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Magnetoresistance of CoNiCu/Cu Multilayers Electrodeposited
from Electrolytes with Different Ni Ion Concentrations
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A series of CoNiCu/Cu multilayers was potentiostatically electrodeposited on strong 共100兲 textured Cu substrates from electrolytes
with different Ni concentrations. X-ray diffraction patterns showed that all studied samples exhibited a face-centered cubic
structure. From scanning electron microscopy images, it was observed that the surface morphology of the films is affected by their
Ni content. The compositional analysis by energy-dispersive X-ray spectroscopy demonstrated that as the Ni ion concentration in
the electrolyte is increased, the Ni content of the film increases. Magnetoresistance 共MR兲 measurements were carried out at room
temperature in the magnetic fields of ⫾12 kOe. The samples grown from the electrolytes with the Ni concentration of up to 0.3
M exhibited giant magnetoresistance 共GMR兲. For the samples grown from 0.3 M Ni, anisotropic magnetoresistance 共AMR兲 begins
to appear as well as GMR. As the Ni concentration in the electrolytes is increased, the AMR effect enhances, whereas the GMR
effect weakens. For the 2.0 M Ni concentration, the MR behavior of multilayers converts from GMR to AMR. Furthermore, the
magnetization measurements made by a vibrating sample magnetometer showed that the antiferromagnetic coupling between
ferromagnetic layers weakens with increasing the Ni concentrations.
© 2010 The Electrochemical Society. 关DOI: 10.1149/1.3469583兴 All rights reserved.
Manuscript submitted May 25, 2010; revised manuscript received July 2, 2010. Published August 19, 2010.

