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Electrochemical deposition in alumina templates is proved as a promising method for production of Co(Cu)/Cu nanowires showing
high giant magnetoresistance (GMR). This study discusses the deposition of multilayered structures in highly ordered alumina
templates in dependence on diffusion (Cu) or kinetically controlled (Co) behavior. Results show a high impact of spherical diffusion
on the enhancement of current density of the diffusion controlled component compared to deposition of thin films on planar electrodes.
To achieve a separation of the layers and to decrease the amount of Cu in the Co layer the deposition potential of Co was shifted
toward more negative potentials. Lithographic structuring of the template surface was carried out to allow a 4-point measurement
of the resistance. A high GMR of about 12% was obtained for [Co(Cu) (9 nm)/Cu (11 nm)]380 multilayered nanowires with high
accuracy and reproducibility.
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Multilayered nanowires with alternating magnetic and nonmagnetic layers represent a group of attractive materials for GMR
sensor applications. Nanowires show enhanced magnetoresistance
properties in comparison with multilayered films due to their currentperpendicular-to-plane (CPP) geometry.1,2 Electrochemical deposition is a unique technique to deposit layered nanowires with high aspect ratio into porous templates. The giant magnetoresistance (GMR)
ratio in case of electrodeposited multilayered films is lower than for
films obtained by physical deposition methods, as summarized in the
review of Bakonyi and Peter.2 The main reason lies in the incorporation of the more noble non-magnetic element in the ferromagnetic
layer and imperfections of the interface between adjacent layers. Despite this, electrochemically deposited multilayered nanowires exhibit
higher GMR values measured in CPP configuration which are close
to those of multilayered films deposited by physical methods. Great
interest arises for the deposition of Co(Cu)/Cu multilayers upon
the fact that these systems show higher GMR values than other
systems.3 Yet, the amount of publications devoted to the electrochemical deposition of multilayered nanowires of Co(Cu)/Cu is
quite small.4–14 A GMR value of 11% was achieved by Liu et al.
for the system [Co (5 nm)/Cu (0.8 nm)]1000 in a magnetic field
perpendicular to wire axes.6 10% GMR was measured for [Co
(28 nm)/Cu (14 nm)]600 by Enculescu et al.7 with the magnetic field
applied parallel to nanowire axis. 15% GMR for [Co(Cu) (7 nm)/Cu
(3 nm)]500 (in-plane magnetic field) was shown by Piraux et al.8 In
all mentioned works, an unordered track etched polycarbonate membrane was utilized as a template for nanowire deposition from a single
bath and the GMR values were determined at room temperature. In
contrast, highly ordered alumina templates (AAO) were used for deposition of Co-Ni-Cu (5 nm)/Cu (3 nm) structures bearing a GMR
effect of 55% at room temperature.13
Recently, Song et al.9 published for Co (50 nm)/Cu (5 nm) multilayered nanowires an excellent GMR value of 75%. Though, the
GMR measurement procedure is not explained.
Electrochemical potentiostatic double pulse deposition (P/P) from
a single bath is considered as advantageous, simple and cost-efficient
technique for fabrication of multilayered nanowires. In order to deposit multilayer structures, the deposition of the more noble nonmagnetic element Cu should be carried out from an electrolyte of
low Cu2+ -ion concentration under diffusion control. The less noble
element Co is the main constituent part of the magnetic layer. Consequently, its deposition should proceed under kinetic control. Therefore, the difference in concentrations of metal ions in the electrolyte
should be significant enough to assure that the deposition of the more
noble metal proceeds under diffusion control conditions and the incorporation of this element in the magnetic layer is low. As a result,
z
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separated layers of metals are obtained under different applied potentials. There are several suitable templates for deposition of nanowires
such as ordered AAO, diblock copolymer and nuclear track-etched
polycarbonate membranes or lithographically obtained templates. In
case of electrochemical deposition of multilayered nanowires the templates must be treated as arrays of nanoelectrodes. Utilization of these
templates requires an accurate approach to the deposition conditions
especially when it is governed by diffusion limitations.
GMR properties can be highly affected by the thickness of the
single layers and the amount of non-magnetic material co-deposited in
the ferromagnetic layer.2 e. g., for nuclear track-etched polycarbonate
membranes one can assume that due to different interpore distances
(Dint. ) an inhomogeneous local distribution of diffusion currents for
the diffusion controlled deposition of the more noble metal can be
observed. This results in a variation of the Cu content in the Co
layer and in a variation of thickness of single layers produced for the
diffusion controlled non-magnetic metal in neighboring nanowires
yielding slight changes of the GMR value between distinct wires.6,8
