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Abstract
Slanted Co/Cu multilayer nanocolumns were grown on Si and gold-coated Si
substrates by two-source oblique-angle vapour deposition. The respective
column lengths and layer thicknesses were varied from ∼400 to ∼700 nm
and ∼6 to ∼16 nm. The scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images show the column diameters
to be less than 65 nm. The ferromagnetic nature of the nanocolumns was
verified by vibrating sample magnetometry. Compositional analysis using
electron energy loss spectroscopic elemental mapping and energy dispersive
x-ray spectrometry of a single nanocolumn showed alternating bands of Co
and Cu, indicating a multilayer structure. X-ray diffraction (XRD) results
showed that the Co and Cu layers are predominantly face-centred cubic (fcc)
and a minor hexagonal close packed (hcp) Co phase was also detected. The
hcp phase may be due to a high density of stacking faults in the fcc Co. TEM
studies have shown an epitaxial relationship between the Co and Cu layers
within the individual columns. By comparing the XRD and TEM results, we
conclude that the (020) planes are parallel to the column axis, and the column
growth is nearly parallel to the [101] direction.

1. Introduction

Oblique angle deposition (OAD) is a novel way to grow three-
dimensional isolated nanostructures [1]. The basic guiding
principle in growing these nanostructures is the physical
shadowing effect [2, 3]. Key experimental parameters that
control the nanostructure growth are the angle of the incident
flux, the deposition material, the deposition rate, the substrate
rotation speed, the substrate temperature, and whether or
not the substrate is templated. Sculptured nanostructures,
including columns, springs, zigzag springs, balls etc, have
been made from various materials from a single evaporation
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source, including metals, semiconductors and oxides. These
nanostructures have unique optical [4, 5], mechanical [6, 7],
magnetic [8, 9] and electrical [10] properties.

Though the growth of single-component, single-segment
nanocolumns is an established process in OAD, growth
of multiple-component, multiple-segment nanocolumns has
seldom been tried. In this manuscript we present the
successful growth of slanted multilayer Co/Cu nanocolumns
on a Si wafer by oblique angle vapour deposition using two
evaporation sources. To the composition of the segments,
a multilayered magnetic nanocolumn can be tailored to
control the inherent shape anisotropy and the coupling
between layers [11]. Because current-perpendicular-to-plane
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giant magnetoresistance (CPP-GMR) has been observed in
multilayered ferromagnetic/nonmagnetic (FM/NM) films and
nanowires, these nanocolumns are potential candidates for the
further understanding and application of the GMR effect in the
CPP geometry [12]. Sophisticated microlithographic processes
were employed to fabricate pillar-shaped microstructures to
measure CPP-GMR by Gijs et al for the first time [13]. In
recent years, the electro-deposition of magnetic multilayer
nanowires into porous templates has been the most common
method for realizing the CPP-GMR geometry [14, 15].
However, despite their promising GMR properties and simple
fabrication process, electro-deposited nanowires may not be
suitable for integration into microelectronic devices [12]. OAD
provides an alternative way to grow free-standing multilayer
nanowires on any microelectronically viable substrate. Very
few multilayer heterostructures grown by OAD exist in the
literature, and the existing ones predominantly have large
layer thicknesses. Examples are two-turn, eight-arm Ni/Si
heterosprings with a 420 nm long Ni arm and 580 nm
long Si arms by electron-beam evaporation [16], multilayer
Ag nanorod/Si nanorod by electron-beam evaporation on a
fibre [17], and 300 nm tall Cr/Si multi-stack nanopillars
on silica spheres with a layer thickness of ∼50 nm
by sputtering [18]. Heterostructures with small layer
thicknesses, such as Fe(5 nm)/Co(5 nm)/Cu(2.5 nm)/Co(2 nm)
spin valves [19] and Co(20 nm)/Cr(1.5 nm)/ Co(20 nm)
trilayers [20], have also been grown by OAD. However,
the growth of isolated heterostructures composed of a large
number of relatively thin (i.e. �20 nm) layers has not yet been
achieved. Here we demonstrate vapour deposition of magnetic
multilayer nanocolumns having up to 50 alternate periodic
layers of Co and Cu with thicknesses from ∼6 to ∼16 nm and
diameters of less than 65 nm. We characterized their structural,
chemical, and magnetic properties using scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
x-ray diffraction (XRD), electron energy loss spectroscopy
(EELS), energy dispersive x-ray (EDX) analysis, and vibrating
sample magnetometry (VSM).

