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The giant magnetoresistance (GMR) of multilayered Co/Cu nanowires potentiostatically
electrodeposited inside the pores of an anodized alumina template was studied in the current
perpendicular to the plane (CPP) geometry. The maximum magnetoresistance change of 13.5% was
observed for Co(8 nm)/Cu(10 nm) nanowires at room temperature. The interfacial roughness and/
or an intermixing between Co and Cu layers were varied by changing the Cu deposition potential.
However, the CPP-GMR value only slightly decreases as the Cu deposition potential increases to the
positive value. This indicates that the interfacial roughness and/or intermixing are not a crucial
factor in determining the CPP-GMR value of the Co/Cu nanowires, which is argued to be due to the
uncoupled magnetic layers. The x-ray diffraction shows that Co/Cu nanowires with 300 nm
diameter have a face-centered-cubic structure with a strong (111) texture along the wire axes; their
magnetic easy axes are perpendicular to the wire axes as determined from the CPP-GMR curve. The
effects of the interface roughness and/or an intermixing between Co and Cu layers and their

thickness variation on the CPP-GMR are discussed. © 2006 American Institute of Physics.

[DOI: 10.1063/1.2168290]

I. INTRODUCTION

Magnetotransport properties of low-dimensional mag-
netic systems have been extensively studied in the last de-
cades because of their importance for device applications
such as ultrahigh-density data storage as well as for scientific
exploration of spin transport phenomena in low-dimensional
systems which are often very different from those of bulk or
thin films.' Particularly, multilayered nanowires consisting of
alternating magnetic and nonmagnetic layers are an ideal
system to investigate the giant magnetoresistance (GMR) ef-
fect in the current perpendicular to plane (CPP) geometry
because the high aspect ratio of the multilayered wire leads
to a larger resistance that enables high accuracy in the mea-
surement. In the CPP geometry, due to the spin accumulation
effect, the scaling length which governs the GMR effect is
the spin-diffusion length, which can be much larger than
electron mean free path;2 CPP-GMR effect should be ob-
served in multilayered nanowires with a large layer thickness
of either a nonmagnetic or magnetic layer. This is in contrast
to multilayered thin films where the current in the plane
(CIP)-GMR has been generally observed for small layer
thickness.

Magnetic nanowires with the diameter of a few tens to a
few hundreds nanometers can be made by growing them in
highly ordered pores of a suitable template such as anodized
alumina and polycarbonate templates.Si5 Using electrodepo-
sition, metal/metal multilayers in the film format such as
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Co/Cu can be grown by alternating the reduction potential
for each metal layer in an electrolytic solution containing
both the ionic species.G’8 Therefore by combining the single-
bath electrodeposition method for multilayer film growth
with the use of a nanoporous template, an array of multilay-
ered nanowires can be prepared.Ml

It has been shown that a significant intermixing can oc-
cur by an exchange reaction between nonmagnetic (Cu) and
magnetic (Co) layers of Co/Cu multilayer films during the
growth in a single bath by pulsed electrodeposition.12_16
Also, It has been reported that the GMR effect in magnetic
multilayer films often depends on the layered structure in-
cluding the interfacial roughness.7’8 However, the effects of
interfacial roughness of magnetic multilayers thin films
on the GMR effect have controversial results: as the interfa-
cial roughness increases, larger GMR effects have been ob-
served in some multilayer films systems such as Fe/ cr,'®
while smaller GMR effects have been found in other films
systems such as Co/ Cu."” In this work, we study the ef-
fects of interfacial roughness and intermixing on the CPP-
GMR effect in the Co/Cu nanowires by varying the Cu
deposition potential. We have found that in Co/Cu multilay-
ered wires of ~300 nm in diameter and ~60 wm in length,
the Cu deposition potential has a strong effect on the ex-
change reaction, thus results in different interface roughness.
The CPP-GMR value only slightly decreases as the interface
roughness increases. But the shape of the CPP-GMR curve
changes, in the sense that both the saturation field and the
peak position value increase as the interface roughness in-
creases. A maximum magnetoresistance (MR) change of
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13.5% was observed at room temperature for Co(8 nm)/
Cu(10 nm) nanowires. We also discuss the optimum Co and
Cu layer thicknesses that yield the largest CPP-GMR, the
correlations between the CPP-GMR and Co layer thick-
nesses, and the magnetic easy axis.

