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FeCo(CoO)Cu/Cu multilayers were prepared from the electrolytes containing various amounts of NaOH
by the electrochemical deposition technique. The current density decreases with the increasing molarity
of NaOH in the electrolyte. Therefore, the magnetic layers deposit more slowly on the Cu layers.
This may cause the oxidation of the magnetic elements. The structural analysis was performed by
the X-ray diffraction technique, and the refined patterns exhibit that the multilayers have a face-
centered-cubic crystal structure (F'm-3m space group). The magnetic hysteresis curves were measured
by the vibrational sample magnetometers at room temperature. The saturation magnetization of the
multilayers was found to be 53.02, 24.83, and 24.26 A m?/kg as a function of the NaOH amount
in the electrolyte. Magnetoresistance values were measured and observed to change from 16 to 2.5%
when the NaOH amount increased from 0.01 to 0.02 M in the electrolyte, and the 7% anisotropic
magnetoresistance was obtained for 0.01 M NaOH. The results indicate that the NaOH may cause the
occurrence of metal oxide in the magnetic layers for the multilayers produced from the electrolyte with
0.02 and 0.04 M NaOH, and this metal oxide is CoO since its crystal structure is similar to the Co, Fe,
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and Cu, and also, the magnetization drastically decreases with increasing NaOH amount.
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1. Introduction

Nowadays, high-technological applications such
as solar cell batteries, semiconductor devices, mag-
netic recording, magnetic sensors, etc., play an es-
sential role in human life [1-3]. These applications
begin to miniaturize from bulk to micro- or nano-
size with the new technology. The main reason for
this approach is that the bulk materials cause high
Eddy current loss and degrade the quality factor of
the applications [4]. Here, electrical resistivity and
magnetic hysteresis lead to this current loss. Both
the reduction of the electrical resistivity and the
narrow hysteresis curve minimizes the Eddy current
loss, and therefore, magnetic thin films are a candi-
date for high-technological applications. Similar to
the coil core, the multilayered form of thin films,
which consist of two ferromagnetic layers (FM) di-
vided by a non-magnetic layer (NM), is the best
option to reduce the loss. The multilayered (or gran-
ular multilayer) thin films have an anisotropy field
and high saturation magnetization, and therefore,
they are preferred for magnetic devices and sensors.
These multilayers exhibit giant magnetoresistance
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(GMR) due to the layered form [5, 6]. The GMR is
a resistivity change under the application of a mag-
netic field, and due to the spin-dependent scatter-
ing, the electron spins play an important role that
passes through a layered form which consists of two
ferromagnetic layers separated by a non-magnetic
layer. When the magnetic orientations of the fer-
romagnetic layers are parallel to each other under
a magnetic field, the resistivity (Rp) for parallel
configuration is lower than the resistivity (Rap)
for the antiparallel configuration under a zero mag-
netic field. This effect has been discovered inde-
pendently by both Peter Griinberg and Albert Fert
in Fe/Cr/Fe multilayered structure, who separately,
together with co-workers, have used molecular beam
epitaxy to grow this multilayer [7, 8]. The molecu-
lar beam epitaxy is a highly efficient technique for
producing thin films and multilayers, and the layer
surface of the multilayers has a fairly smooth ge-
ometry. Alper et al. [9] have observed the GMR ef-
fect in Cu/CoNiCu super-lattice produced by the
electrochemical deposition. The electrochemical de-
position technique is an alternative way to produce
the multilayer, and the layer surface is non-uniform.
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The diffusive scattering of electrons due to inter-
face roughness has to be taken into account [8, 10].
The non-uniform surface causes the interface scat-
tering between ferromagnetic and non-magnetic lay-
ers, and therefore, the resistivity begins to increase,
leading to an increase in the GMR value. Camley
and Barna$ [11] showed that the number of layers
and the ratio of mean free path to thickness have
increased the magnetoresistance effect significantly.
Also, electrochemical deposition is low-cost, easy to
employ without a vacuum, and allows the produc-
tion of the desired geometry. To obtain the high
GMR, the iron triad (Fe, Co, Ni) and Cu, Cr, Ag
are generally used in the electrochemical deposition
for the ferromagnetic and non-magnetic layers, re-
spectively [12-18].

