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Abstract
In this work we present the first magnetoresistance measurements on multilayered vertical
Co(∼6 nm)/Cu(∼6 nm) and slanted Co(x nm)/Cu(x nm) (with x ≈ 6, 11, and 16 nm)
nanocolumns grown by oblique angle vapour deposition. The measurements are performed at
room temperature on the as-deposited nanocolumn samples using a scanning tunnelling
microscope to establish electronic contact with a small number of nanocolumns while an
electromagnet generates a time varying (0.1 Hz) magnetic field in the plane of the substrate.
The samples show a giant magnetoresistance (GMR) response ranging from 0.2 to 2%, with the
higher GMR values observed for the thinner layers. For the slanted nanocolumns, we observed
anisotropy in the GMR with respect to the relative orientation (parallel or perpendicular)
between the incident vapour flux and the magnetic field applied in the substrate plane. We
explain the anisotropy by noting that the column axis is the magnetic easy axis, so the
magnetization reversal occurs more easily when the magnetic field is applied along the incident
flux direction (i.e., nearly along the column axis) than when the field is applied perpendicular to
the incident flux direction.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Wire- or column-shaped nanostructures possessing a multi-
layered ferromagnetic/nonmagnetic (FM/NM) architecture are
attractive for giant magnetoresistance (GMR) study in the
current-perpendicular-to-plane (CPP) geometry because their
reduced lateral dimension results in a larger resistance, al-
lowing measurements at room temperature. Such multi-
layered structures include films deposited on grooved sub-
strates [1] to produce a wire-like geometry or pillars [2–6]
designed by microfabrication techniques (lithography, reactive
ion etching, etc). Also, nanowires grown by electrodeposition
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into a template [7–9] have been widely used for CPP-GMR
measurements. For the case of the electrodeposited nanowire
arrays, pressure contacts [9], evaporation [7, 8, 10], conduct-
ing paste [11–13], or a microscopic plunger tip [14] have all
been used to contact the top surface of the template. For
these measurements, the number of nanowires contacted re-
mained largely unknown due to lack of knowledge of the size
of the contacted area. A few methods have been developed
to measure the MR of a single nanowire [13, 15, 16]. How-
ever, they make irreversible modifications to the sample (i.e.,
coating the surface with an insulating layer, conducting paste,
etc), and most are inefficient in terms of the number of mea-
surements made on the sample. The most reliable way to
measure the magnetotransport of an isolated single nanowire
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is by the four-point probe technique [17], but this method is
also destructive (template dissolution and dispersion on a sub-
strate) and requires multiple complex steps to lithographically
grow electronic leads on each nanowire. Recently the fabrica-
tion of free-standing (vertical and tilted) multilayered Co/Cu
nanocolumns was achieved by oblique angle thermal evapo-
ration [18]. There is an earlier report of MR measurements
on films grown by oblique angle deposition [19], but the mea-
surements in this study were conducted in the current-in-plane
(CIP) geometry, and the samples in that study were films, not
free-standing columns. The template used to grow electrode-
posited nanowires acts as a support which allows a simple con-
tact procedure. On the other hand, for high aspect ratio (>1)

nanocolumns in a free-standing geometry (such as the colum-
nar structures grown by oblique angle deposition), not only
has a measurement method not yet been developed, but MR
measurements of any sort have not yet been tried. It would
be beneficial to develop a simple way to perform multiple
MR measurements on a known small number of as-deposited
nanocolumns, with the possibility of being able to make single
column measurements.

Scanning tunnelling microscopy (STM) is a versatile tool
that is generally used for surface imaging and investigation
of local electronic properties. STM has also been used in
a less conventional way to study nanocontacts between the
STM tip and the sample. For example, STM has been used
to study the formation and evolution of nanocontacts between
an STM tip and Au [20–22] Ni, Cu, or Pt [23] films. Studies
have also been performed on nanocontacts made between a
metallic tip and a multilayered ferromagnetic film in an attempt
to probe the local MR behaviour [24–26]. STM has proven
useful here by providing a means to establish and control the
nanocontacts [27]. Since these studies involved the formation
of a nanoscopic point contact, the goal was to observe local
transport in the region of the contact. In this work, we
attempt to create a mesoscopic contact with the surface of
a nanocolumn sample using a nonmagnetic STM. The goal
is to keep the contact between the STM tip and the sample
small enough to contain a small number of nanocolumns, but
large enough to avoid a significant contribution to the circuit
resistance from the contact itself. An electromagnet was added
to the STM system, and positioned about the sample to control
the in-plane magnetization. By monitoring the resistance
while applying an external magnetic field, we measure the
MR response at one location on the sample. The scanning
capability of the STM allows the tip to be moved to different
regions to collect MR data from multiple points on the same
sample. We anticipate that this STM contact MR technique
will be particularly useful for investigations involving these
nanocolumns, as well as other free-standing nanostructures
for which conventional contact methods cannot readily be
applied [28, 29]. Furthermore, this procedure can serve as an
alternative to the methods described above for electrodeposited
nanowires, providing the advantage of multiple measurements
on a small number of nanowires with minimal modification,
preserving the sample for further characterization.