Nanostructured ferromagnetic materials such as conventional and
nanowired multilayers have attracted much attention due to their
interesting properties such as giant magnetoresistance 共GMR兲 effect
and spintronic applications. Electrodeposition is one of the highly
versatile techniques to produce such nanostructured metallic materials and has many advantages such as low cost, easy scale-up, and
rapid deposition at room temperature and pressure. Although electrodeposited magnetic multilayers have smaller GMR values compared to those of multilayers grown by vacuum-based processes
such as sputtering,1-3 it can be possible to improve the GMR values
in the electrodeposition process because the GMR can be affected
by many chemical parameters such as the electrolyte concentration,
the electrolyte pH, and the deposition potential as well as physical
parameters such as the layer thickness, bilayer number, and
substrate.4-8
As in vacuum processes, electrodeposition cannot provide pure
ferromagnetic layers but rather a ferromagnetic metal-rich alloy
layer, like a Ni-rich NiCu alloy in the Ni/Cu multilayers or a Co-rich
CoCu alloy in Co/Cu multilayers. Particularly, in electrodeposited
multilayers based on Co and Cu, at the interface between Co and Cu
sublayers, the anodic dissolution of Co can occur during the deposition of a more noble metal Cu, which results in a highly Cu-rich
region adjacent to the Co sublayer and fluctuation interfaces. This
event decreases the GMR of the electrodeposited CoCu/Cu multilayers. Using some additives and adjusting electrolyte concentrations, few works have been done to improve the CoCu/Cu
multilayer structure9,10 by inhibiting the displacement of Co by Cu.
For example, the addition of Ni to the Co layer has been reported to
raise the GMR value but when the multilayers were electrodeposited
at low pH 共2.0兲.11,12
In this study, structural, chemical, magnetoresistance 共MR兲, and
magnetic properties of CoNiCu/Cu multilayers were studied as a
function of Ni concentration in the electrolyte and hence the Ni
content in the film. Structural, magnetic, and MR characterizations
of the films are significantly affected by Ni concentration in the
electrolyte. A small Ni component concentration of CoNiCu/Cu
multilayers was found to enhance the GMR effect, which is thought
to arise from a lowering of the displacement reaction. More Ni
addition reduces the GMR, in which rather than the displacement
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reaction, the electrolyte pH plays a more effective role on the GMR
because the low electrolyte pH 共2.0兲 is known to increase the GMR
of CoNiCu/Cu multilayers.11
Experimental
Polycrystalline Cu sheets, having a strong 共100兲 texture of the
face-centered cubic 共fcc兲 structure, were used as substrate. Before
deposition, one face of each substrate was polished mechanically
using emery papers with different grades and then covered with an
electroplating tape except for a circular area ⬃3 cm2 of the polished face. The uncovered area, which was exposed to the electrolyte, was electropolished in 50 vol % H3PO4 solution until a bright
face was obtained. After polishing, the substrate was in turn rinsed
in 25 vol % H3PO4, 10 vol % H3PO4, distilled water, 10 vol %
H2SO4, and finally distilled water. The polished sample was immediately placed into the electrolyte used to deposit multilayers. For
CoCu/Cu multilayers, an electrolyte composed of 0.27 mol/L cobalt
sulfate 共from CoSO4·7H2O兲, 0.022 mol/L copper sulfate 共from
CuSO4·5H2O兲, 0.022 mol/L boric acid 共H3BO3兲, and 0.01 mol/L
sulfamic acid 共NH2SO3H兲 was used. To study the effect of Ni, a
series of electrolyte was prepared by adding nickel sulfamate
关Ni共SO3NH2兲24H2O兴 with different concentrations 共0–2.0 mol/L兲 to
the electrolyte used to grow CoCu/Cu multilayers. CoNiCu/Cu multilayers were grown from these electrolytes. The pH value for all
electrolytes was 2.5 ⫾ 0.1. Deposition was carried out in a threeelectrode cell with the use of an EG&G model 362 controlled by a
personal computer and without any agitation. A platinum 共Pt兲 sheet
was used as counter electrode 共anode兲 and a saturated calomel electrode 共SCE兲 served as the reference electrode. The deposition of Cu
layers was made at a cathode potential of −0.4 V with respect to
SCE, whereas the ferromagnetic Co and CoNi layers were deposited
at −1.5 V vs SCE. The nominal thicknesses of Co 共or CoNi兲 and Cu
sublayers were fixed at 4 and 0.7 nm, respectively, assuming 100%
current efficiency. The bilayer number was chosen to be 426 to keep
constant the total thickness of samples at 2 m, that is, the multilayers had a form of 426关CoNiCu 共4 nm兲/Cu 共0.7 nm兲兴. During each
pulse, a fixed amount of charge was passed to obtain a ferromagnetic or nonmagnetic layer of the desired thickness. Because the
thickness of the Cu layer in all multilayers was the same and Cu was
deposited at a limiting current, no change in the composition of the
Cu layer is expected with the variation in the deposition parameters.
Therefore, any variation in the film composition would occur only in
the ferromagnetic layer. The current transient was recorded and analyzed to obtain information about the dissolution of the ferromag-
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t=

0.9
B cos B

关1兴

where  is the Bragg diffraction angle and B is the width of the peak
at half-maximum intensity. The average grain size for a sample was
calculated by taking into account the grain size and the texture coefficient for all reflections in its XRD pattern.14 A scanning electron
microscope 共SEM, Zeiss 50 VP兲 attached with an energy-dispersive
X-ray spectroscope 共EDX, Oxford Instruments Inca Energy兲 was
used for morphological observations and to determine the microstructural composition of the films. MR measurements were made at
room temperature in the magnetic fields of ⫾12 kOe using the van
der Pauw 共VDP兲 method with four probes on the corners of a square
sample. The magnetic field was applied both parallel and perpendicular to the current flowing through the film plane to measure
longitudinal magnetoresistance 共LMR兲 and transverse magnetoresistance 共TMR兲, respectively. In each case, the percentage change in
the resistance MR 共%兲 as a function of the applied magnetic field
was calculated according to the relation
MR 共%兲 =