Il. EXPERIMENT

A. Electrodeposition of multilayered Co/Cu
nanowires

Electrodeposition of Co/Cu nanowires was carried out
potentiostatically in a single bath using a classical three-
electrode system including a Ag/AgCl reference electrode
and a platinum counter electrode. The deposition potential U
was controlled with respect to the reference electrode.
An electrolytic solution containing 1.5M CoSO,-7H,0,
0.5M H;3BO;, and 0.008M CuSO,4-5H,0 in the bath was
maintained at the pH of 3.5 at room temperature during the
growth of Co/Cu nanowires. Commercial anodized alumina
templates (Whatman, Anodisc) of 60 um in thickness and
100 nm in nominal pore size were utilized for this study.
According to the information supplied by the vendor, each
60-um-long pore consists of continuously connected two
portions: one end has pores of 100 nm in diameter and
1-2 pum in length and the other end with pores of 300 nm in
diameter and 58—-59 um in length. The detailed structure of
the templates is described elsewhere.’ Prior to electrodeposi-
tion of Co/Cu nanowires, a 1-um-thick Cu film was coated
onto the 300 nm pore side of the template using electron-
beam evaporation. The coated Cu film served as a conduct-
ing electrode for electrodeposition of Co and Cu layers. A
thin gold film (40—60 nm) was then grown on the 100 nm
pore side of the template using a thermal evaporator. The Au
film was utilized to detect a sudden increase of the deposi-
tion current when the growing nanowires reached the end of
the pores.

To determine the optimum deposition potentials for Co
and Cu layers, cyclic voltammetry was performed using the
electrolyte solution containing Co and Cu species. In the
measurements, the deposition processes of both Co and Cu
and the subsequent dissolution process of Co were specifi-
cally monitored. When the potential U was swept to the
larger negative values, an onset of nucleation and growth of
copper were observed as a cathodic current at U=0.1 V,
while Co began to be deposited at U=-0.7 V, as shown
in Fig. 1(a). When the potential was reversed above
U=-0.35V, an onset of Co stripping was detected as an
anodic current. Growth of Co/Cu nanowires was carried out
by alternating the deposition potential between U=-0.3 or
—0.5 V for Cu and —1.0 V for Co. We chose the Cu deposi-
tion potential at either —0.3 or —0.5 V to study the effects of
the interface roughness and/or intermixing on the CPP-
GMR. The nanowire growth was stopped as soon as a sud-
den increase of current was detected, indicating that the
growing nanowires have reached the end of the pores. A
typical chronoamperometric curve is shown in Fig. 1(b)
along with the applied potential change. The positive current
peak observed at the beginning of each Cu deposition period
is due to dissolution of Co and a concurrent exchange reac-
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FIG. 1. (a) Cyclic voltammogram measured for the Co—Cu electrolytic so-
lution used for electrodeposition of multilayered Co/Cu nanowires and (b)
current transients measured for electodeposition at —1.0 V. for Co and
—0.3 V for Cu (dashed curve) and for growth at =1.0 V for Co and 0.5 V
for Cu (solid curve). The Co dissolution peaks at the beginning of Cu depo-
sition are indicated by the tilted arrows. The degree of Co dissolution is
higher at —0.3 V Cu potential than that at —0.5 V Cu potential. The thicker
horizontal arrows refer to deposition currents with different vertical scales.

tion between Cu and Co at the growing surface. It is seen
that the anodic dissolution of Co is negligibly small at U
=-0.5V for the Cu deposition, but significant at U
=-03 V.