2. Experimental details

The growth of the nanocolumns was performed in a high-
vacuum evaporation system, shown schematically in figure 1.
The Co (99.95%) and Cu (99.999%) sources were placed in
separate alumina-coated W baskets (each connected to its own
power supply) with an open face diameter of 1 cm. The baskets
were confined within a Mo shield (L) with a built-in separator
isolating the Co and Cu fluxes and restricting heat dissipation
in undesirable directions. While both sources were powered
simultaneously, a horizontal shutter (T) was swayed above
them to alternate the Co or Cu flux reaching the substrate in
order to form a multilayer structure. The separation between
the sources was minimized to 3.2 cm in order to reduce the
angular dispersion of the flux. The vertical distance between
the centre of the line joining two sources and the centre of the
substrate was about 24.5 cm. The angle between the incident
flux and substrate normal was set at about 84◦ ± 1◦. In this
configuration the two sources have a lateral dispersion angle of
about 11◦ and transverse dispersion of about 2◦ with respect to
a 3 inch substrate. A Si wafer with a maximum dimension of

Figure 1. A schematic of the internal components of the thermal
evaporation system for oblique angle deposition: Co and Cu are
alternately evaporated from alumina-coated crucibles using a shutter
(T). Sources are enclosed in a double-compartment molybdenum
shield (L) to avoid intermixing of fluxes and to increase power
efficiency. The incident flux is at an angle of 84◦ with respect to the
substrate (S) normal. A—angular adjustment screw; Co,
Cu—sources; H—substrate holder; P—supporting platform;
X—crystal thickness monitor. The four grey posts surrounding the
base-plate represent two pairs of electrodes for the two sources.

3 inch×1.5 inch was fixed at the centre of the substrate holder.
The half-angle subtended by this substrate to the sources was
less than 3◦.

The nanocolumns were grown on Au- and Cr-coated Si
substrates. Au was required to make the substrate conducting
for the measurement of electrical transport properties, and
Cr was used as an adhesion layer. Nanocolumns were also
grown on bare Si substrates under similar conditions as the
growth on Au/Cr/Si for diffraction analysis. The samples were
controlled to have repeated Co/Cu bilayers, with the number
of bilayers ranging from 20 to 50, and the layer thickness
varied from ∼6 to ∼16 nm. The layer thickness was observed
using a quartz crystal thickness monitor (QCM) placed near
the substrate. Either Co or Cu was the beginning layer, but Co
served as the ending layer in all samples. The average pressure
during growth was 5 × 10−7 Torr and the average growth rate
was ∼0.12 nm s−1. During growth, the temperature of the
substrate increased from room temperature to a maximum of
∼150 ◦C, measured by a K-type thermocouple attached to the
substrate.

The overall morphology of the nanocolumns was
examined by a field-emission SEM (Zeiss-1550). Detailed
microstructural analysis of the samples was performed in
200 kV TEMs (Tecnai 20ST and JEOL 2010). EELS
elemental mapping for multilayer components in the columns
was obtained using an energy filter attached to the Tecnai TEM,
and EDX measurements were performed in the JEOL system.
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The crystallinity of the samples was investigated using
an x-ray diffractometer (Bruker D8 Discover) equipped with
an area detector. The coverage of the χ (tilt) angle by the
area detector was about 30◦ for the acquisition of the θ–
2θ spectrum. A 1 mm diameter collimator and a graphite
monochromator were used to select the Cu Kα radiation. The
sample position was adjusted such that the plane formed by
the incident and outgoing x-ray beams was perpendicular
to the planes of both the incident deposition flux and the
substrate. The pole figure measurements were performed using
the Schulz reflection method, and the step size for all samples
was 8◦, 5◦, and 5◦ azimuthally (ϕ = 0◦–360◦) for tilt angles of
12◦, 42◦ and 72◦ (χ = 0◦–87◦), respectively.

The magnetic properties of the nanocolumns were studied
using a VSM. The magnetic hysteresis loops were collected
at room temperature in an applied field of up to 20 kOe.
To study the magnetic anisotropy along the nanocolumn
axis, the magnetic field was applied in the plane of incident
flux of deposition in two different directions—parallel and
perpendicular to the nanocolumn axis; a third measurement
was also taken with the magnetic field perpendicular to the
vapour incident plane.