According to the theory of Bond et al. for microelectrodes,15 the
current transient for a single recessed electrode can be described by
the formula:
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θ3 0,
,
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where n – amount of transferred electrons in reaction, F – Faraday
constant, cb – bulk concentration of electroactive species, D – diffusion
coefficient, L – pore length, r – pore radius. The θ3 constituent can be
described by short-term and long-term expansions.16 For a long-term
expansion of the θ3 function eq. 1 is:17
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One can derive the steady-state equation for the current with time
tending to infinity:
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For the short-term expansion of the θ3 function eq. 1 is:
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this behavior is close to Cottrellian behavior.
The steady-state diffusion current to a single micro- or nanoelectrode is rapidly achieved.17 The current maintains at this steady-state
value due to the high component of spherical diffusion at the same
time as the diffusion zone continues to grow radially into the bulk
solution.
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For an array of nanoelectrodes diffusion zones of the neighboring
electrodes start to coalesce after a certain time. This provokes a change
in the deposition current. A few cases for the deposition behavior of
arrays of differently ordered inlaid microelectrodes were described by
Scharifker explaining the change in the current due to coalescence of
diffusion zones.18 This results in a decrease of the measured current.
Yet, the current density is enhanced with respect to a flat surface due to
the presence of a spherical diffusion component increasing the current.
In comparison to the deposition on a flat surface this leads to a higher
deposition rate for ions of the more noble metal which is deposited
diffusion controlled. The thickness of the deposited layers and the
composition of the magnetic layer might be affected accordingly.
AAO templates are highly ordered possessing similar Dint. values
what allows to produce nanowires with high aspect ratios compared
to other templates. Due to the high pore density a high number of
identical nanowires can be fabricated. Nanowires obtained in the AAO
templates might be subjected to annealing for further processing of
electrodeposited multilayers and high temperature application, which
is not the case for organic based, e. g. polycarbonate templates.
This paper is focused on studying the electrochemical deposition of
multilayered Co(Cu)/Cu nanowires from a single bath of sulfate/citrate
electrolyte into highly ordered AAO templates. Attention is payed to
the deposition behavior of both metal ions in dependence on their
diffusion characteristics in order to obtain separated layers and low
amounts of Cu in the ferromagnetic Co layer. The structure and chemical composition of the multilayered nanowires are characterized and
the GMR-effect is measured and discussed.
Experimental
Template preparation.— AAO templates were prepared by two
step anodization of Al (99.99%) utilizing 0.3 M (COOH)2 solution
at 40 V and 3◦ C, described in details elsewhere.19 At the end of
the second anodization step the membranes remained in the same
solution at 30◦ C for 1 hour to increase the pore diameter to 65 nm.
The Al-substrate was dissolved in CuCl/HCl solution from the back
side and the barrier layer was removed in 5% H3 PO4 at 30◦ C. A gold
layer of about 100 nm was deposited by sputtering technique as a
conductive layer (Cressington sputter coater 108 auto). On this layer
Cu was electrochemically deposited from a Watt-type bath to stabilize
it mechanically.
Average parameters of the ordered AAO template are: pore density
ρ ≈ 1010 cm−2 , pore length L ∼ 11 μm, average diameter of pores
dp ∼ 65 nm, interpore distance Dint. ∼ 105 nm, geometric electrode
area Ag = 0.407 cm2 , equivalent electrode area Aeq = 0.137 cm2 .
Equivalent electrode area in the context of this study is referred to as
the sum of the pore areas at the geometrical area of template:
 2
dp
.
[5]
Aeq = A g ρπ
2
Electrochemical deposition parameters.— All electrochemical
measurements and the deposition of nanowires were carried out
with a potentiostat PG-310 (Heka). Since the AAO templates are
only stable in the range of 3<pH<11, the choice of the electrolyte
was made by taking into account its pH. Nanowires were deposited
from a sulfate/citrate bath containing 0.3 M CoSO4 , 0.04 M CuSO4 ,
0.2 M C6 H5 Na3 O7 and 0.034 M NaCl. The pH value of 5.4 was
adjusted with H2 SO4 .20 All chemicals were at least of analytical purity. Fresh electrolyte was used for each set of samples. Experiments
were performed in a 3 electrode TEFLON cell with a mercury sulfate
electrode (MSE) as the reference electrode (645 mV vs. SHE). All
potentials are quoted versus MSE. The counter electrode was a platinum foil. All electrochemical experiments were conducted at room
temperature.
To study the deposition rate and the diffusion coefficient of Cu,
deposition was performed additionally on Si wafers sputtered with a
5 nm Ta-interlayer and a 100-nm Cu seed layer.