To determine the nominal thicknesses for Cu and Co
layers, the bilayer thickness was first calculated by dividing
the length of multilayered nanowire / and the number of
periods N, that is, lyijayer={cu+ o= lnanowire! Nperiods: Then, the
thickness ratio of the Cu to Co layers was estimated from the
cumulative electric charges used for electrodeposition of in-
dividual Cu layers (Qc,) and Co layers (Qc,), namely,
le! leo=(36.717040c0) ! (34.37c,0c,)- The constant values of
36.7 and 34.3 are determined based on Faraday’s law.”! The
values for Q¢, and Qc, were determined using current tran-
sient curves as exemplified in Fig. 1(b). According to our
chronoamperometry analysis, the current efficiency for Co is
Nco~ 80%, although the value for Cu can be assumed to be
New ™ 100%.2"** The deposition rates for different wires in a
sample may not be entirely uniform, which was indeed found
in Co/Cu nanowire samples according to our microstructural
analysis using scanning electron microscopy (SEM), as de-
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TABLE I. A summary of electrodeposition conditions of Co/Cu nanowires along with the measured values of
GMR and magnetic fields H,, which give the maximum MR value. Samples 1 and 2 have the same Co and Cu
layer thicknesses grown at the different Cu deposition potentials. Samples 3 and 4 have the same Cu layer
thickness with different Co layer thicknesses. The bold numbers highlight the differences.

Sample ID 1 2 3 4

V (Co) (V) -1.0 -1.0 -1.0 -1.0
Co layer thickness (nm) 11+1 11+1 8x+1 3+0.5

V (Cu) (V) -0.5 -0.3 -0.3 -0.3
Cu layer thickness (nm) 6+0.5 6+0.5 10£1 10+1

CPP-GMR 9.6+0.2% 7.3+£0.2% 13.5£0.2% 8.3+0.2%
H, (Oe) (perpendicular) 2004 320+5 196+5 95+3
H. (Oe) (perpendicular) 195+2 20+2

scribed later. We also found that the total deposition charge
monitored when the first wire grew to the end of a pore was
smaller than the expected charge that was needed to fill up
all the pores of the template. Thus, the estimated layer thick-
ness by the method shown above was close to the actual
layer thickness of the longest wires that have grown to the
end of the pores and were characterized through CPP-GMR,
but was larger than the average layer thickness of all the
wires (including those that have not grown to the end of the
pores) in the template.

In order to explain the effects of interface and Co layer
thickness on the CPP-GMR in Co/Cu nanowires, four rep-
resentative samples numbered from 1 to 4, prepared in dif-
ferent growth conditions, are selected from a number of
samples that we prepared and characterized. Samples 1 and 2
are Co/Cu nanowires of the same Co and Cu layer thick-
nesses grown at the same deposition potential for Co but at
different potentials for Cu. Samples 1 and 2 are used to dis-
cuss the effects of interface roughness and/or intermixing on
the CPP-GMR effect. Samples 3 and 4 have the same layer
thickness for Cu but different values for Co grown at the
same deposition potentials for Co and Cu. Samples 3 and 4
are used to discuss the effects of the magnetic Co layer thick-
ness on the CPP-GMR. The deposition potentials, layer
thicknesses, room-temperature CPP-GMR, and the magnetic
fields H,, which give the maximum MR values for all these
samples are summarized in Table 1.

B. SEM and XRD of nanowires

The structure of the electrodeposited Co/Cu-
multilayered nanowires was examined using SEM. Prior to
SEM observation of Co/Cu nanowires, the alumina tem-
plates used for the nanowire growth were mechanically
forced to break. The image in Fig. 2(a) clearly shows the
well-aligned nanowires with ~300 nm diameter, which con-
firms that the nanowires were indeed electrodeposited inside
the pores of the template. However, the lengths of as-grown
nanowires are not uniform, indicating that only the longest
nanowires, which have contacted the Au film coated on the
other ends of the pores, contribute to the MR change. It
should be noted that the sample shown in Fig. 2 was delib-
erately grown in short lengths for ease of SEM observation
(<10 wm). The narrower pores as indicated by the arrows in
Fig. 2(a) are the part of the template that ends with the

100 nm branches of pores. The surface along the direction of
the nanowire axis is smooth in the image with 50 000 mag-
nification [see Fig. 2(b)] and many terminating surfaces of
nanowires are perpendicular to the long axis of nanowire.
This implies that the interfaces of Cu and Co most likely
are perpendicular to the growth direction of the nanowire.
According to the peak intensity positions in x-ray-diffraction
(XRD) 6-26 data (not shown here), our Co/Cu nanowires
have the face-centered-cubic (fcc) structure with a strong
(I11) texture along the growth direction of nanowires.
No superlattice satellite peaks were observed from the
6-26 scan, probably because of a variation of bilayer thick-
ness in the nanowires.