Figure 1. (a) Top- and (b) side-view SEM images of the slanted
[Co(16 nm)/Cu(16 nm)]21 Co/Cu nanocolumn sample. (c) Top- and
(d) side-view SEM images of the vertical [Co(6 nm)/Cu(6 nm)]34
Co/Cu nanocolumn sample. All scale bars are 200 nm.

2. Experimental details

2.1. Growth of multilayered Co/Cu nanocolumns by oblique
angle thermal evaporation

The multilayered nanocolumns were grown (∼6 nm min−1)
in high vacuum (5 × 10−7 Torr) by oblique angle thermal
evaporation from separate Co and Cu sources, with the angle of
tilt (from substrate normal) α for the incident flux set to ∼84◦.
Due to the shadowing effect [30] that occurs for obliquely
incident flux at the substrate surface, three dimensional
nanostructure growth is possible [31]. By mounting the
substrate on a vacuum-compatible stepper motor, vertical or
slanted columns could be grown by substrate rotation or no
substrate rotation, respectively. For the vertical nanocolumns
presented in this work the angular speed was ω = 72◦ s−1.
The substrate was Si(100) covered by a thin native oxide,
which was then coated with 100 nm Au using a thin Cr
adhesion layer; the Au underlayer provides a path for the
source current in the MR measurement. A more detailed
description of the growth and characterization (for the slanted
nanocolumns) can be found elsewhere [18]. Four nanocolumn
samples were grown; one vertical and three slanted. The
architecture of each sample can be described by their layer
thickness tl (=tF = tN for this work, where tF and tN are
the thicknesses of the ferromagnetic and nonmagnetic layers,
respectively) and bilayer number M . For the lone vertical
column sample, tl ≈ 6 nm and M = 34, which is written
as [Co(6 nm)/Cu(6 nm)]34. For the three slanted nanocolumn
samples with tl(M) = 6(50), 11(42), and 16 nm (21),
we write [Co(6 nm)/Cu(6 nm)]50, [Co(11 nm)/Cu(11 nm)]42,
and [Co(16 nm)/Cu(16 nm)]21.

2.2. Morphology and chemical composition of multilayered
Co/Cu nanocolumns

Top- and side-view scanning electron microscope (SEM)
images for the slanted [Co(16 nm)/Cu(16 nm)]21 nanocolumn
sample and vertical [Co(6 nm)/Cu(6 nm)]34 nanocolumn
sample are shown in figures 1(a)–(d). A summary of the
relevant sample information as determined from the deposition
parameters or the SEM images is given in table 1. Three
important features to note are the column areal density σ ,
diameter d , and surface morphology. The column separation
(areal density) is higher (lower) for the columns in the rotated
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Figure 2. Elemental mapping of a single Co/Cu nanocolumn (from
the slanted [Co(16 nm)/Cu(16 nm)]21 nanocolumn sample) obtained
by EELS. Individual Cu and Co layers are clearly visible, though the
interface between layers is not well defined. The scale bar is 50 nm.

Table 1. Summarized sample data for slanted and vertical
multilayered Co/Cu nanocolumns. The samples are classified by type
(‘s’ for slanted or ‘v’ for vertical), layer structure [Co(tl)/Cu(tl)]M,
(where tl is the layer thickness and M is the bilayer number), column
diameter (d), and areal density (σ ).