Potentiodynamic studies were conducted in order to determine
the deposition potentials. A Au-electrode was used as the working
electrode in that case. The scan rate was chosen to be 20 mVs−1 . For
potentiostatic pulse-plating, the potential for Cu was −900 mV and
the potential for Co pulses was varied from −1500 to −1800 mV with
a step width of 100 mV to decrease the amount of Cu in the magnetic
layer and, hence, to improve separation of layers.
The deposition of multilayered nanowires proceeded in the following sequence. The Cu deposition was carried out for 60 s from the
working electrolyte at −900 mV. It was followed by 380 P/P double
pulses. To complete the process for subsequent lithographical structuring to perform GMR measurements, the pores were overfilled with
Cu at −900 mV.
Sample characterization.— The morphology of deposits was investigated by means of scanning electron microscopy (SEM FEG
Gemini LEO 1530 by Zeiss). The crystal structure of the nanowires
was examined by X-ray diffraction (XRD) analysis using an X’Pert
Pro by PANalytical (Co Kα radiation, λKα = 1.7736 Å). Transmission
electron microscopy (TEM Tecnai T20, 200 kV) observations were
performed on the cross-section of deposits prepared by focused ion
beam (FIB FEI – FIB Helios 600i). The composition of deposits was
studied by energy dispersive X-ray (EDX) analysis coupled to TEM.
Selected area diffraction (SAD) was performed to study the crystal
structure of deposited nanowires as well.
GMR measurements.— For defined measurement-contact preparation optical lithography, dry-, and selective wet-chemical etching
were performed to structure the surface as schematically illustrated in
the Fig. 1.
To improve the bonding properties and to avoid oxidation or degradation during the preparation and measurement a 5 nm Cr/50 nm Au
layer was deposited using a commercial tool for thermal and electron
beam evaporation (Edwards, Auto 500).
The AR-P 3510 positive photoresist (Allresist GmbH, Germany)
was spin coated at a rotation speed of 3500 rpm. The samples were put
into an oven to perform a soft baking at 95◦ C for 20 minutes leading
to a final thickness of the resist layer of about 2 μm.
For the transformation of the layout design pattern on the deposited substrates a mask aligner (MA6, Suss MicroTec, Germany)
was used. After exposure the samples were developed (AR 300-35,
diluted with water 1:1), rinsed, and dried. Exposed regions of contact
layer were removed by ion-beam etching (Cr/Au), followed by a wetchemical etching step. The etching process was carried out at 70◦ C in
a (NH4 )2 S2 O8 basic solution. After removal of the photoresist mask
in acetone, the electrical connection to the chip carrier was realized
by wire bonding (Delvotec 5425).
A conventional four-point technique was used to measure the GMR
of Co(Cu)/Cu multilayer nanowires at room temperature in magnetic
fields (μ0 Hext ) up to 1 Tesla applied perpendicular to wire axes. The
electrical characterization was carried out using the current source unit
Keithley 6221 and the nanovoltmeter Keithley 2182 A. The magnetic
field was changed in steps of minimal 1 mT (−μ0 Hmax → +μ0 Hmax
and backwards to −μ0 Hmax ) by a computer control unit.