During the production of the multilayer, their
structural, electrical, mechanical, and magnetic
properties can be controlled by many parameters,
such as the ferromagnetic/non-magnetic layer thick-
ness, the ion concentrations, the electrolyte pH, the
electrochemical bath, and the cathode potentials.
The single and dual baths techniques are used to
produce the multilayer formation. There are some
advantages and disadvantages of these baths. The
separation of the layers is clearer in the dual bath,
but the contamination and oxidation risk is higher
than in the single bath during the transfer from
one bath to another bath (or baths). In the single
bath, the electrochemical deposition potentials de-
termine the deposited metal or metals, and the dis-
solution or co-deposition can occur during the tran-
sition between the deposition potentials [9, 19, 20].
The higher potentials cause the dissolution, and the
selection of the potentials can be optimized. In the
co-deposition, the nobility of the metals plays a cru-
cial role, and hence, the noble metal ion concentra-
tions are lower than that of less noble metals in
the electrolyte. On account of this, the bath formu-
lations directly affect the quality of the multilayer
since the electrolyte preparation is the main part
of the electrochemical deposition, and its tempera-
ture, pH level, and regulator agents are the adjust-
ing mechanism of the quality of the multilayer.

Especially for Fe-containing multilayers, the main
problem is the presence of Fe?* ions in the electro-
chemical deposition bath. Since the occurrence of Fe
precipitation begins before the deposition process,
the Fe ion amount in the ferromagnetic layers dras-
tically decreases in the final multilayer. The multi-
layers containing Fe are mostly prepared from sul-
phate, nitrate, and citrate solutions. These solutions
include hydroxide ions. During the preparation of
the electrolyte, the regulator agents such as boric
acid (H3BO3), citric acid (H3CgHs07.H20), and L-
ascorbic acid (CgHgOg) are used to control the sta-
bility. Although the boric acid is added to hinder
the hydroxide ion deposition on the film surface, it
causes a small amount of Fe deposition [21]. Zalka
et al. [15] presented a study about the bath type
in 2019. They produced the CoFe/Cu multilayer
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series from sulphamate, sulphate, chloride, and cit-
rate baths containing the boric acid to increase the
Fe ion amount in the layers. They found that the Fe
deposition is relatively low while the molarity of the
Fe ions increases. On the other hand, when the thin
films are produced from the electrolyte containing
citric acid, a large of amount Fe content and the low-
est current efficiency are observed, and hydroxide
ion deposition occurs on the surface. But, the Fe?*
ions begin to transform into more stable Fe3* ions
because of the citric acid. L-ascorbic acid provides
the protection of metal ions from oxidation. How-
ever, hydroxide ion deposition is observed when the
multilayer is deposited from the electrolyte contain-
ing L-ascorbic acid, and a large amount of Fe ions
can be deposited on the surface of the layers. In
our previous study [22], we used the L-ascorbic acid
to regulate the electrolyte and produced the Fe-
CoCu/Cu granular multilayers, but the results have
shown that the increase in L-ascorbic acid molarity
leads to the increase in the deposited Fe amount and
also, the decrease in the magnetoresistance value.
Consequently, these regulators (citric acid and L-
ascorbic acid) allow the increase in the Fe amount
of the ferromagnetic layers, but their disadvantages
cause abnormal deposition. In the previous work of
our group [23], the pH value is adjusted from 3.70
to 2.70 with NaOH content, and a large amount of
the Fe is found at a low pH value.