Sample Type d (nm) σ (μm−2)

[Co(16 nm)/Cu(16 nm)]21 s 60 ± 5 90
[Co(11 nm)/Cu(11 nm)]42 s 55 ± 5 80
[Co(6 nm)/Cu(6 nm0)]50 s 50 ± 5 105
[Co(6 nm)/Cu(6 nm)]34 v 100 ± 10 70

sample. This is because the taller columns are able to shadow
neighbouring columns along all azimuthal directions, and not
just those along a particular direction, as occurs for (slanted)
columns grown on stationary substrates. As the shadowing
capability of the taller columns is enhanced by rotation, the
flux received along the shadowing direction for the shadowing
column is increased; since the shadowing direction is primarily
in the substrate plane, the diameter increases. Figures 1(c)
and (d) show that the outer surfaces of the vertical columns
are composed of numerous small branches which form as the
growth tries to follow the constantly changing source of flux.
Conversely, the fixed source of flux used to grow the slanted
columns results in relatively smoother surface. Figure 2 shows
an elemental mapping of a single Co/Cu nanocolumn (from
the slanted [Co(16 nm)/Cu(16 nm)]21 nanocolumn sample)
obtained by electron energy loss spectroscopy (EELS). Since
EELS is chemically sensitive, the individual Cu and Co layers
can be distinguished, though the interface between layers is not
well defined. These structural features play an important role
in determining the number of columns participating in each
contact, and in evaluating the effect of the microstructure on
the observed MR value.

2.3. STM MR measurement

The samples were mounted in a homemade STM system
whose STM module was constructed entirely of nonmagnetic
materials. The magnetic field was supplied by a U-shaped
electromagnet (Vanadium Permendur core) installed with the
tip–sample contact at the centre of the gap (11 mm) and
measured by a Hall probe located behind the sample. The

Figure 3. Schematic of the experimental set-up for the contact MR
measurement: PC 1 contains the control electronics for the STM
system. After the tip–sample contact has been established, a digital
multimeter (DMM) is used to measure the resistance while the
electromagnet (EM) positioned around the sample applies a time
varying magnetic field in the substrate plane. The magnetic field is
measured by a Hall probe (HP) positioned behind the sample. PC 2
collects the output from the DMM and the HP via a data acquisition
program. The magnified region on the right shows the contact
between the tip and the sample, approximately to scale.

Figure 4. Diagram showing relative directions of the nanocolumns,
incident flux ( f ), vapour incident plane (v), and magnetic field
applied parallel (Hpar) and perpendicular (Hperp) to the vapour
incident plane.

samples were mounted so that the magnetic field was applied
in the substrate plane and either parallel or perpendicular to
the vapour incident plane (the plane formed by the direction
of incident flux and the substrate normal). The maximum field
generated at the gap centre was ∼2.5 kOe, and was limited by
the current that can be passed without overheating the magnet
coils (∼3.8 A). We note that the maximum magnetic field
of 2.5 kOe is specific to our system; higher magnetic fields
(�10 kOe) can be reached by low temperature STM systems
which use superconducting magnets [32].

With the STM operating in air at room temperature, the
tip was brought within several Å of the sample to establish
a tunnelling junction. The tips used for all measurements in
this work were commercial (Veeco) electrochemically etched
0.25 mm PtIr wire, with no subsequent modification before
use. The low resistance of the sample (several � across the
surface) allowed a very stable tunnelling current. The STM
was then switched to constant height mode, and a manual
offset to the z-component of the scanning piezo was adjusted
(�10 nm) to bring the tip into mechanical contact with the
surface (see figure 3). Contact with the sample could be
inferred from saturation (>10 nA) of the op-amp in the STM
feedback circuit, with a corresponding resistance change from
the tunnelling regime (tens of M�) to 50–100 �. A magnetic
field H (triangular wave form with frequency fH = 0.1 Hz)
was then applied in the substrate plane (either parallel or
perpendicular to the vapour incident plane) while the resistance
was measured by a multimeter (source current Is = 1 mA).
Figure 4 shows the relative directions of the applied magnetic
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Figure 5. Representative R versus H plots for the (a) [Co(16 nm)/Cu(16 nm)]21, (b) [Co(11 nm)/Cu(11 nm)]42, and
(c) [Co(6 nm)/Cu(6 nm0)]50 slanted nanocolumn samples (H perpendicular to vapour incident plane), and (d) the [Co(6 nm)/Cu(6 nm)]34
vertical nanocolumn sample. The thin line is the raw data, and the thick line is a five-point average to smooth the noise.