3. Results and discussion

3.1. Morphology and the bilayers of nanocolumns

The schematic in figure 2(a) represents the expected growth of
the slanted multilayer nanocolumns, while figure 2(b) shows
an SEM cross-sectional view of one of the samples grown
by OAD. The Au and Cr coatings on the Si can be seen as
continuous bright and dark films, respectively. The columns
are slanted with a tilt angle of 60◦ ± 8◦ (with respect to
the substrate normal) toward the direction of incident flux, as
illustrated in figure 2(a). From the SEM images, the average
length of the columns was found to be 680 ± 60 nm. In
the images, periodic ripples are observed along the column
length. These features are also seen in the TEM images and
have a connected bead-like appearance within the columns.
In the sample shown in figure 2, the periodicity of the beads
estimated from SEM and TEM images is about 31 nm, which
agrees with the expected bilayer thickness. Based on the
deposition parameters (i.e. layer number and thickness) and the
observed total column length, we conclude that the multilayer
structure of this sample is close to 21[Co(15.9 nm)/Cu
(15.5 nm)]/Co(15.9 nm)/Au/Cr/Si.

EDX analysis of the above sample shows alternating Co-
and Cu-enriched regions along the length of a nanocolumn,
confirming its layered structure. The multilayers are
better visualized through EELS elemental mapping of the
nanocolumns; a typical map from the Co L2,3 lines is shown
in figure 2(c). The bright bands are Co rich and the dark
bands are Cu rich. The average Co and Cu layer thickness is
15±3 nm, which is consistent with the bilayer thickness values
found from SEM, TEM, and QCM.

For the group of samples deposited, the average column
length ranged from 400 ± 40 to 680 ± 60 nm, and the layer
thickness ranged from ∼6 to ∼16 nm. As is usual for OAD
growth, the columns fan out as they grow longer with larger
diameters toward the top, varying from 20 ± 5 nm at the

Figure 2. Oblique angle deposited Co/Cu multilayer nanocolumns of
21[Co (15.9 nm)/Cu (15.5 nm)]/Co (15.9 nm)/Au/Cr/Si:
(a) schematic of the desired multilayer nanocolumns; (b) SEM
side-view image; and (c) EELS mapping of Co in a multilayer
nanocolumn distinctively identifies each metallic layer. Brighter
bands correspond to Co, while darker bands correspond to Cu.

base to 60 ± 10 nm at the top. Individual columns possess
a fibrous appearance; sometimes two or three columns have
grown together to form a thicker column. The top views of the
SEM images are similar to other nanocolumns grown by OAD,
i.e. the columns are distributed randomly on the substrate
and isolated from each other. The intercolumn separation is
anisotropic. For the sample shown in figure 2, the average
intercolumn distance along the direction of the flux is roughly
130 ± 10 nm, while perpendicular to the flux it is about 75 ±
5 nm. This is due to the anisotropic nature of the shadowing
effect that is characteristic of oblique angle growth [3]. Though
at the very beginning of the deposition, nucleation may start
randomly and isotropically, the shadowing effect suppresses
the growth of some columns along the direction of the flux.
The average number of columns of the above sample is about
125 μm−2 and the packing fraction [21] is estimated to be
0.35. From the SEM images, the surface of a column appears
rather rough. This can be due to the different diffusion
coefficients and lattice mismatch of Co and Cu and the local
shadowing effects. Clear crystalline facets from the bottom up
to the column apex have also been observed in some columns,
suggesting a possible single-crystalline composition.
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Figure 3. XRD θ–2θ spectrum of multilayer nanocolumns
22[Co(15.7 nm)/Cu(15.3 nm)]/Si shows that both Co and Cu layers
are dominated by the fcc phase. Co hcp exists as a minority phase.
Inset shows data collected from integration of the pole appearing
within the angular ranges of χ = 12◦–35◦ and ϕ = 304◦–56◦ for the
2θ range of 42◦–45◦ corresponding to the first peak of the θ–2θ
spectrum. The three peaks correspond to fcc Cu(111), fcc Co(111)
and hcp Co(0002) phases, as labelled.

3.2. Crystallographic characteristics of nanocolumns

The overall crystallinity of the nanocolumns was characterized
using XRD. The samples grown on Au/Cr-coated substrates
complicated the XRD spectra, because the strong Au and
Cr peaks buried the Co and Cu signals. To address this,
the samples grown on bare Si were used for XRD analysis.
SEM images show no difference in the morphology of
the nanocolumns grown on these two different substrates.
Figure 3 shows a typical XRD θ–2θ scan of the sample
22[Co(15.7)/Cu(15.3)]/Si grown on a bare Si substrate. The
relatively strong (111) and (200) peaks for both Co and Cu
indicate a dominant fcc phase, which is typical for fcc metals.
The features labelled (0002), (101̄1), and (101̄3) in the θ–
2θ scan correspond to hcp Co, but their intensities are much
weaker and the peak shape is much less defined than the fcc
peaks. In addition, peaks corresponding to oxide phases were
also detected in the samples.