Figure 1. (Color online) Scheme of lithographic structuring and bonded electrical contacts.
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plied for deposition in AAO templates. In Fig. 2b potentiostatic pulses
and the corresponding current transient for deposition of multilayered
nanowires are presented. A pulse for Co deposition, indexed with (1),
is followed by a Cu deposition pulse, indexed with (2). From the CV
it is obvious that Cu is deposited under diffusion control at mentioned
potentials. The current for the Co deposition pulse is about 6.5 times
higher than the current for Cu deposition. However, the Co layer always contains co-deposited Cu and will be designated as Co(Cu).
As it will be discussed later this difference in currents at the chosen
potentials is not large enough to provide a good separation between
layers in the case of the deposition in templates.

Figure 2. (Color online) Cyclic voltammogram of Co-Cu electrolyte on Au
substrate, scan rate 20 mVs−1 , 5th cycle (a). Current transient (black solid
line) corresponding to the applied potential pulses (red dashed line) for the
deposition in AAO template (b).

Results and Discussion
Studies of deposition conditions.— To determine suitable deposition potentials for both electroactive species potentiodynamic studies
were carried out on a flat Au electrode. The cyclic voltammetry (CV)
curve, recorded from −200 to −1600 mV, shows several characteristic
peaks (Fig. 2a). A shoulder, indexed with (1), is probably related to
the reduction of Cu+ ions. The peak at about −825 mV, indexed with
(2), is attributed to the Cu deposition from Cu2+ ions. Deposition of
Co2+ ions is known to start at −1350 mV which is indexed with (3).
The Co reduction process is overlapped by the hydrogen evolution
reaction (HER). According to the literature, the most suitable potential for the deposition of Co layers is −1500 mV.22 Based on these
results one can establish deposition potentials as −900 mV for the
Cu layer and −1500 mV for the Co layer. These potentials were ap-

Diffusion controlled deposition of Cu on flat surface and in
template.— Since the deposition of Cu is governed by diffusion control it is of interest to consider the current transient for a single recessed
nanoelectrode – one component of an array. The current transient
calculated for a single recessed electrode is plotted in Fig. 3a. The
approach described by Bond et al.15 was used for the calculations.
According to this approach the time for a certain deviation (1%, 5%,
10%) of the current for the long-term expansion of the θ3 function
from steady-state value, equation 2, and the deviation of the shortterm expansion of the θ3 function from the Cottrell current, equation 4,
can be calculated since the parameters of the template are known. The
theoretical points of deviation are indexed in the Fig. 3a with hollow black squares for the short-term expansion and with hollow red
squares for the long-term expansion of the θ3 function. As it follows
from the plot, a steady-state current is rapidly achieved. 1% deviation
from steady-state current is theoretically reached at about 193 ms.
After this time one can assume that the current density is maintained
due to the impact of spherical diffusion at the mouth of the recessed
electrode. The diffusion coefficient of 3.4 10−6 cm2 s−1 used for these
calculations was determined from the slope of the curve plotted in
Cottrellian coordinates for Cu deposition on a Si wafer with a Cu seed
layer.
The current for the deposition of Cu in the template at 193 ms
(Fig. 3b) was related to the number of pores. This was performed in
order to estimate the current value at the time of the onset of steadystate current for a single recessed nanoelectrode. Thus, the assessed
current equals 3.5 · 10−10 mA. This is in the same order with the
calculated value of 7.7 · 10−10 mA by equation 2 (Fig. 3a).
In an arrangement of recessed nanoelectrodes, e. g. in a template,
the growth and coalescence of diffusion zones lead to the formation
of ion depleted regions at the outward surface of template. As a
consequence, the current decreases. Overlapping of diffusion zones
formed at neighboring pores occurs and proceeds until a complete
coalescence is reached. As a result, one should observe the diffusion
limited current to the planar geometrical electrode surface.
As it is seen from Fig. 3b the intersection, indexed with (1), of
the current of Cu deposition with the calculated Cottrell curve for the

