendicular component from the profile.

(M, > 0). A similar effect is found in vortex cores [60-62].
By looking at figure 8(b) the domain wall width is approxi-
mately 15nm. The dependence of wall width (pw) on the
anisotropy constant K; and the film thickness ¢ is weak. A
factor of 2 in the value of K yields a variation in §pw of less
than 5%, whereas a change of 1 nm in ¢ gives 1% variation in
Spw. The domain wall width sets a fundamental limit for the
high pattern density achievable using the method described
in this report. Additional simulations have been carried out
by taking into account the finite size of the structures: it is
found that the well-defined out-of-plane to in-plane transi-
tions can be obtained for structures with a resolution down
to 30 nm (figure 9), which is quite promising for technological
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Figure 9. The magnetization profiles in different periodicity for the Ni wire structure. Resolution (R) is defined by a half period of the
structure, where 0 is the centre of the polycrystalline Ni wire, and a period is taken as two times the width of the polycrystalline Ni wire.

applications. Mathematically, the wall length can also be
expressed by the contributions of two Bloch walls:

kg 1 1
§== A 1
2 (\/K1—27rMS2+\/271M52>\F M

Equation (1) yields 6 ~ 15.5nm for the same parameters
given above, which agrees well with the numerically simulated
result.

4. Conclusion

In conclusion, we have created modulated magnetic structures
in chemically homogeneous Ni films by inducing a spatially
varying magnetic anisotropy via selective epitaxy. A new
type of magnetic wall has been observed which we term the
‘anisotropy constrained’ magnetic wall. The wall structure
differs from that of naturally occurring domain wall, e.g.
the Néel and Bloch walls [59-63] or the geometrically
restricted wall [43, 45]. The spin engineering of this magnetic
medium, which can be seen as the integration of patterned
features into continuous ferromagnetic films, opens up new
avenues to control the spin structure of magnetic materials.
Compared with existing planar media fabrication technique,
this method has several advantages: lithography-induced
defects associated with edges are minimized, inexpensive
facilities are required and the approach complements present
thin-film deposition techniques. Finally, our simulations
also indicate that the patterned bit resolution can be defined
at the deep submicron scale (~30nm) as is required for
device applications and fundamental studies. Furthermore,
the anisotropy constrained magnetic walls are static in nature,
which provides a reproducible switching mechanism, contrary
to that of the natural domain wall.
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