field and the relevant sample direction (incident flux direction,
column tilt angle, and vapour incident plane). This resistance
versus applied magnetic field (R versus H ) measurement
lasted approximately 35 s, yielding three complete dynamic
hysteresis loops. The raw R versus H data was corrected to
account for the voltage Vind induced across the sample by the
changing magnetic flux. This was achieved by measuring Vind

versus H independently (with Is = 0) and then converting
it to a resistance Vind/Is which was subtracted from the raw
data. The MR ratio was calculated by the formula, MR =
�R/Rmax = (Rmin − Rmax)/Rmax, where Rmax is the peak
value of R in the R versus H plot and Rmin = R(H =
Hmax). The contact measurement process was repeated at
multiple locations on the sample surface using the scanning
capability of the STM (up to 5 μm in the x- and y-directions).
STM imaging is possible on the surface of obliquely deposited
nanocolumn samples [33], however the rough surface of the
sample combined with our repeated contact procedure (see
discussion on tip morphology in section 3.3) made it difficult
to obtain high quality images in this work. Atomic force
microscopy (AFM) showed the rms roughness of the obliquely
deposited nanocolumn sample over a 1 × 1 μm2 area to be
>5 nm, as compared to a conventional film where the rms
roughness is typically only a couple of nm.

To further test our experimental set-up, we performed
contact MR measurements on both Co and CoNi/Cu nanowires
electrodeposited into an alumina template. Our results
strongly agreed with those obtained independently by a plunger
tip–contact method [14], re-enforcing the validity of the
measurements and the absence of experimental artefacts [34].
I –V measurements (not shown here) showed the obliquely
deposited nanocolumn samples to be ohmic in the range of

1 μA–1 mA. The resistance of the nanocolumns remained
fairly stable during contact, though the noise was rather
high. The stable resistance is most likely due to the fact
that the 100 nm thick Au underlayer provides sufficient heat
transfer to keep the temperature of the nanocolumns from
changing appreciably in the region of the contact. The noise
probably originates from the free-standing geometry of the
nanocolumns, which makes them susceptible to motion under
slight pressure from the tip.

3. Results and discussion

3.1. Experimental MR for vertical and slanted multilayered
Co/Cu nanocolumns

Representative R versus H plots for the four obliquely de-
posited multilayered nanocolumn samples with H perpendicu-
lar to the vapour incident plane are shown in figure 5, and the
results of the contact MR measurements from different STM
tips are summarized in table 2. Despite the noise in the signal,
good overlap in R is visible over several sweeps in H for all
samples. The R versus H plots all exhibit the dual peaks in R
that are characteristic of CPP-GMR, the mechanism of which
is explained briefly as follows. Due to exchange splitting in its
density of states (DOS), Co has two conduction bands, which
are conventionally referred to as the ‘majority’ and ‘minority’
bands. In the majority band, the Fermi level lies in an sp band
(formed from the 4s and 4p states) above the (filled) 3d band;
this band has a low DOS at the Fermi level, and consequently
low scattering and high conductivity. The band structure of the
majority band in Co is similar to Cu, where the d band is full
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Table 2. Summarized results of contact MR measurements by STM for slanted and vertical multilayered Co/Cu nanocolumns in the H
perpendicular to flux geometry. Na (Ns) is the number of attempted (successful) MR measurements, H+ and H− are the fields
corresponding to the peaks in R from the R versus H plots, and R0 = R (H = 0), before the magnetic field is turned on.

Sample Ns(Na) H+ (Oe) H− (Oe) R0 (�) GMR (%)

[Co(16 nm)/Cu(16 nm)]21 19 (59) 700 ± 30 600 ± 20 45 ± 5 0.31 ± 0.02
[Co(11 nm)/Cu(11 nm)]42 28 (41) 730 ± 30 750 ± 30 50 ± 4 0.48 ± 0.03
[Co(6 nm)/Cu(6 nm0)]50 23 (36) 670 ± 20 640 ± 30 41 ± 4 0.78 ± 0.09
[Co(6 nm)/Cu(6 nm)]34 14 (30) 340 ± 30 330 ± 40 74 ± 10 0.45 ± 0.03

and conduction is achieved through the sp band. In the minor-
ity band, the Fermi level lies in a region of overlap between
the 4s, 4p, and (partially filled) 3d states; this band has a rela-
tively high DOS at the Fermi level; and comparatively higher
scattering and lower conductivity. Conduction in Co can be
described by the simplified (but qualitatively applicable) two-
current-channel model [35], wherein the majority and minority
conduction bands carry current in parallel, independently of
one another.