R共H兲 − Rmin
⫻ 100
Rmin

关2兴

where R共H兲 is the value of resistance at any magnetic field 共H兲 and
Rmin is the value at the field where the resistance is minimum. Interlayer exchange coupling constant 共J兲 was calculated according to
Eq. 3
Hs = −

4J
M stFM

20
3

Current density (mA/cm )

netic layers occurring during the deposition of Cu. After growth, all
samples, except for the vibrating sample magnetometer 共VSM兲
samples, were peeled off their substrates electrochemically.
The structural analysis of the films was made using X-ray diffraction 共XRD兲 with Cu K␣ radiation 共 = 0.15406 nm兲. The diffraction patterns were obtained in the range of 2 = 40–100° with a
step of ⌬共2兲 = 0.02° because the main Bragg reflections of bulk
Cu in the fcc structure are between 2 = 40 and 100°. Grain sizes
for each reflection were calculated using the Scherrer formula13
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Figure 1. Current density transients of a CoNi/Cu multilayer grown from the
electrolyte including 0.02 M Ni.

suggests that both the CoNi and Cu layers were grown in a stable
current. Similar current density transients were observed for other
studied samples as well.
Structural analysis.— Figure 2 shows the typical XRD patterns
of CoNiCu/Cu multilayers grown from electrolytes having different
Ni ion concentrations, from 0.0 to 2.0 M. The structural analysis
showed that all samples have a polycrystalline fcc structure. As seen
from Fig. 2, for the CoCu/Cu 共without Ni兲 and CoNiCu/Cu multilayers with 0.02 and 0.05 M Ni, the main Bragg peaks of the fcc
structure are clearly seen at 2 ⬇ 43, 51, 75, and 91°, which correspond to the mean lattice spacings of the whole multilayer stack for
the 共111兲, 共200兲, 共311兲, and 共220兲 reflections, respectively. For

关3兴
1500
1000
500
0

where Hs is the saturation magnetic field at which magnetization
reaches 0.95 M S, M S is the saturation magnetization, and tFM is the
ferromagnetic layer thickness. The magnetic properties of the multilayers were studied by VSM, and from the obtained hysteresis
curves, the saturation magnetization 共M s兲, the remanent magnetization 共M r兲, the coercivity 共Hc兲, and the remanence ratio 共S
= M r /M s兲 were calculated.

Electrochemical characterization.— Figure 1 shows current–
time transients for the first few layers of a CoNi/Cu multilayer
grown from the electrolyte including 0.02 M Ni. On the cathodic
side, the high current density pulses correspond to the CoNi layers
and the low current density to the Cu layers. The deposition time for
Cu layers is longer than that for CoNi layers because the total concentration of Co and Ni ions is more than the Cu ion concentration
and, also, the deposition potential of the CoNi layers is higher than
that of Cu layers. As seen from Fig. 1 for each Cu layer, the deposition current changes with time from positive to a stable negative
value, and its deposition time lasts longer than that of the previous
layer because the Cu concentration close to the surface of the cathode decreases with time. The high cathodic current occurring at the
onset of the deposition of CoNi layers is probably due to the double
layer charging current between the cathode and the solution. The
anodic peak appeared at the beginning of the deposition of each Cu
layer arises from the Co dissolution and the exchange reaction between Co and Cu. After the instantaneous transients, the current
density for both the CoNi and Cu layers is almost constant. This
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Figure 2. XRD patterns of multilayers with 426关CoNiCu 共4 nm兲/Cu 共0.7
nm兲兴 grown from the electrolytes with different Ni concentrations.
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Figure 3. Variation in the lattices parameter of CoNiCu/Cu multilayers with
the Ni concentration in the electrolyte.