In the present study, we used NaOH to regulate
the electrolyte, and the pH value of the electrolyte
is held constant at 2.80. The NaOH is used in cer-
tain amounts such as 0.01, 0.02, and 0.04 M. For
0.01 M NaOH, the properties of the multilayer are
similar to that in the literature. When the amount
of the NaOH is increased to 0.02 M in the elec-
trolyte, a high amount of the NaOH causes the oc-
currence of metal oxide as the deposited multilay-
ers from the electrolyte containing the L-ascorbic
acid. Hence, in our composition, the magnetic layer
contains metal oxide sites in the FeCoCu/Cu mul-
tilayer. The structural and magnetic results show
that the multilayer is the FeCo(CoO)Cu/Cu, which
is produced from the electrolyte with 0.02 and
0.04 M NaOH. Here, iron and copper oxides have
a rhombohedral and monoclinic structure [24, 25],
and there are no peaks related to this crystal struc-
ture in the X-ray diffraction patterns. Also, the
decrease in magnetization could be related to the
magnetic metal ions. Cobalt oxides are interesting
due to their unique physical and chemical proper-
ties, which make them promising materials for ap-
plication in rechargeable Li-ion batteries [26], catal-
ysis [27], gas sensing [28], and others. Consequently,
the multilayers produced from the electrolyte with
0.02 and 0.04 M NaOH have the CoO sites and also
exhibit the MR property. Our multilayers are a can-
didate material for these applications. Therefore,
electrochemical, structural, magnetic, and magne-
toresistance behaviors of the FeCoCu/Cu multilay-
ers containing CoO were analyzed in detail.
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2. Experimental

2.1. Electrolytes for preparing the
FeCo(Co0)Cu/Cu multilayers

For multilayer deposition, two-pulse plating from
a single bath was applied on a substrate. Main
electrolyte includes CoSO4 7H50O, FeSO, TH->O,
and CuSO4 4H50. According to the inductively
coupled plasma-mass spectrometer, 0.470 M Co,
0.100 M Fe, and 0.030 M Cu were found in the elec-
trolyte. Three different electrolytes were prepared
with the additive substances, H3BO3 and NaOH. To
investigate the NaOH effect, 0.01, 0.02, and 0.04 M
NaOH were added to the main electrolyte sepa-
rately, and then a proper amount of the H3BOg
was used to adjust the pH at 2.80 & 0.02. The rela-
tive Fe?t ion concentration Cion,Fe in the bath was
defined by the ionic ratio Fe?* /[Fe?T+Co?T|, and
it was found to be 17.5 mol%. The deposition po-
tentials were determined from the cyclic voltamme-
try technique. The proper values for non-magnetic
and ferromagnetic layers were found at —0.3 V and
—1.6 V versus standard calomel electrode, respec-
tively.

2.2. Production of the FeCo(CoO)Cu/Cu
multilayers

The FeCo(CoO)Cu/Cu multilayers were pro-
duced on polycrystalline titanium sheet substrates
by electrochemical deposition. The multilayers were
deposited in a cylindrical cell with three electrodes
using a potentiostat/galvanostat (EG&G Princeton
Applied Research Model 362) controlled by a per-
sonal computer. The distance between the cathode
and anode electrodes is about 9.4 cm. The bilayer
numbers were chosen so that the nominal thickness
is about 3 pum in the rectangular area of 2.9 cm?
and the layer thickness was held constant at 6/3 nm
(ferromagnetic/non-magnetic). Upon completion of
growth, the films were peeled off their substrates
mechanically. The charge flowing through the sys-
tem was recorded during the potentiostatic pulse.
Then, the nominal thickness can be calculated from
Faraday’s law using

- en M 1)
 2FA p’
Here, Q, 2, F', and A are the quantity of deposited
metals, valance electrons of its metal ion, Faraday
constant, and surface area, respectively; M is the
molar weight; p is the density of its metal ion; nis a
current efficiency.

2.3. Characterizations of the FeCo(CoO)Cu/Cu
multilayers

The morphological and elemental analysis of the
produced FeCo(CoO)Cu/Cu multilayers was deter-
mined by scanning electron microscopy (SEM) with
energy dispersive X-ray spectrometry (EDX). The
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structural analysis was performed by the X-ray
diffraction (XRD) technique (Philips Analytical
XRD PW3040/60 model) with Cu K|, radiation in
the range of 20 = 30-80°. The obtained XRD spec-
tra were refined using the Rietveld method by the
FullProf software. The crystallite size of the multi-
layers was used with the Scherrer equation [29].