WD 12.8mm

(b)

SEI 200kV  X2,500 10um
r

SEI 50KV X50,000 100nm WD 13.0mm

FIG. 2. SEM images of electrodeposited Co(~1.0 V,15 nm)/Cu(-0.5 V,
15 nm)-multilayered nanowires taken at (a) low magnification (X 1500) and
(b) high magnification (X50000). The growth of wires was deliberately
stopped short for easy observation of length variation in wires.
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C. Magnetotransport measurements

The MR of Co/Cu nanowires was measured using a PC-
controlled magnetotransport measurement system. The MR
measurements of the nanowires were carried out at room
temperature using a two-point contact method in the mag-
netic fields up to 9 kOe. To make the two-point contact for
the MR measurements, the Au-coated side (100 nm pore
size) of the nanowires was connected with a Cu wire using a
silver epoxy and the Cu-coated side (300 nm pore size) with
a conducting tape. The approximate number of nanowires
electrically contacted can be estimated from the measured
resistance of Co/Cu nanowire samples. We estimated that
the resistance of a single nanowire in Co/Cu nanowires is in
the order of a few tens to a few hundreds ohms, depending
on the values of resistances for individual Co and Cu layers
and the interfacial resistance between the Co and Cu layers
presented in the reference.”! In the case of the Co/Cu nano-
wire samples we studied, the net resistance of the nanowires
was in the range of 20—130 (), indicating that only a few
nanonowires were actually contacted and contributed to the
magnetoresistance in the parallel resistance configuration.
This estimate is consistent with the SEM result shown in Fig.
2 that some nanowires will not grow to the end of the pores
if the electrodepositon continues.

Figure 3 shows the MR curves for samples 1 and 2 mea-
sured in a magnetic field applied either perpendicular or par-
allel to the wire axes. It should be noted again that the Cu
deposition potentials used for the growth of these samples
were different (=0.5 and —0.3 V for samples 1 and 2, respec-
tively), while the Co deposition potentials were the same.
The change in the Cu deposition potential apparently results
in different shapes of the MR curve. The MR curves for
sample 2 grown at —0.3 V for Cu exhibit a maximum at
H,=320 Oe which is larger than H,=200 Oe for that of
sample 1 grown at —0.5 V for Cu, even though the MR
changes of sample 1 (9.6%) and sample 2 (7.3%) are not
very different. Figure 4 shows the MR curves and the mag-
netization hysteresis loops (see inset) for sample 3 and
sample 4 measured in magnetic fields perpendicular or par-
allel to the wire axes. These samples were deposited at the
same Cu (-1.0 V) and Co (-0.3 V) potentials with different
Co layer thicknesses. Sample 3, having Cu and Co layer
thicknesses of 10 nm and 8 nm, respectively, shows a MR
change of 13.5%, which is the highest value we have mea-
sured so far. A much smaller H, value was observed for
sample 4 having the Co layer thickness of 3 nm, which is
smaller than that of sample 3. It can be seen from Figs. 3 and
4 that CPP-GMR value slightly changed when a magnetic
field was applied parallel to the nanowire axes. This is be-
cause the anisotropic magnetoresistance (AMR) was super-
posed on the measured CPP-GMR value.

lll. DATA ANALYSIS AND DISCUSSIONS

A. Effects of interfacial mixing and roughness
on GMR

The observed difference in the shape of the MR curves
for samples 1 and 2 may be attributed to the difference in the
interfacial structure of these two Co/Cu nanowire samples. It
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FIG. 3. Magnetoresistance curves for Co/Cu nanowires of (a) sample 1 and
(b) sample 2 measured in magnetic fields applied perpendicular (dashed
curve) and parallel (solid curve) to the wire axes. These two samples have
the same Co and Cu layer thickness grown at the same deposition potential
for Co but at different potentials for Cu. The Cu deposition potentials for
sample 1 and sample 2 are —0.5 and —0.3 V, respectively.