At high positive H the magnetizations of the Co layers
are all saturated along +H , which according to the two
current model results in a low resistance state. The low
resistance is due to the good matching between the majority
conduction band of Co and the conduction band of Cu, which
allows electrons in these two bands to flow from one to the
other without much scattering. Electrons in the minority
conduction band of Co will experience poor matching with
the Cu conduction band and therefore higher scattering, but
since these two currents are in parallel the overall two-channel
resistance will be lower (it is effectively ‘shorted’). As H
decreases past 0, there arises a degree of misalignment between
the magnetizations of the Co layers due to relaxation towards
their remnant magnetic state. This misalignment causes a
relative increase in the overall two-channel resistance, since
electrons in both of the Co conduction bands will experience
some degree of scattering from passing through adjacent layers
with non-parallel magnetizations (i.e., poor band matching).
The peak resistance occurs at maximum misalignment between
magnetic layers, and depends on the specific material and
geometric properties of the layered system (which determines
how the layers will interact). As H increases in the negative
direction the magnetizations begin to align and then saturate
along −H . The roles of majority and minority conduction
band are switched in the Co and the two-channel configuration
is shorted again, resulting in another low resistance state. As
the field is swept back towards positive H , this same change
in resistance occurs symmetrically about H = 0, as shown in
figure 5.

Figure 5 (a) shows the MR response for the [Co(16 nm)/
Cu(16 nm)]21 sample. The two characteristic peaks in
resistance are clearly visible, and saturation of the sample
was not possible under the applied field of 2 kOe (MR value
is ∼0.2%). Figure 5(b) shows the MR response for the
[Co(11 nm)/Cu(11 nm)]42 sample. The peaks in resistance
are slightly higher, both in height and sharpness, yielding an
MR value of 0.8%, and the onset of saturation is visible. For
the [Co(6 nm)/Cu(6 nm)]50 sample shown in figure 5(c), the
hysteresis is more complete, the sample is very near saturation,
and the MR increases up to 2.3% (1.1% shown).

The R versus H plot for the [Co(6 nm)/Cu(6 nm)]34

vertical nanocolumn sample in figure 5(d) looks similar to
those obtained for the other samples, with an MR value of
0.4%. This value is considerably lower than the MR observed
for the [Co(6 nm)/Cu(6 nm)]50 slanted nanocolumn sample.
The decrease in MR is probably due to the increase in the
growth front roughness from substrate rotation for the vertical
columns. Though it is difficult to quantify the roughness on
a single column, the outer surface of the vertical columns as
shown in figure 1(c) is clearly composed of small branched
growths, consistent with this argument.

We note that the MR values shown in figure 5 are among
the maximum values measured for each sample. Statistically,
about 50% (84/166) of the total data collected yielded a
successful MR measurement, that is, where a stable contact
could be established and an MR response could be measured
over multiple sweeps in H . The contacts whose data we
omit were too unstable to provide a reliable measurement,
and could generally be characterized by an upward drift in
resistance; occasionally the contact would break completely.
In the successful MR measurements, we observed variation
in the measured GMR value, and we interpret this variation
as follows. The lower GMR values are due to lower quality
contacts between the tip and the sample. For example, if the
contact resistance is large or if the tip makes contact in a region
on the sample where the local microstructure is unfavourable
(i.e., a void due to shadowing), the percentage change in
resistance will decrease. Conversely, measurements made
when the tip–sample contact quality is high (i.e., low contact
resistance, tip touching sample in a region with many full-sized
nanocolumns) will show a higher MR more representative of
the true MR of the sample.