Because of the anisotropic growth, the layers are expected
to have some preferred orientation. Pole figure measurements
(not shown) were thus carried out using the strongest peak
around 2θ = 43.3◦ ± 0.5◦. It is important to note that both the
fcc Co and Cu signals are expected in this pole figure, because
their lattice parameters are very close to each other. Two poles
were visible, both lying in the vapour incident plane (the plane
normal to the substrate and parallel to the incident flux). The
separation of the poles was roughly 109◦, which corresponds
to the angular separation of the (111) and (1̄1̄1) planes (mainly
Cu, but also containing Co). The angular separation between
the column tilt axis and the nearest (111) pole was ∼31◦. The
poles were not well defined and had considerable dispersion,
primarily in the azimuthal direction but also in the direction
of column tilt. Possible explanations for this dispersion are
given later after consideration of the TEM results. The other
two expected poles (on opposite sides of the vapour incident

plane at an angle of 70.5◦ to both of the previously mentioned
poles) for the (11̄1) and (1̄11) planes were not visible. We also
analyzed pole figures at the same 2θ value on pure Cu columns
of comparable dimensions, and observed that the (111) poles
not lying in the vapour incident plane were also absent. In
both cases, this is probably due to the low signal-to-noise ratio
that can result from such a thin porous film. Pole figures for
Cu(200), taken about 2θ = 50.4◦ ± 0.5◦, also showed none
of the expected poles, consistent with this assessment. We
performed a line profile analysis of the (111) pole appearing
within the range χ = 12◦–35◦ and ϕ = 304◦–56◦. The inset of
figure 3 shows data collected from the pole figure presented in
the 2θ range of 42◦–45.5◦ that corresponds to the first peak of
the θ–2θ spectrum. The profile is an average of seven frames
(ϕ = 304◦–352◦, 8◦/step), where each frame is integrated over
an angular range of χ = 12◦–35◦ prior to the averaging. Three
peaks can be fitted under the experimental curve: fcc Cu, fcc
Co and hcp Co phases. From the above analysis, one may
think that these columns are polycrystalline and possess a weak
(111) texture which causes the observed dispersion in the pole
figure. However, one must also consider the crystallinity of
individual columns in conjunction with the variation in column
orientation.

In order to explain the coexistence of the three phases
and the contribution of the individual columns’ crystallinity
to the dispersion observed in the pole figure, we analysed
the microstructure and crystallinity of single nanocolumns
using TEM imaging and diffraction. Convergent beam
electron diffraction (CBED) uses a nanometre-size electron
probe capable of studying very small regions. CBED
study of neighbouring regions along a column showed a
similar crystallographic orientation or a twinned relationship,
indicating epitaxial growth with defects for a single
nanocolumn. The technique was also used to guide the tilting
of the crystals of a nanocolumn to a specific orientation.
Figures 4(a) and (c) show two nanocolumn images oriented
with the electron beam parallel to the fcc [100] and [101] zone
axes; corresponding selected area diffraction patterns (SADP)
are shown in figures 4(b) and (d), respectively. The real-
space images, (a) and (c), can be correlated with diffraction
patterns in reciprocal space, (b) and (d), respectively. We
see that the reciprocal lattice vector g(02̄0) (corresponding
to the diffraction spot labelled (02̄0) in figure 4(b)) is nearly
perpendicular to the nanocolumn axis in figure 4(a) when the
crystals are oriented in the [100] zone. Similarly, the vector
g(020) in figure 4(d) is nearly perpendicular to the axis of
the nanocolumn in figure 4(c) when the crystals are oriented
in the [101] zone. Thus we estimate that the nanocolumns
have one set of (020) planes approximately parallel to its axis,
i.e. the crystalline axis of the nanorod should lie in the (020)
plane. For fcc crystals, the low-index directions that satisfy
this condition include [001], [101] and their equivalents; 〈111〉
are excluded. We can see that both the g(002) and g(202̄)