Figure 3. (Color online) Calculated absolute current transient for Cu deposition from the Co-Cu electrolyte for a single recessed nanoelectrode (a), guided for
eye: black hollow squares denote 1%, 5%, 10% deviation of the short-term expansion of the θ3 function and red hollow squares denote the same deviation for
long term-expansion of the θ3 function; absolute current transients for the deposition of Cu in a template (solid black) and on a wafer (solid gray) as well as the
calculated Cottrell currents for the geometric area (dash gray) (b).
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geometric area reflects the stage when one can observe fluctuation of
the limiting current. The fluctuation might be caused by RayleighBénard convection due to concentration gradient instabilities at the
horizontal upward-facing working electrode.21 Additionally, the beginning of this stage for the deposition on a wafer with the same
geometrical area is marked with (3). It is clear that it occurs almost at
the same time as for deposition in the template. The current does not
change much after reaching its limiting value. A constant rate of the
deposition of Cu in the template can be obtained after about 57 s.
The limited current density of Cu deposition in the template related to the equivalent area is about two times higher (−3.2 mAcm−2 )
as compared to the limited current density for the Cu deposition
(−1.6 mAcm−2 ) on a planar wafer (geometrical area). This corresponds to limiting currents of 0.44 mA and 0.65 mA (Fig. 3b), respectively. Thus, an enhanced Cu current density is observed during
the deposition of Co(Cu) layers in comparison with the deposition on
planar wafers having a big impact on the composition of multilayered
nanowires. Calculated from the charge for Cu deposition in templates,
as the Cu current efficiency (η) is assumed to be 100%, the average
rate of Cu deposition equals to 1 nms−1 (this is also confirmed by
means of EDX, Fig. 7). This value is two times higher than the one for
the Cu deposition on a planar wafer, which is 0.5 nms−1 . The latter
result finds a good agreement with the results of Uhlemann et al.20
showing the value of 0.4 nms−1 for the same electrolyte.
Cu nanowires start emerging from the template at the stage marked
by (2) in Fig. 3b. The effective electrode area changes from the equivalent to the geometric area during this stage. It follows that afterwards
a complete coating is developed and the current becomes equal to the
current for the deposition of Cu on a planar wafer. This corresponds to
the stages of deposition in templates described by Motoyama et al.22
In order to deposit well-separated multilayers with the same thickness, pulse plating was initiated after about 60 s of Cu deposition and
carried out until the beginning of emerging of nanowires. Therefore,
the total charge for multilayer deposition should not exceed 2.8 C.
The latter value was obtained by integration of the horizontal linear part of the current transient for Cu deposition in the template
(Fig. 3b).
Deposition of Co(Cu) layer.— During the deposition of multilayered nanowires, a Co pulse follows the pulse for Cu deposition as
shown in Fig. 2b. After each Co pulse, one can observe an anodic
current due to cell capacitance effect and as well some exchange displacement which might take place as it is pointed in the literature.20,23
Application of potentials of ECo = −1500 mV for t = 0.716 s and ECu
= −900 mV for 11 s for deposition of Co(Cu)/Cu layers does not show
separated layers in the nanowires obtained. The deposition time and
charge of −2.2 mC should be high enough to deposit Co(Cu) layers
of theoretically 5.5 nm. In spite of this, it is not possible to distinguish
between the layers in the TEM image (Fig. 4) of the cross-section of
the template and the EDX analysis does not show any separation of
layers. Enhanced limiting current density of Cu in pores compared to
a wafer might lead to high concentrations of Cu in the Co layer or
even to formation of Cu clusters in the Co(Cu) layer.
Since Co is not deposited diffusion controlled, application of more
negative potentials should allow to enhance the Co deposition rate.
With more negative potential, the deposited mass of Co increases,
whereas the partial currents for Cu deposition and H+ reduction (both
diffusion controlled) remain constant. The current increases up to 3.5
times as the potential is decreased from −1500 mV to −1800 mV
achieving better layer separation. At more negative potentials water
decomposition highly contributes to the measured current, and would
decrease the layer quality.
In Fig. 5a current transients for single Co pulses are shown. The
deposition rate for each pulse of Co is plotted in Fig. 5b. A charge
(Q) of 2.4 ± 0.2 mC was chosen for the deposition of each Co(Cu)
layer at potentials ECo = −1500 mV and ECo = −1600 mV. The rate
of Co deposition, shown in Fig. 5b, was calculated from the charge of
a single Co pulse. At pH 5 the proton concentration is four orders of
magnitude lower than the Co2+ concentration. Therefore, an efficiency