samples with 0.2, 0.5, and 1.0 M Ni, the 共311兲 reflection was not
detected, and for the sample with 2.0 M Ni, both the 共311兲 and 共220兲
reflections were not detected. The preferential orientation of the
samples was determined by calculating their texture coefficients
from the experimental and theoretical relative integral intensities of
the 共hkl兲 reflections.14 According to these findings, most of the multilayers have the same texture as in their substrates except for a few
samples, indicating that the Cu substrate induces the growth of the
multilayers in the 共100兲 direction. However, the strength of the preferred orientation varies depending on the Ni ion concentration in
the electrolyte and hence the Ni content of the deposit. As the Ni ion
concentration increases, the orientation of the films can change as
共111兲 or 共100兲. The 共111兲 orientation probably arises from the 共111兲
preferred orientation of bulk Ni 共or Cu兲, whereas it is 共100兲 from the
Cu substrate with strong 共100兲 texture. No satellite peak was detected. This is probably due to the overlap of Co and Cu layers
because the dissolution of Co prevents the formation of sharp interfaces. The absence of satellite lines is typical phenomena observed
in electrodeposited multilayers with discontinuous interfaces.15
The lattice parameter of the samples was calculated using the
least-squares technique by taking into account all reflections in the
pattern. Figure 3 shows the variation in the lattice parameter of
multilayers with Ni ion concentration in the electrolyte. Experimental data 共solid squares兲 were fitted to a straight line. As expected, the
lattice parameter of the samples decrease with increasing Ni concentration, that is, it shifts to that of the bulk Ni 共a = 0.3524 nm兲.
Lattice parameters are always intermediate between the values of
the bulk Cu 共0.3615 nm兲 and bulk Ni 共0.3524 nm兲, indicating good
coherency between the layers.
Figure 4 demonstrates the variation in the average grain size of
the samples with respect to Ni ion concentration in the electrolytes,
which may give about the structural coherence of the multilayers.
For the low Ni concentrations 共⬍0.05 M兲 共Fig. 5a兲, the average
grain size increases as the Ni content in the film increases 共Fig. 5b兲.
Beyond this point, it continuously decreases, except for 2.0 M Ni
共Fig. 5c兲. This suggests that the coherence of the multilayers becomes better until 0.05 M Ni concentration, and for higher Ni concentrations, it gets worse.16,17 These results indicate that the addition
of Ni less than 0.05 M improves the multilayer structure.
Figure 5 shows the SEM morphology of the CoNiCu/Cu multilayers deposited from the electrolytes with three different Ni con-
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Figure 4. Variation in the average grain size of CoNiCu/Cu multilayers with
the Ni concentration in the electrolyte.

centrations. The pictures were taken from the solution side. The
figure reflects the effect of Ni content on the surface morphology of
the multilayer films. The film surface exhibits almost a uniform
granular morphology for the low Ni concentration, but for the higher
Ni concentration, some round islands occur.
Compositional analysis.— The composition of the multilayers
was determined by EDX on at least three different areas for each
sample. The average composition was calculated and the variation in
the average composition within a sample was less than 5%, indicating compositionally a good uniformity. Figure 6 shows the variation
in the average composition of the CoNiCu/Cu multilayers with Ni
ion concentration. As seen from the figure, a continuous increase in
the Ni content of the multilayers is observed with increasing Ni
concentration, whereas the Co content decreases from ⬃68 to
⬃25%. This is an expected result because a fixed amount of metal is
discharged at higher potentials 共−1.5 V兲 to give the desired thickness of a ferromagnetic layer. The Cu content of the films decreases
as the Ni concentration in the electrolyte increases. The Cu deposition is diffusion-limited; the amount of Cu deposited at the low
potential pulse 共−0.4 V兲 should be the same for all multilayers.
Therefore, the higher Cu content in the films grown from the electrolytes without Ni and containing lower Ni concentrations indicates
the presence of more Cu in the ferromagnetic layers. A possible
explanation of this result is that Ni addition to the electrolytes containing Co and Cu ions reduces the dissolution of the ferromagnetic
layer.
Figure 7 shows the Ni/Co ratio in the films as a function of the
Ni/Co ratio in the electrolyte. As the Ni/Co ratio in the electrolyte
increases, the Ni/Co ratio in the films increases linearly. The Ni/Co
value in the films is almost half of that in the electrolyte. This proves
that the anomalous codeposition occurs at each solution because in
iron group metals, the deposition of a less noble metal is favored
compared to that of a more noble metal.18
MR properties.— Four-probe MR measurements were used to
investigate the GMR properties of the 426关CoNiCu 共4 nm兲/Cu 共0.7
nm兲兴 multilayers. The MR values 共the percentage changes in the
VDP resistance in the magnetic field兲 were calculated using Eq. 2.
Figure 8 shows a characteristic evolution of the shapes of the MR
curves with Ni concentration in the electrolyte. The solid lines rep-
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Figure 6. Composition of Co共Ni兲Cu/Cu multilayers with the Ni concentration in the electrolyte.