has been found that there is an exchange reaction between
the noble metal (Cu) and magnetic metal (Ni or Co) during
the pulsed electrodeposition of Ni/Cu or Co/Cu-
multilayered thin films using a single bath."*'® The ex-
change reaction also happens in the electrodeposition of mul-
tilayered nanowires. This effect will result in a chemically
intermixed interface between the noble and magnetic
metals.'> The intermixing at the Co/Cu interfaces is also
probably energetically favorable because such an alloying
can decrease the interfacial free f:nergy.23’24 The exchange
reaction is more significant for the Co/Cu system than the
Ni/Cu system,6 because the difference in standard electrode
potentials, which is the driving force of this reaction, is
higher in the case of the Co/Cu system.13 The exchange
reaction between Co and Cu®* (Co+Cu** — Co**+Cu) takes
place because the reduction potential of Cu?* is more posi-
tive than the oxidation potential of Co.” The strength of
the exchange reaction changed with the Cu deposition poten-
tial, where anodic dissolution of Co significantly increases
with increasing the potential to the positive values. At
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FIG. 4. Magnetoresistance curves for Co/Cu nanowires of (a) sample 3 and
(b) sample 4 measured in magnetic fields applied perpendicular (dashed
curve) and parallel (solid curve) to the wire axes. The inset shows the
magnetization hysteresis loops. These two samples have the same Cu layer
thickness but different Co layer thicknesses. Samples were grown at the
same deposition potentials for Co and Cu. The Co layer thickness for sample
3 and sample 4 are 8 and 3 nm, respectively.

U=-0.5V for the Cu deposition, anodic dissolution of Co is
negligibly small, while at U=-0.3 V the Co dissolution is
significant, as indicated in Fig. 1(b). Correspondingly, the
interfacial structure of electrodeposited Co/Cu multilayers
changed by varying the Cu deposition potential. Sample 2,
which has Cu layers deposited at U=-0.3 V, may have
rougher interfaces or more intermixing at the interfaces than
sample 1 with Cu layers grown at U=—0.5 V.

Although sample 2 is expected to have rougher and more
intermixed interfaces than sample 1, their MR changes are
not much different (9.6% for sample 1 and 7.3% for sample
2). This observation cannot be explained by a mechanism
previously reported for multilayered Co/Cu thin films where
an interfacial intermixing was found to significantly decrease
the GMR effect.” The decrease in the GMR effect for
Co/Cu thin films with increasing interfacial roughness is due
to the reduced antiferromagnetic coupling between Co lay-
ers. On the other hand, both samples 1 and 2 we studied have
the Cu layer thickness of ~6 nm which does not give rise to
any significant antiferromagnetic coupling between the lay-
ers. The magnetic layers are in the uncoupled region when
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the Cu layer thickness is larger than 3 nm.? In this case, the
magnetizations in the Co layers are randomly aligned, in-
stead of an antiferromagnetically (AF) or ferromagnetically
(F) aligned as expected from the Ruderman-Kittel-Kasuya-
Yoshida (RKKY) interaction.””> Because the magnetic
layers of Co/Cu nanowires are not exchange coupled be-
tween them, interfacial mixing will not significantly affect
the coupling to reduce the GMR effect. We speculate that the
physical origin of the CPP-GMR for the uncoupled Co/Cu
nanowire system is somewhat similar to that of antiferro-
magnetically coupled Co/Cu thin films.*® In zero magnetic
field, the magnetization in randomly oriented domains in the
magnetic layers may have an effect very similar to that of the
antiparallel alignment; both the spin-up and spin-down elec-
trons are strongly scattered in the Co layers that have a mag-
netization direction opposite to their spin direction to give a
larger resistance. When the magnetic field is increased, the
magnetic moments begin to be aligned to the field direction
and hence to decrease the resistance.

Since sample 2 is expected to have rougher interfaces
than sample 1, there should be more scattering centers at the
interface. If the scattering at the interface is strongly spin
dependent, sample 2 should have a larger GMR value. How-
ever, the GMR effect observed in sample 2 was in fact
smaller than in sample 1, indicating that the scattering occur-
ring at the interfaces is not strongly spin dependent. The
interfacial scattering may rather contribute to the residual
resistance of the sample and only slightly decreases the
GMR ratio.