vectors in figures 4(b) and (d), respectively, are nearly parallel
to the axis of the nanocolumn, i.e. [002] or [202̄] are along the
column axis, however only one of them is physically possible.
Of the low-index planes, the {101} planes have the highest
surface energy, consequently the 〈101〉 directions have the fast
growth rate [22, 23]. So the [202̄] (more generally the [101])
direction is more likely to be along the nanocolumn axis. The
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Figure 4. Microstructure of individual nanocolumns and
corresponding selected area diffraction patterns of the
21[Co (15.9 nm)/Cu(15.5 nm)]/Co(15.9 nm)/Au/Cr/Si sample. The
crystals (a) and (c) are mainly oriented with the incident electron
beam parallel to the (b) [100] and (d) [101] zone axes of the fcc
crystal, respectively. The circle indicates the area selected for
diffraction. The empty triangle in (b) shows diffraction spot splitting.
The empty and solid triangles in (d) indicate the extra spots and
streaks in the diffraction pattern, respectively.

theoretical angular separation between the [111] and [002]
directions is predicted to be 54.7◦, which is not consistent with
the angular separation measured (∼31◦) between the column
axis and the nearest (111) pole. The angle between the [111]
and [101] directions (labelled as (111̄) and (202̄) in figure 4(d)),
measured from the diffraction pattern, was ∼36◦ (theoretical
value of 35.3◦), which agrees very well with the value from
the pole figure, indicating that the [101] direction is along the
column axis.

The nearly single-crystal diffraction patterns with the
correct symmetry in figures 4(b) and (d) strongly suggest
epitaxial growth of Co/Cu multilayers in the nanocolumns.
These diffraction patterns are accompanied by additional
diffraction spots and weak rings. These features are most likely
to be due to crystal defects, the minor hcp Co phase, and oxide
layers on the surface. For example, in figure 4(b), the two split
spots indicated by an open arrow may be due to a small change
in the crystal orientation induced by defects. In figure 4(d),
the weak and nearly continuous rings are most probably due
to oxide; the weak spot under the (020) diffraction spots
indicated by an open triangle is probably from the hcp Co
phase. Twinning is observed in both the (1̄11) and (1̄1̄1) mirror
planes; they form weak streaks in the diffraction pattern, as
indicated by a solid triangle in figure 4(d). An electron-beam
irradiation-induced phase transformation was noticed on the
column surface when the column was illuminated for more
than 5 min, which can be another explanation for the existence
of extra spots in the diffraction pattern.

In figure 4(a), the region with dark contrast in the
nanocolumn has a dimension (∼25 nm) larger than the
estimated single layer thickness (∼15 nm). In figure 4(c),
twin boundaries are the predominant feature, while the
compositional layer structure is not obvious (i.e. the interface
is not easily visible). However, EDX analysis and EELS

Figure 5. The normalized magnetic hysteresis loops (with respect to
saturation magnetization) measured from the multilayer
21[Co(15.9 nm)/Cu(15.5 nm)]/Co(15.9 nm)/Au/Cr/Si nanocolumns
by VSM at room temperature. The magnetic field is applied parallel
(dashed line) or perpendicular (dashed–dotted line) to the
nanocolumn axis in the vapour incident plane or perpendicular to the
vapour incident plane (solid line).

mapping show Co- and Cu-rich regions along the column. All
of this information supports the epitaxial growth of fcc Co/Cu
multilayers with numerous stress-induced stacking faults that
occasionally produce hcp Co. Based solely on the pole figure
results (an average of millions of nanocolumns), one would
conclude that each column contains many crystallites whose
orientations are closely dispersed around a preferred texture
axis. However, from the SADP analysis we know that the
individual nanocolumns are nearly single crystal. Thus, the
dispersion in the azimuthal and tilt directions in the pole figure
must be due to the variation in physical orientation of the
columns on the substrate. The lack of a templated substrate
gives some freedom with respect to the azimuthal direction of
column growth [24], as we have observed in the top-view SEM
images (not shown). Furthermore, from the side-view SEM
image in figure 2(b), the tilt of the columns varies by roughly
±8◦, which is consistent with the χ-dispersion in the (111)
pole figure.