Figure 4. (Color online) Bright field TEM image of nanowires deposited with
ECo = −1500 mV for 0.716 s and ECu = −900 mV for 11 s (out of focus
image).

of about ηCo = 100% was assumed. At the potential of −1500 mV the
deposition rate of Co equals to 6.6 nms−1 . This is in good agreement
with the result (6.4 nms−1 ) presented previously by Uhlemann et al.20
Assuming some increase in HER due to the contribution of water
decomposition for the more negative potentials ECo = −1700 mV
and ECo = −1800 mV, the average charge for each Co pulse was set
to 3.5 ± 0.1 mC. Calculated amount of Cu in the Co(Cu) layer was
demonstrated to decrease from 16 wt% at ECo = −1500 mV to 5 wt%
and 4.1 wt% corresponding to the latter Co(Cu) deposition potentials
(Fig. 5b); the influence of HER is not taken into account for these

Figure 5. (Color online) Current transients for single Co pulses at different
potentials obtained after about 100 pulses (a), deposition rate for Cu (gray)
and Co (black) dependent on deposition potential and corresponding calculated
content of Cu (wt%) in the Co(Cu) layer, deposition parameters are listed in
Table I (b).
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Table I. Values of calculated and measured thickness of the Co
layers deposited at different potentials. All values are given for
single deposition step of Co(Cu) layer.

ECo pulse,
mV

time,
s

pulse charge,a
mC

calculated
thickness of
Co(Cu) layer,b
nm

−1500
−1600
−1700
−1800

0.716
0.479
0.36
0.312

−2.2
−2.6
−3.4
−3.6

5.5
6.4
8.5
9.1

a Q = Q(Co) + Q(Cu) + Q(H ).
2
bη
Co = 100%.
c average value from EDX results (Fig.

measured
thickness of
Co(Cu) layer,c
nm
–
–
11
9

7).

calculations. Parameters of the deposition of Co layers are presented
in Fig. 5 and are listed in more detail in Table I.
Structural investigations of electrodeposited nanowires.— For
structural investigations of all samples the thickness of Cu layer was
deliberately increased to 11 nm which means that the parameters are
not optimal for GMR properties. Still, this allows to conduct more accurate TEM investigations of structure of multilayered nanowires. The
TEM image was made out of focus in order to contrast the separation
of the layers. The nanowires deposited with utilization of potential
ECo = −1500 mV for the Co pulse are presented in the Fig. 4. Application of this potential and potential of −1600 mV (not presented) did
not lead to formation of multilayered structure as it was previously
discussed.
Separation of layers is achieved in case of utilization of
ECo = −1700 mV and ECo = −1800 mV for Co pulses. The bright
field (BF) TEM images of multilayered nanowires deposited at ECo
= −1800 mV with well separated layers are presented in Fig. 6. A