The vibrating sample magnetometer (VSM)
(ADE technologies DMS-EV9 Model) was used to
determine the magnetic properties of the multilay-
ers in the range of £2 T. The magnetic field was ap-
plied in parallel and perpendicular directions to the
surface of the multilayer. Magnetoresistance (MR)
measurements were performed in the range of £1 T
at room temperature. The Van der Pauw method
used the MR change using

R[%] = % (2)

Rmin
Rmin

Here, R(H) is the measured electrical resistance
value at any magnetic field, and R,,;, is the mini-
mum measured resistance. The magnetic field was
applied both parallel and perpendicular to the
current flowing in the film plane to measure the
longitudinal magnetoresistance (LMR) and trans-
verse magnetoresistances (TMR), respectively. The
anisotropic magnetoresistance (AMR) was found
with AMR=|LMR-TMR/.

x 100

3. Results and discussion

The obtained current density-time transients dur-
ing the electrochemical deposition are given in
Fig. 1. The black, red, and blue lines show the cur-
rent density-time transients of the multilayer pro-
duced from the electrolyte containing 0.01, 0.02,
and 0.04 M NaOH, respectively. The high current
pulses correspond to the magnetic layers, and the
low refer to non-magnetic layers on the cathodic
side. On the anodic side, the current pulses arise
from a capacitive transient, and these cause the
dissolution of the magnetic layers. After the mag-
netic layer deposits on the cathode, the capacitive
transient dissolves some magnetic particles. There-
fore, the nominal magnetic layer thickness decreases
the expected thickness. Here, Cu is nobler than Co
and Fe, and hence some Cu atoms deposit with the
magnetic layers. The nominal Cu layer thickness is
higher than the expected one. In the figures, the de-
position time of the Cu layers is longer than that
of the magnetic layers since the total concentration
of Co ions in the electrolyte is more than the Cu
ions concentration. The current density for both the
magnetic layers and non-magnetic layers begins to
decrease with the increase in the NaOH amount in
the electrolyte, and the addition of the OH ions
causes the decrease in the current. Therefore, the
deposition time of the layers increases due to the
NaOH. In the literature, the maximum current den-
sity of the multilayers containing Co, Fe, and Cu for
the magnetic layer produced by the electrochemical
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Previous studies produced from the various bath compositions. TABLE I
Current Boric |Sulfamic | Ascorbic| Ammonium | Ammonium | Citric
density . . . . ] NaOH [M]|| pH Ref.
5, |acid [M]|acid [M] |acid [M] |sulphate [M] |chloride [M]|acid [M]
[m A/cm?]
85.90 Adj. — — — - — 0.01 2.8 This work
71.67 Adj. - - - - - 0.02 2.8 This work
56.56 Adj. - - - - - 0.04 2.8 This work
68.02 0.25 0.01 - - - - - 2.5 [13]
51.39 0.25 0.01 - - - - - 2.6 [14]
60.01 0.25 - 0.01 - - - - 2.5 [22]
68.01 0.25 - 0.02 - - - - 2.3 [22]
67.5 0.25 - 0.04 - - - - 2.1 [22]
67.4 0.25 - 0.06 - - - - 2 [22]
57.5 0.25 - 0.08 - - - - 1.95 [22]
51 0.25 - 0.1 - - - - 1.9 [22]
65 0.5 - - - - - 0.01 3.7, 3.3, [23]
3.0, 2.7
52.08 0.25 0.01 - - - - - 2.5 [31]
57.29 0.25 0.01 - - - - - 2.5 [32]
31.25 0.25 | 0.25 - - - - - 3.25 [33]
20.7,34.5 | 025 | 0.25 - 0.14 - - - 3.6 [34]
20.7,34.5 | 0.25 - - 0.14 - - - 2.8 [34]
207,345 | 0.25 - - - 0.14 - - 3.2 [34]
207,345 | 0.25 - - - - 0.2 - 5.6 [34]
65.97 0.25 - - - - - - 2.5 [35]
3.7,4.7,6.4, 05 - 0.006 - - - - 3.5 [36]
7.2,9.3
69.4 0.5 - - - - - - 2.1 [37]
The calculated magnetic and non-magnetic layer thicknesses from the current—time curves. TABLE IT
Magnetic layer Non-magnetic layer A/B C/D
thickness [nm)] thickness [nm] Eq. (6) Eq. (7)
0.01 M NaOH 5.8328 3.4460 1.087/2.135 0.647/10.528
0.02 M NaOH 5.8335 3.5305 1.249/1.392 0.549/6.776
0.04 M NaOH 5.8325 3.5713 2.717/0.770 0.636,/4.823