3.3. Magnetic hysteresis loops

VSM measurements of the magnetic hysteresis loops for
the nanocolumns shown in figure 2 are shown in figure 5.
The magnetic field was applied parallel and perpendicular
to the nanocolumn axis in the vapour incident plane, and
perpendicular to the vapour incident plane. It is clear
that the magnetic hysteresis loops for the field parallel to
the nanocolumn axis and the field perpendicular to the
vapour incident plane have smaller saturation fields and
larger squareness than that for the field perpendicular to
the nanocolumn axis in the vapour incident plane. The
squareness is a maximum along the nanocolumn axis.
This same trend was observed in all the samples studied.
These characteristics indicate that the magnetic easy axis
is aligned along the nanocolumn axis. In contrast, the
Co(20 nm)/Cr(1.5 nm)/Co(20 nm) trilayers (deposited by
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electron-beam evaporation at 70◦) grown by Jackson et al [20]
were found to have an in-plane hard magnetic axis lying in the
vapour incident plane. However, differences in the structure
lead to different results for our samples. The dominant
contribution to the magnetization in the trilayer samples was
found to be due to the first Co layer, whose grains could be
modelled as spheroids (c > b > a, with c/a ≈ 2) [25] tilted
∼30◦ from the sample normal. By assuming a plate-like shape
whose long axis (b) was directed perpendicular to the vapour
incident plane, the in-plane hard axis in the vapour incident
plane could be explained to be due to the shape anisotropy.
The Co layers in our samples can be assumed to have a disc-
like shape, which can be modelled approximately as an oblate
spheroid (c = b > a, where the polar axis a lies along the
column axis, and b and c are the equatorial axes in the Co
layer with c/a ≈ 3) and the shape anisotropy of the Co layer
should prefer an easy axis along the layer’s plane. But for the
multilayer columns the easy axis is along the nanocolumn axis,
so there must be other mechanisms governing the direction of
the observed easy axis. In the fcc Co crystal, the [111] direction
is the easy axis of magnetization [26]. In the nanocolumns
there is a weak texture along the [111] direction at an angle of
31◦ from the column axis. Consequently, the alignment of the
magnetic easy axis parallel to the nanocolumn axis may be due
to a contribution from magnetocrystalline anisotropy. Another
reason may be the dipole interaction between the Co layers in a
nanocolumn [27]. When the magnetic field is applied parallel
to the nanocolumn axis, the dipole field from neighbouring
magnetic layers in a nanocolumn is in the same direction as
the external field, causing a smaller saturation field. When the
magnetic field is applied perpendicular to the nanocolumn axis
(i.e. along the layer plane in a nanocolumn) the dipole field
on each Co layer from neighbouring Co layers is opposite to
the external field, causing the larger saturation field observed
in the figure.

If our multilayer nanocolumns exhibit magnetoresistive
behaviour, the anisotropy in the magnetization of the sample
should then be reflected in the MR characteristics. For the
simplified case of measurements made with the magnetic field
applied in the plane perpendicular to the vapour incident plane
and parallel to the column axis, we can expect a uniaxial
anisotropy in the plots of resistance versus magnetic field (R
versus H ). For example, the characteristic peaks in the R
versus H curves for the in-plane easy axis (i.e. in the vapour
incident plane) should have a decreased width and smaller
saturation field relative to the hard axis (i.e. perpendicular
to the vapour incident plane). To measure the MR of the as-
deposited nanocolumns, one can use conducting nanoprobes
such as scanning tunnelling microscopy (STM), atomic force
microscopy (AFM), etc to contact the top of the nanocolumns,
allowing resistance measurements to be performed on the
sample in an applied magnetic field. Individual isolated
nanocolumns can also be studied by dispersing nanocolumns
from solution onto a substrate with lithographically fabricated
leads for MR measurement.

4. Conclusions

We have successfully grown nanocolumns with 20 to 50 Co/Cu
bilayers with lengths of ∼400 to ∼700 nm, layer thicknesses of

∼6 to ∼16 nm, and diameters of less than 65 nm by two-source
oblique angle vapour deposition. The multilayer structure of
the nanocolumns is evident from the periodic bright and dark
bands of Co and Cu in the EELS elemental mapping of a
single nanocolumn. The columns are mainly fcc, though hcp
Co has also been found to exist in a minority phase, and the
individual nanocolumns are almost single crystalline. The
fcc Co/Cu multilayers appear to grow epitaxially, while the
hcp Co phase is most likely to be due to numerous stacking
faults induced by stress, consistent with the high density of
twinning faults observed within the nanocolumns. The axis
of the nanocolumns is determined to be nearly parallel to one
set of (020) planes and the [101] direction. These multilayer
nanocolumns are magnetically anisotropic with their easy
axes parallel to the nanocolumn axes. Magnetic multilayer
nanocolumns grown by OAD have the potential to contribute
to the study of magnetism on the nanoscale as an alternative
method for sample preparation. Further studies on the growth
of multilayer nanocolumns on a rotating substrate may provide
a way to control the anisotropic behaviour observed in the
samples presented here (grown on stationary substrates).
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