Figure 6. (Color online) Bright field TEM images of a template cross-section
(a) and enlarged image of the cross-section of a single nanowire (b) deposited
with ECo = −1800 mV for 0.312 s and ECu = −900 mV for 11 s (out of focus
image).
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part of the AAO template containing several multilayered nanowires
(ECo = −1800 mV) is depicted in Fig. 6a. Due to the preparation
procedure the sample is slightly tilted but the layered structure of the
nanowires is clearly visible. The thickness of a single Co(Cu) layer
equals to about 7–10 nm from these TEM results and the Cu layers are
11–12 nm thick. The layers possess no considerable alternations in
thickness over a range of at least 50 bilayers.
EDX analysis on FIB cross-sections of TEM samples deposited at
different Co deposition potentials confirms that a separation of layers
can be achieved for potentials of −1700 and −1800 mV (Fig. 7a,
7b). The peaks of Co and Cu layers are sharper for the multilayered
nanowires obtained with the Co pulse potential ECo = −1800 mV,
which reveals a better quality of the layer structure. The thickness
of the Co(Cu) layer, referred to as measured thickness, is determined
from the presented EDX line scan along the nanowire axis. It was
measured at the half-width of the Co-peak on the EDX- line. From the
results one can estimate a thickness of each Co layer of about 11 nm at
ECo = −1700 mV and about 9 nm at ECo = −1800 mV. The values are
in good agreement with previously presented calculations and TEM
observations (Fig. 6). The Cu layers were deposited at −900 mV for
11 s (measured thickness is 11 nm). Table I summarizes the deposition
parameters and the calculated and the measured thickness of the deposited Co layers. Charge which is indicated in Table I as “measured
charge” contains the charges for deposition of Co, co-deposition of
Cu and the charge required for HER during the Co pulse. The thickness of the Co(Cu) layer was calculated from the measured charge
assuming that ηCo equals 100%. The difference between calculated
and measured thicknesses can be explained in terms of experimental
conditions, e. g. the sample could be slightly tilted during the TEM

Figure 7. (Color online) TEM-EDX linear scans along the nanowire axis (at
the TEM template cross-section); deposition parameters: ECo = −1700 mV, t
= 0.36 s (a) and ECo = −1800 mV, t = 0.312 s (b), ECu = −900 mV for 11 s
for both.
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Figure 8. (Color online) Bright field TEM image (in focus) for nanowires
deposited at ECo = −1800 mV for 0.312 s and ECu = −900 mV for 11 s.

preparation, imperfectness of the AAO template could influence the
local layer thickness and due to the contribution of HER.
The FIB cross-section in Fig. 8 demonstrates stacking faults, twins
and stressed wires. Their formation is probably favored due to the low
stacking fault energy of Co.24 The maximum crystal size was estimated
to 11–12 nm from dark-field TEM studies (not presented here).
XRD data obtained from measurements of a sample produced with
a Co deposition potential ECo = −1800 mV is shown in Fig. 9a. All
visible reflections can be identified with fcc Cu and Co. Since the
peaks for cubic Co and cubic Cu are positioned at almost the same
2, they are overlapped. The typical fcc-(111) peak is presented in
the inset in Fig. 9a in semilogarithmic scale. In the XRD pattern one
can observe the appearance of a shoulder for the characteristic peak.
The shoulder is marked with a black arrow and confirms an fcc crystal
structure for Co and can be referred to a strong fcc-Co (111) reflection
at 51.21◦ . Although, hcp-Co (002) has a similar reflection at 51.41◦ , it
cannot be the evidence of presence of hcp Co since a strong reflection
of hcp-Co (101) at 55.12◦ is not manifested. The Cu (111) reflection
is marked with a gray arrow.
These results are in good agreement with the ring pattern of SAD
presented in Fig. 9b. The ring pattern also hints on the presence of fine
crystals. According to Krause et al.24 crystallization of nanoscaled Co
structures preferably occurs in the fcc phase. There is no clear evidence
of hcp Co in the obtained deposits, although, it is not possible to
exclude completely some content of hcp Co.2
Formation of the cubic Co is influenced by the deposited Cu layer.
Taking into account the results discussed above one can assume that

Figure 10. (Color online) Magnetoresistance curves of electrodeposited
[Co(Cu) (9 nm)/Cu (11 nm)]380 multilayers at T = 293 K with in-plane magnetic field orientation. Measurement direction: −μ0 Hmax → +μ0 Hmax marked
with red color, +μ0 Hmax → − μ0 Hmax marked with blue color.