For this range of layer thicknesses, the general trend
of increasing of GMR with decreasing nonmagnetic layer
thickness tN is expected under the widely used Valet–Fert (VF)
model [35], which gives an estimate of the MR value and
its dependence on the nonmagnetic spacer layer thickness.
However, due to the low MR, direct application of the VF
model to the case of these obliquely deposited nanocolumns is
not a simple task. Despite the clear hysteresis and MR response
of these samples, the GMR values are noticeably smaller
than observed for multilayered Co/Cu nanowires fabricated
by electrodeposition [12]. We suspect that the low GMR
values are due to spin-flip scattering that weakens the spin
polarization of the current in the Co [36]. Specifically, this
is likely due to spin–orbit scattering at the interfaces due to
roughness stemming from the highly oblique deposition angle
or at stacking faults in the Co as it tries to switch from
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Figure 6. (a) Superposition of the raw GMR values measured in air at room temperature for the [Co(6 nm)/Cu(6 nm)]50 nanocolumn sample
with the magnetic field applied in the sample plane either parallel (Hpar, thin line) or perpendicular (Hperp, thick line) to the vapour incident
plane. The GMR for the parallel case was scaled to have the same peak height, so the widths of the two plots could be more easily compared
to each other. The raw GMR values in (a) were 0.9% and 2.3% for the parallel and perpendicular cases, respectively. (b) The VSM data for H
applied in the same two directions as in (a).

the fcc (from growing on fcc Cu) to the hcp phase. It is
also possible (to a lesser degree) that the spin polarization
is lowered by exchange scattering with impurities (e.g.,
oxygen, or compounds formed therewith) incorporated into
the nanocolumns from the relatively high deposition pressure
(5 × 10−7 Torr) for thermal evaporation.

3.2. Anisotropy in slanted multilayered Co/Cu nanocolumns:
H parallel versus perpendicular to the vapour incident plane

3.2.1. GMR. The MR measurements were made with the
magnetic field applied in the sample plane, either parallel
or perpendicular to the vapour incident plane (see figure 4).
The vapour incident plane provides a plane of symmetry
that is along the in-substrate-plane easy magnetic axis for
Co [37, 38] and Co/Cu [18] nanocolumns grown by oblique
angle deposition. Following this, we expect a uniaxial
anisotropy in the R versus H plots when H is applied in
the sample plane parallel and perpendicular to the vapour
incident plane. Specifically, when H is parallel to the
vapour incident plane (i.e., parallel to the in-plane magnetic
easy axis), the peaks in the R versus H plots should
have smaller width, indicative of the quicker change of the
magnetization along the easy axis. Conversely, when H is
applied perpendicular to the vapour incident plane (i.e., parallel
to the in-plane magnetic hard axis), the magnetization reversal
should be more gradual, leading to wider peaks in the R
versus H plots. Figure 6(a) shows R versus H plots for the
[Co(6 nm)/Cu(6 nm)]50 nanocolumn sample for the cases of
H parallel and perpendicular to the vapour incident plane. The
parallel case has been scaled (by ∼2.6) to give both R versus
H plots the same height; in this way the peaks widths can
be more easily compared. The MR values before the scaling
were measured to be 0.9% for the parallel case and 2.3% for
the perpendicular case. As the R versus H plot in figure 6(a)
shows, the peaks for the H parallel VIP case are narrower, as
expected [18].

3.2.2. VSM. Vibrating sample magnetometry (VSM) was
used to evaluate the magnetic behaviour of the obliquely
deposited nanocolumns for the cases where the magnetic field

is parallel or perpendicular to the incident flux. The hysteresis
loops for these measurements are shown in figure 6(b). Both
measurements were made in the substrate plane (to correspond
to the geometry of the MR measurement), which is an easy
magnetic direction compared to an out-of-plane orientation.
The VSM result is consistent with the MR results for these
two cases of magnetic field orientation. More specifically,
for the case where the magnetic field is perpendicular to the
flux direction, both the R versus H plot in figure 6(a) and
the VSM result in figure 6(b) show that the magnetization
starts switching earlier and completes switching later than in
the parallel case. The difference in the switching behaviour
for different directions of the applied magnetic field is not
very large, meaning that the in-plane anisotropy of the sample
is not very strong. This is mainly due to the fact that
in these measurements (both VSM and GMR) the magnetic
field was applied in the substrate plane, which is an overall
easy magnetic direction. We expect that for higher Co layer
thickness, the in-plane anisotropy can be enhanced, as the
magnetization would experience a greater shape anisotropy
preferring an easy axis along the column axis [37, 38]. To
observe this increased anisotropy in the GMR would require
higher GMR values than we have presently measured, since
the GMR decreases with layer thickness, and is already
hard to detect for our maximum layer thickness of 16 nm.
We also expect that MR measurements where the magnetic
field is applied in a direction out of the substrate plane
would show a stronger magnetic anisotropy. Our current MR
measurement set-up does not allow a uniform magnetic field
to be applied perpendicular to the sample plane. However,
we have performed VSM measurements (not shown here) at
multiple angles in the vapour incident plane on other obliquely
deposited Co/Cu samples that confirm this stronger out-of-
plane anisotropy.