deposition is given in Table I. Various regulators
have been used to adjust the pH and current flow of
the bath. In the present work, the current density
in the electrolyte containing 0.01 M NaOH is higher
than that in the literature, and it drastically de-
creases due to the NaOH amount in the electrolyte.
The nominal thickness of the layers can be calcu-
lated on the basis of Faraday’s law (1) from the
current—time transients. In this equation, the cur-
rent efficiency was taken as 100% since hydrogen
evolution was negligible for the Co-rich layer de-
position [30]. The calculated layer thicknesses are
given in Table II (see also [13, 14, 22, 23, 31-37]).
The magnetic layer thickness is >~ 5.8 nm, and the
dissolving of the layer is almost the same for all
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electrolytes. On the other hand, the Cu ions de-
posit more than the dissolving ion amounts with
increasing NaOH molarity in the electrolyte.
Figure 2a, 2b, and 2c¢ shows the Rietveld re-
fined XRD pattern of the multilayers produced from
the electrolyte, which includes the 0.01, 0.02, and
0.04 M NaOH, respectively. In the figure, the red
circle and black line indicate the observed and cal-
culated data and the blue line is the difference be-
tween the observed and calculated patterns. The
Bragg positions are presented at the bottom of
each panel. The crystal structure was found to be
a face-centered-cubic (fce) structure (Fm-3m space
group). The x? value of the patterns is 1.11, 4.56,
and 2.23. These results show that all multilayers
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Fig. 1. Recorded current density-time curves of

the multilayers during the deposition. Inset figure
indicates the deposition curves of the Cu layer.
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Fig. 2. Refined XRD patterns of the multilayer
produced from the electrolyte with (a) 0.01, (b)
0.02, and (c) 0.04 M NaOH.

are polycrystalline, with both magnetic and non-
magnetic layers adopting the fcc structure. The
peaks of 20 = 43°, 50°, 74°, 90°, and 95° were
observed at all patterns and are related to (111),
(220), (222), (311), and (222) planes, respectively.
The lattice parameter is around 0.3612 nm for all
patterns, and the small increase occurs in the vol-
ume of the unit cell. These confirm the nominal
thickness results since the increase in NaOH causes
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Fig. 3. (a) The crystal structure of the multilayer
obtained from the Rietveld refinement and (b) the
Fourier map of the unit cell.

Fig. 4. SEM images of the multilayers produced
from the electrolyte with (a) 0.01, (b) 0.02, and (c)
0.04 M NaOH.

the increase in the Cu amount, and the lattice pa-
rameter of the Cu is close to these values. We ob-
tained the crystalline size of the multilayers using
the Scherrer equation; 33, 30, and 27 nm are found
for the multilayers produced from the electrolyte
with 0.01, 0.02, and 0.04 M NaOH.

Figure 3 shows the F'm-3m crystal structure of
the multilayer obtained from the FullProf software
with the Rietveld refinement. The atoms are located
at (z,y, z) 3D symmetry, and the calculated Fourier
maps show that the electron density is concentrated
in the origin and corners of the unit cell.