the Co(Cu) layer grows epitaxially on Cu layer forming a cubic structure as it was previously described.20
GMR measurement.— Deposition of Co(Cu) layer at a potential
of −1800 mV yields the best results concerning separation of layers
and concentration of Cu inside the Co layer and seems suitable for
deposition of thin magnetic layers of Co. The GMR measurements
were realized on the sample with nanowires of 380 double layers –
[Co(Cu) (9 nm)/Cu (11 nm)]380 .
The GMR ratio was calculated by |RH -R0 |/R0 , where R0 is the
maximum resistance near zero magnetic field, and RH is the resistance
at the high magnetic field.
The measured I-V (current-voltage) curve gives a clear evidence
for ohmic behavior with a resistance in the m-range (conducted in
preliminary experiments, not presented here). As expected, the value
depends on the contact size. The results presented here are obtained at
contact areas in the range from 1 mm x 1 mm down to 50 μm × 50 μm.
Utilization of larger contact areas results in a lower resistance, but it
was found that the GMR-effect is not influenced by the contact size.
The field-sensitivity can be calculated to about 0.1%/mT.
Figure 10 shows the evolution of the magnetoresistance in in-plane
applied magnetic field (perpendicular to wire axes). The MR(H) curve
shows the well-known splitting (hysteresis) and a nearly monotonic
decrease toward saturation. There are no relevant differences in the
μ0 H-values where the magnetoresistance reaches the saturation between multilayered nanowires prepared by electrodeposition and thin

Figure 9. (Color online) XRD results (a) and ring pattern obtained by TEM-SAD (b) for the templates filled with nanowires deposited at ECo = −1800 mV for
0.312 s and ECu = −900 mV for 11 s. Ring pattern (b): Co- fcc marked with yellow, Cu-fcc marked with green.
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multilayered films deposited with conventional technologies.25,26 An
unexpected high GMR of about 12% was obtained for the samples
with non-optimized Co(Cu)/Cu layer thicknesses.
The GMRs of 11% and 15% for optimized [Co (5 nm)/Cu
(0.8 nm)]1000 and [Co(Cu) (7 nm)/Cu (3 nm)]500 systems measured
with the same (in-plane) orientation of applied magnetic field at room
temperature are of comparable magnitude with the obtained result of
12% for non-optimized multilayered nanowires [Co(Cu) (9 nm)/Cu
(11 nm)]380 .6,8 This unexpected value can be treated as an outcome
from the well-defined separation of adjacent layers, small alternations
in the layer thicknesses and the low Cu content in Co(Cu) layers.
Highly ordered AAO templates enable fabrication of almost identical multilayered nanowires allowing accurate assessment of GMR
versus layer thicknesses. Therefore, preparation and GMR studies of
optimized multilayered Co(Cu)/Cu nanowires are in progress.
Conclusions
The electrochemical deposition behavior of Co(Cu)/Cu multilayered nanowires into AAO templates, the structural characterization,
and the investigation of the GMR were the subject of the presented
study. It was found that the limited current of the diffusion controlled
Cu deposition in AAO is enhanced twice with respect to deposition on
a flat surface due to the high impact of spherical diffusion component.
This results in a higher deposition rate of Cu and an increased amount
of co-deposited Cu in the magnetic Co layer. To overcome this behavior the deposition potential for Co(Cu) layers was shifted to more
negative potentials than commonly used for Co deposition. Structural
investigations reveal that well separated multilayers of Co(Cu)/Cu
were obtained at deposition potentials of E = −900 mV for Cu and E
= −1800 mV for Co.
An unexpected high GMR of about 12% was observed for [Co(Cu)
(9 nm)/Cu (11 nm)]380 multilayered nanowires with in-plane applied
magnetic field at room temperature despite the not- optimized layer
thickness.
The presented results show that electrochemical deposition in
highly ordered AAO templates is a suitable and effective way of
forming multilayered nanowires for GMR sensor applications.
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