systems enhances the GMR, that is, the CoNiCu/Cu multilayers exhibit a GMR larger than that in CoCu/Cu systems. This result can be
explained by the fact that Ni addition improves the multilayer structure by suppressing the dissolution of Co.19,20 The maximum value
of the GMR is obtained for CoNiCu/Cu multilayers produced from
the electrolyte containing 0.02 M Ni concentration. For the samples
with over 0.2 M Ni, as the Ni concentration increases, the GMR
decreases and, also, the anisotropic magnetoresistance 共AMR兲 effect
begins to appear. As seen in Fig. 8d, for the Ni concentration of 2.0
M, the TMR decreases and LMR increases with increasing magnetic
field. The MR behavior of the film converts to almost the AMR

(c) 2.0 M Ni

4

Ni/Co (Film)

3
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1
Figure 5. SEM images of multilayers with 426关CoNiCu 共4 nm兲/Cu 共0.7
nm兲兴 deposited from the electrolyte with different Ni concentrations.
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0

resent the LMR and the circles indicate the TMR. As the magnetic
field increases, both LMR and TMR decrease, i.e., the films exhibit
the GMR effect arising from the periodicity of the multilayers. In
Fig. 8, the addition of Ni up to 0.2 M to the CoCu/Cu multilayer
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Figure 7. Variation in Ni/Co ratio in the films as a function of Ni/Co ratio in
the solution.
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effect, like bulk ferromagnetic alloys.21 For high Ni concentrations,
although increasing Ni concentration improves the multilayer structure, the diminish of the GMR effect may be a result of a high pH
value of the electrolyte because in NiCoCu/Cu multilayers with high
Ni concentrations, the GMR is strongly affected by the electrolyte
pH.11 Another point is that the Cu content decreases with increasing
Ni concentration and as a result for this, the GMR weakens, as
reported by Hua et al.22,23
To see clearly the behavior of the MR curves in small magnetic
fields, the TMR curves of CoNiCu/Cu at the magnetic fields applied
below 5 kOe are given in Fig. 9. All MR curves have the two peaks
near the coercive field, corresponding to the antiparallel alignment
of the magnetizations in adjacent ferromagnetic layers. These peaks
corresponding to the maximum value of the resistivity shift to the
small magnetic fields as the Ni concentration in the electrolyte and
hence the Ni content in the sample increases. As seen later, this
result was also confirmed by the hysteresis curves of the deposits.
The variation in GMR with Ni concentration in the electrolyte is
given in Fig. 10. The inset in the figure shows the variation in GMR
for Ni concentrations less than 0.3 M. As seen from the figures, the
GMR of the CoNiCu/Cu multilayers with low Ni concentrations is
larger than that of the multilayers with high Ni concentrations. The
decrease in the GMR with increasing Ni concentration originates
from the fact that the antiferromagnetic coupling between the Ni
layers is weaker than the coupling between the Co layers. As seen
later, this result was also confirmed by magnetization measurements.
Furthermore, there are many studies that the GMR of Co/Cu multilayers have been reported to be larger than that of Ni/Cu.24-27
Interlayer exchange coupling constants 共J兲 of the multilayers
were calculated according to Eq. 3. For a CoNiCu/Cu multilayer
grown from the electrolyte with 0.02 M Ni ion, which has the largest
GMR value, J is 0.18 erg/cm2. The 兩J兩 value of Ni is smaller than
Co or Fe.28,29 The 兩J兩 value of the CoNiCu/Cu multilayer grown
from the electrolyte containing 0.02 M Ni is close to that of Co/Cu
multilayers. The Co amount in the ferromagnetic layers is larger
than the Ni content. Moreover, the GMR of the multilayers almost
coherently varies with the average grain size. The increase in GMR
with the grain size was attributed to many antiferromagnetically
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15
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coupled Co layers in larger grain size because the spin-dependent
scattering of electrons with a long mean free path becomes more
effective than that of electron scattering from grain boundaries.30
Magnetic characterizations.— As an example, the magnetization
curves of the CoNiCu/Cu multilayer deposited from the electrolyte
with 0.02 M Ni concentration are given in Fig. 11. The magnetic
field was applied parallel and perpendicular to the film plane. The
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Figure 9. TMR peaks of 426关CoNiCu 共4 nm兲/Cu 共0.7 nm兲兴 multilayers
depending on the Ni concentration in the electrolyte at low applied field 共5
kOe兲.
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Figure 10. Variation in GMR in CoNiCu/Cu multilayers with the Ni concentration in the electrolyte.