3.3. Morphology of STM tip before and after MR measurement

The size of the STM tip is important when estimating the
number of nanowires participating in the contact. To address
this, SEM imaging was performed on the STM tips before
and after contact. One such pair of SEM images is shown
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Figure 7. SEM images of STM tips (a) before and (b) after multiple
(∼30) contacts with a nanocolumn sample.

in figures 7(a) and (b). Before any contacts were made, the
tip has a diameter of roughly 1 μm. After the tip was used
to perform multiple (∼30) contact measurements, figure 7(b)
shows that the tip size is about the same (i.e., no deformation
of the tip due to contact with the sample), but there is an
obvious accumulation of material on the tip due to material
flow during the contact MR measurement. This is usually
observed on both STM and AFM tips which are used to
contact a sample for transport measurements [27, 39, 40].
We note that this particular tip was used to make numerous
contact measurements, so the amount of material flow for one
particular measurement is probably considerably smaller than
shown here. For a flat circular tip with a diameter of ∼1 μm,
the contact area between the tip and sample is ∼0.80 μm2.
Since the areal density σ or these nanocolumns ranges from
∼70 (vertical) to ∼100 (slanted) μm−2, a contact of this
size will involve at most ∼80 nanocolumns. The tips we
used do not have flat faces, rather they terminate in a tapered
fashion as a result of the electrochemical etching process, so
it is probable that a smaller number of nanocolumns actually
participate in the contact. For the tips we have used in our
contact measurements, the average termination diameter was
350 nm ± 100 nm (21 tips, neglecting four tips of diameter
>800 nm). Based on the range of σ we measured for our
samples, we estimate that a tip with this diameter may contact
fewer than 10 nanocolumns.

The values we measured for R0 (50–100 �) are consistent
with the resistance of a small number of multilayered
nanocolumns contacted in parallel. We estimate that the
resistance due to bulk scattering is small (2–10 �), and
incorporating the approximate interfacial resistances gives total
(bulk plus interface) resistances of ∼10 � (vertical) and
∼30–60 � (slanted). The interfacial resistance was calculated
using the Co/Cu interfacial resistivity (∼1 × 10−15 � m2)

determined at room temperature for electrodeposited Co/Cu
nanowires [12]. We emphasize that electrodeposited nanowires
are quite different from the nanocolumns presented here, so
use of this value serves as an order of magnitude estimate only.
Lastly, the larger diameter of the vertical columns results in
a smaller calculated resistance here, but (as discussed further
in section 3.4) the experimentally observed R0 value for the
vertical columns is actually much larger (∼74 �) due to their
branched microstructure.

In general, the variations in R result from changes in the
contact resistance and number of nanowires contacted, which
were not the same for each tip used, and sometimes varied
from contact to contact for a single tip. The variation in
MR is due mainly to changes in either the contact resistance
or microstructure of the sample from point to point [27].
When the contact resistance is at a minimum, the maximum
(true) MR will be observed, and other points (with higher
contact resistance) will result in a reduced MR value. This
type of variation is expected due to changes in the surface
of the nanocolumn sample as well as changes to the tip.
Similar fluctuations in R and MR have been observed in MR
measurements performed on other nanostructures such as those
mentioned in section 1.

3.4. Factors affecting the measured MR value

We do not correct the R versus H plots presented here for
contact resistances (RC) which can arise from the microscopic
size of the contact, but we can estimate the contribution to the
measured resistance value from the contact. Contacts made to
a 200 nm Au film with the STM showed resistances of 5–10 �,
while the resistance across the sample using macroscopic leads
from a multimeter was about 1 �, so we assume RC ≈ 10 �.
To see the effect that this amount of contact resistance can
have, we consider the following example. For a contact with
R0 = 40 � resistance (typical value from table 2) which
shows an MR response of 1% (i.e., 0.4 �/40 �), a contact
resistance RC = 10 � means that the actual MR is roughly
0.4 �/30 � ≈ 1.3%. Subtracting the contact resistance
amounts to shifting the MR value upward (by an amount that
depends on the relative values of R0 and RC), meaning that the
MR values reported in table 2 are slightly less than the actual
MR values. From our measured values of R0 it is reasonable
that RC is significantly less than R0, so that the difference in
actual and measured MR values should be fairly small.