The effects of interfacial roughness and intermixing on
the increased saturation field in our Co/Cu nanowires also
cannot be explained by the mechanism used for Co/Cu
multilayer thin films® because the magnetic layers of the
nanowires are not exchange coupled. For an antiferomagneti-
cally coupled Co/Cu system, the saturation field may de-
crease with increasing interfacial mixing because the mixing
reduces the antiferromagnetic interlayer coupling. However,
the interface mixing will not influence the coupling between
the uncoupled Co layers since they are randomly aligned
anyway. The increase in the H, value and the saturation field
with increasing interfacial mixing could be due to the in-
creased number of pinning sites at the interface.”**! Rough-
ness of interfaces in the multilayer may result in reducing the
uniformity of the layer thicknesses and introducing defects
such as dislocations and step edges at the interface.

B. Optimum thickness for high GMR

A MR change of 13.5% was observed from sample 3,
which contains Co(8 nm)/Cu(10 nm) nanowires, which is
the highest value observed among the samples we measured,
indicating that Co(8 nm)/Cu(10 nm) is the optimum layer
thicknesses to achieve a highest GMR ratio in ~300 nm di-
ameter nanowires. The CPP-GMR effect is generally larger
than the CIP-GMR effect in this relatively large layer thick-
ness range because the scaling length for the CIP-GMR is
different from that for the CPP-GMR. Namely, for the CIP-
GMR, the scaling length is the electron mean free path,
while for the CPP-GMR, according to Valet-Fert (VF)
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model,**** the scaling length is the spin-diffusion length due

to the spin accumulation effect which is related to the spin-
flip mean free path. The spin-diffusion length can be much
larger than the electron mean free path, thus the CPP-GMR
effect can be observed for multilayers with larger layer thick-
nesses. When the layer thicknesses are smaller than 10 nm
for Cu layers or 8 nm for Co layers, anodic dissolution of Co
more significantly influences the interfacial roughness and
intermixing, leading to a decreased GMR effect. When the
Co layer thicknesses further increases, the GMR effect de-
creases, which agrees with the VF model. When the Cu layer
thickness is increased to values larger than 10 nm, the resis-
tance in the nonmagnetic layers increases, which is an effect
similar to an increase in the contact resistance and a decrease
in the MR change. The MR change of 13.5% obtained for
Co(8 nm)/Cu(10 nm) nanowires in our alumina templates is
close to the values of 11% observed by Liu et al.’ and of
15% reported by Piraux et al."’ on electrodeposited Co/Cu
nanowires made using polycarbonate templates with diam-
eters of 40 and 30 nm, respectively.

C. H, from peak MR

A much smaller H, value (95 Oe) was obtained for
sample 4 than that for sample 3 (196 Oe); a similar trend was
observed in the coercivity H,. of the magnetic hysteresis
curves measured for the same samples, where the coercivi-
ties for samples 4 and 3 are 20 and 195 Oe, respectively (see
Table I). It is interesting to note that Cerisier er al. have
reported a different trend in Co thin films grown on a (111)-
textured Cu surface from what we observed in Co/Cu
nanowires.>* They found that coercivity increases with de-
creasing film thickness where a linear increase of H,. from
25 to 192 Oe was observed when the Co layer thickness de-
creased from 200 to 2.5 nm. The smaller values of H, and
H,. we obtained for sample 4 with the smaller layer thickness
may be related to the anodic dissolution of Co and to the
intermixing at the interfaces. These interfacial effects may
not be negligible when the Co layer thicknesses are very
small as they result in a nonuniform Co layer thickness. In
very thin layer thickness of Co, the Co may become discon-
tinuous in the Cu matrix, which may give a coercivity close
to that of the bulk Co.'® The minimum thickness of continu-
ous Co layers reliably produced in multilayers may be
3 nm.”® This limitation in fabricating continuous layers of
Co/Cu nanowires may be related to anodic dissolution of Co
during electodeposition.