Figure 12. The evolution of hysteresis curves of CoNiCu/Cu multilayers
according to Ni concentration in the electrolyte.

solid lines show the hysteresis loop in the film plane and the dashed
lines belong to the one that are perpendicular to the film plane. As
seen from the figure, the saturation field in the film plane is smaller
than that in the perpendicular one. This indicates that the easy axis
of the sample is in the film plane. Similar results were obtained for
all samples. Figure 12 displays the evolution of the hysteresis curves
in the film plane for the CoCu/Cu and CoNiCu/Cu multilayers with
different Ni concentrations. As expected, the magnetic moment per
volume increases due to the increase in the Ni content in the electrolyte and hence in the samples. Also, for CoCu/Cu and
CoNiCu/Cu multilayers grown from electrolytes containing Ni concentration up to 0.3 M, the hysteresis shapes are sigmoid. For

CoNiCu/Cu multilayers deposited from the electrolytes containing
more than 0.3 M Ni, rectangular hysteresis loops are obtained. The
sigmoidal shape of the magnetization curves arises from superparamagnetic 共SPM兲 regions. The rectangular magnetization curves reflect that as the Ni content of the film increases, the SPM regions get
smaller and the ferromagnetic interactions begin to be more
effective.31
The change in the remanent 共M r兲 and saturation 共M S兲 magnetizations with the Ni concentration is shown in Fig. 13. An increase in
M r values depending on Ni concentration in the electrolyte indicates
that ferromagnetic interactions are stronger for the CoNiCu/Cu multilayers produced from the electrolytes with high Ni concentrations.
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Figure 11. Hysteresis curves of CoNiCu/Cu multilayer grown from the electrolyte containing 0.02 M Ni.
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Figure 13. Remanent magnetization 共M r兲 and saturation magnetization 共M S兲
values of the CoNiCu/Cu multilayers as a function of the Ni concentration in
the electrolyte.
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In these samples, the appearance of AMR at low fields also confirms
the strong ferromagnetic interaction. The M S values of the multilayers are smaller than that of bulk Co 共1420 emu/cm3兲 due to the
finite size effect.32 As seen from Fig. 13, the M S values increase as
the Ni concentration increases. This is probably due to the increase
in Co atoms having a high magnetic moment in the ferromagnetic
layer because Ni addition into the electrolytes based on cobalt sulfate prevents the dissolution of Co occurring during the deposition
of Cu. The decrease in the saturation magnetization of the
CoNiCu/Cu multilayers grown from the electrolytes with 2.0 M Ni
may be attributed to the dead area of magnetization at the interfaces
between CoNi and Cu layers.33,34 The remanence ratio M r /M S was
⬃0.4 for the samples grown from the electrolytes with Ni ion concentrations below 0.1 M, ⬃0.6 for Ni concentrations between 0.1
and 1.0 M, and ⬃0.7 for Ni concentrations of over 1.0 M. This
suggests that the antiferromagnetic coupling between NiCo layers
weakens as the Ni concentration in the electrolyte and hence the Ni
content of the film increase.
Figure 14 demonstrates the change in the coercive field 共HC兲 and
the MR peak field 共HP兲 of CoNiCu/Cu multilayers with the Ni concentration in the electrolyte. Furthermore, the inset in the figure
shows the variation in HC 共gray circles兲 and HP 共black squares兲 for