We expect that higher MR values can be achieved by
addressing several features of the deposition process that may
act to decrease the spin diffusion length. First, by performing
the oblique angle depositions at a higher vacuum, the presence
of impurities can be greatly diminished. Next, the specific
deposition technique used can have an effect on the surface
roughness of the growth front and at the interfaces. Molecular
dynamics simulation by Zhou et al [41] for multilayered Ni/Cu
films deposited at oblique angles (0◦–60◦) showed that there
are two points to consider when evaluating the quality of
the film in terms of roughness. The first is the roughness
of the growth front and the second is the roughness at the
interface between different materials, which is associated with
intermixing. At a highly oblique angle, atoms with lower
incident energies (�1 eV, i.e., thermal evaporation) tended to
result in voids across the growth front. When the incident
atoms had energies of �5 eV (i.e., sputtering or ion beam
and ion beam-assisted deposition) the roughness of the growth
front was lower, since the additional surface diffusion afforded
by the increased adatom energy allowed the voids to be filled.
For a multilayered film, incident adatoms with the higher
incident energy (�5 eV) resulted in significant intermixing
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at the interface between the Ni and Cu, while the lower
energy (�1 eV) atoms were able to land on the sample surface
without enough impact energy to either dislodge surface atoms
or penetrate effectively into the surface. Zhou et al also
found that rotation helps to decrease the roughness for lower
energy atoms, while having little effect on the degree of
intermixing. For the higher energy atoms, rotation did not
have much effect on either the growth front roughness or the
intermixing. While this point may seem to contradict our
observation of lower MR for the vertical (substrate rotation)
than the slanted (no substrate rotation) columns with tl = 6 nm,
it is important to note that the incident angle in the simulations
ranged from 0◦ to 60◦, whereas the angle of incidence for
our samples was 84◦. It is known that the microstructure and
crystallographic properties of an obliquely deposited film can
change significantly with a change in incident angle of ∼24◦,
especially at higher angles [30, 42]. From inspection of the
SEM images of our vertical column samples in figures 1(c) and
(d), we conclude that this 24◦ difference in angle of incidence
is manifested as a dramatic increase in the shadowing. The
increased shadowing results in local branched growth across
the nanocolumn which can disrupt the smoothness of the
interface across the entire nanocolumn.

From this discussion, we conclude that though the thermal
nature of our deposition allowed minimal intermixing at the
Co/Cu interface, it also resulted in a rough growth front. As
suggested by the authors of the simulation study mentioned
above, it would probably be better to use a deposition technique
where the incident atom energy could be controlled (e.g., the rf
power or ion beam gun voltage). In this way, a higher energy
could be used for depositing a layer of material, but would be
lowered when switching to a new material to ensure a smooth
interface with little intermixing.

4. Conclusions

In conclusion, we have demonstrated a method for measuring
the GMR of a small number of free-standing multilayered
Co/Cu nanocolumns grown by oblique angle deposition using
a nonmagnetic STM to contact the sample surface in an applied
magnetic field. This is the first time any MR measurement
has been performed on samples of this type. No sample
modification is required to perform the MR measurement,
and the measurement method itself is macroscopically non-
destructive, though a small amount of local material flow does
occur during measurement. This method allows measurements
in different locations on the same sample with the advantage
of being able to provide a good estimate of the number
of nanowires contacted through knowledge of the tip size.
By using a templated substrate as a seed for nanocolumn
growth [43], the separation of the individual nanocolumns
can be increased (this also increases the column diameter),
increasing the likelihood of contacting a single nanocolumn.

Through this study we also learn that other work also
remains to be done. An increased GMR value is paramount for
allowing measurements in a greater range of layer thicknesses.
We have discussed how stronger in-plane anisotropy could
be realized if a measurable GMR were possible for higher

magnetic layer thickness. Since our samples were grown at
5 × 10−7 Torr and 6 nm min−1 by oblique angle thermal
evaporation, we suspect that spin-flip scattering due to
interface roughness, stacking faults, and impurities and are the
chief causes of the low GMR values we measured. Depositions
at higher vacuum and growth rate may help alleviate their
effect. Also, we have noted that a deposition technique
that allows some control over the incident atom energy (e.g.,
sputtering or ion beam or ion beam-assisted deposition) may
serve to lessen intermixing at the interface and roughness of
the growth front.
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