It should be pointed out that the H, value observed at a
maximum MR and the H, value obtained from the magnetic
hysteresis loop could be very different. For example, the H,
and H, values for sample 4 are 95 and 20 Oe, respectively.
Such a difference could be observed because basically the
GMR effect is measured only for the nanowires grown to the
end of the pores and electrically contacted for measurements,
while magnetic hysteresis curves are measured for all the
nanowires grown. Hence, the layer thicknesses of the nano-
wires that served for the CPP-GMR measurements are prob-
ably larger than the average layer thicknesses of all the wires
that served for the magnetic hysteresis curves.

J. Appl. Phys. 99, 033906 (2006)

D. Easy axis in the direction perpendicular
to the nanowire axis

All the CPP-GMR data we obtained indicate that the
magnetic easy axes of the nanowires are in the plane perpen-
dicular to the wire axes as the MR value reaches saturation in
a magnetic field smaller in the direction perpendicular to the
wire axes than that in the direction parallel to them. This
trend is also confirmed by the magnetic hysteresis curve
measurements; the magnetic easy axes were in the plane per-
pendicular to the wire axes. For sample 4, the anisotropy
indicated by both GMR curve and magnetic hysteresis curve
is weak. This is possibly due to the discontinuity in its Co
layer as discussed in Sec. III C.

The magnetic easy axes reflect various magnetic
anisotropies including the magnetocrystalline and shape
anisotropies. In the case of thin films, the easy axis often lies
in the plane of the film due to the shape anisotropy. The
disk-shaped magnetic layers in a multilayered nanowire can
be considered as an oblate spheroid with a small aspect ratio
R defined as the ratio of the layer thickness to the diameter.”
The demagnetizing factor for such a thin layer is nearly unity
in the direction parallel to the wire axis and zero in directions
perpendicular to the wire axis, and the shape anisotropy con-
stant is ~27TM§.35 The saturation magnetization M, for Co
layers may be very close to that for the bulk
(1424 emu/cm3).36 In the Co—Cu series, the average satura-
tion magnetization is 1241 emu/cm? as Ms,37 thus, the shape
anisotropy energy 27M? is about 9.7 X 10° erg/cm’. The
magnetocrystalline anisotropy for a cubic system can be rep-
resented by the first two terms with anisotropy constants K
and K,. To estimate the magnetocrystalline anisotropy for Co
layers in Co/Cu nanowires, the values obtained for Co-Pd
alloyed films™ were used; in the Co-rich-alloyed films the
values for E,(111)-E(100) and E (110)—E_(100) are about
-4 X 10° and -3 X 10° erg/cm? respectively. The estimated
anisotropy constants K; and K, are around —1.2X 10° and
0 erg/cm?, respectively. If only the magnetocrystalline an-
isotropy should be considered, the easy axis should then lie
along the (111) directions. The actual magnetocrystalline an-
isotropy constants for Co/Cu nanowire systems may be dif-
ferent; K, is®” —0.85% 10° or*” 1.2 10° erg/cm®. In these
multilayer systems, the magnetocrystalline anisotropy is gen-
erally much smaller than the shape anisotropy that is respon-
sible for orienting the easy axis to the direction parallel to the
film plane (perpendicular to the wire axes).

IV. CONCLUSIONS

We have demonstrated that multilayered Co/Cu nano-
wires grown by a pulsed electrodeposition using porous alu-
mina templates are an ideal system to investigate the CPP-
GMR. When the potential is switched for Cu deposition,
anodic dissolution of Co and an intermixing may occur, lead-
ing to interfacial roughness and/or intermixing at Co/Cu in-
terfaces, sensitively depending on the potential chosen for
Cu. SEM study of the samples showed the structure of the
high aspect ratio nanowires and the nonuniform wire lengths.
The Co/Cu nanowires are in a fcc structure with the (111)
texture. The anodic dissolution of Co and intermixing at the
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interfaces doesnot significantly decrease the CPP-GMR ratio
of the Co/Cu nanowires that have randomly coupled Co lay-
ers. The Cu layer thickness of about 10 nm and Co layer
thickness of about 8 nm are optimum values to show a large
GMR effect. The Co/Cu nanowires have an easy axis in the
plane perpendicular to the wire axes due to the predominant
shape anisotropy in the disk-shaped magnetic layers in the
nanowires.
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