Ni concentrations below 0.5 M. The coercive field values are larger
than that of bulk Co 共20 Oe兲 due to finite size effect. As seen from
the figure, both HC and HP values rise up to 0.02 M Ni concentration
and beyond this point both of them continuously decrease. For Ni
concentrations more than 0.5 M, HC becomes almost constant and
HP slightly increases. Because HP is defined as the field of the maximum antiparallel alignment in adjacent ferromagnetic layers and HC
is the magnetic field to require vanishing magnetization, there is a
small difference between HC and HP. The decrease in the coercive
field with increasing Ni content was also observed in a previous
work. It was reported that the Ni content enhanced the sensitivity of
the multilayers.35
The saturation field 共HS兲 and TMR values of CoNiCu/Cu multilayers as a function of the Ni concentration in the electrolyte are
illustrated in Fig. 15. In the inset of Fig. 15, HS and TMR values are
drawn in detail for Ni concentrations below 0.5 M. HS reflects the
strength of the antiferromagnetic interlayer exchange coupling 共Ji兲
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Figure 15. Change in the saturation field and the TMR values of CoNiCu/Cu
multilayers as a function of Ni concentration in the electrolyte.

according to Eq. 3 and hence the GMR value. As seen from Fig. 15,
the HS and TMR vary almost coherently. For low Ni concentrations,
large HS values are a result of the presence of SPM regions.36
Conclusions
A series of CoNiCu/Cu multilayers was grown on strong 共100兲
textured Cu substrates from electrolytes containing different Ni ion
concentrations. XRD patterns showed that all studied samples exhibited an fcc structure with different preferred orientations. It was
observed that most of multilayers have the same texture as in their
substrate 共100兲, but few samples indicated a weak 共111兲 orientation.
This suggests that the Cu substrate induces the growth of the multilayers in the 共100兲 direction. As expected, because the Ni content
of the film increase as the Ni concentration in the electrolyte is
increased, the lattice parameter approaches that of the bulk Ni. For
CoNiCu/Cu multilayers grown from the electrolyte containing Ni up
to 0.2 M, the GMR magnitude is larger than that of CoCu/Cu multilayers and its maximum value was observed for the samples deposited from the electrolyte with 0.02 M Ni. This is an indication
that Ni improves the multilayer structure. For the samples prepared
from the electrolyte including Ni more than 1.5 M, the AMR was
predominantly observed. The decreases in GMR with more Ni addition into the ferromagnetic layers is based on the fact that the
antiferromagnetic coupling between the Ni layers is weaker compared with that in the Co layers. In addition, as the Ni addition is
increased, although the Cu content decreases, the decreases in the
GMR arise from the fact that the electrolyte pH plays a more effective role on the GMR of electrodeposited NiCoCu/Cu multilayers.
The hysteresis loops by VSM revealed that the easy axes of
CoNiCu/Cu multilayers are in the film plane. The shape of hysteresis curves converted from sigmoid to rectangular as the Ni content
in the electrolyte and hence in the films increases. M S and M r values
rise with increasing Ni concentration. It was observed that the M S
values for all multilayers are smaller than that of bulk Co, attributed
to the finite size effect. Furthermore, HC values decrease with addition of Ni.
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