The scanning electron microscopy images of the
multilayers are given in Fig. 4a—c. The measure-
ments are performed at 20 keV at 4k magnification.
The particle geometry of the multilayer produced
from the electrolyte with 0.01 M NaOH has a nearly
spherical form, and the particle distribution is ho-
mogeneous. When the NaOH amount is 0.02 M in
the electrolyte, the particles grow like cauliflower in
some areas, and the size of the particle is smaller
than that in the initial multilayer. The cauliflower
form of the multilayer produced from the electrolyte
with 0.04 M NaOH is smaller than that of the mul-
tilayer seen in Fig. 4b.
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Fig. 5. (a) The parallel and perpendicular hystere-

sis curves of the multilayer produced from the elec-
trolyte with 0.01 M NaOH and (b) the parallel hys-
teresis curves of all multilayers.

Figure 5a—b shows the field-dependent magneti-
zation curves of the multilayers at room tempera-
ture in the range of a £2 T magnetic field. The par-
allel and perpendicular hysteresis loops of the mul-
tilayer produced from the electrolyte with 0.01 M
NaOH are presented in Fig. 5a. The curves appear
to be rapidly saturated in very low fields due to
the low thermal interactions at room temperature.
The difference between parallel and perpendicular
curves is small, and this shows that the uniaxial
anisotropy is low and the multilayer exhibits nearly
bulk property. The coercivity of the multilayer is the
same in both the parallel and perpendicular curves,
i.e., 8 mT. In Fig. 5b, the variation of the hystere-
sis curves is presented due to the NaOH amount in
the electrolyte. The saturation magnetization of the
multilayers is 53.02, 24.83, and 24.26 A m? /kg, re-
spectively. In our previous work [22], we studied the
L-ascorbic acid effect on the FeCoCu/Cu magnetic
multilayer granular films and observed the layer ox-
idized due to the OH ion. Similarly, the Cu ions are
reduced by the hydroxide, as seen by

Cu®t +20H™ — Cu(OH), (3)
When the magnetic ions begin to deposit on the
surface, they encounter the Cu(OH)s as explained
in [38, 39], and the following reactions could occur
on the layer surface

2Fe?t +3Cu(OH), — 2Fe** +3Cu0 + 3H,0 —
— Fey03 + 3Cu*T + 3H,0

Co** + Cu(OH)y — Co?*t 4+ CuO + H,0 —
— CoO + Cu?** 4+ H,O (4)

These reactions show that magnetic layers partially
transform the mixed layers containing the metal
and metal-oxide during the deposition. The FesOg
and the CoO are antiferromagnetic at room tem-
perature [40, 41]. On the other hand, the CoO and
Fe;O3 are an fcc and rhombohedral crystal struc-
ture [24, 42] and our XRD results confirm that the
crystal structure of the multilayers is fcc. Hence, the
peaks of CoO overlap with the peaks of the multilay-
ers. The drastic decrease in magnetization confirms
these reactions. Furthermore, the ferromagnetic lay-
ers have antiferromagnetic (AFM) sites, and the
multilayers consist of periodic FM(AFM)/NM lay-
ers. Therefore, both FM coupling and AFM cou-
pling occur between the magnetic layers. The mag-
netization decreases from 53.02 to 24.26 A m?/kg
due to the changes in the NaOH amount since the
AFM sites increase when the amount of NaOH in-
creases from 0.01 to 0.02 M in the electrolyte. The
change of the coercivity was found to be 7.9, 5.9,
and 1.6 mT under a 2 T magnetic field as a func-
tion of the NaOH amount in the electrolyte. The
coercivity value decreases with the particle size in
the study of Zhang et al. [41] (they produced the
CoO nanoparticles). In our study, the particle size

| @ ! —e—LMR
] : + TMR
12 %
i -~ . 3
2 ] R
2. P
I £le".
4] +8% % 0.01 M NaOH
_ A i
10 05 0 05 10
1, HIT]
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Fig. 6. MR change of the multilayers produced

from the electrolyte with (a) 0.01, (b) 0.02, and (c)
0.04 M NaOH.
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is bigger than that of Zhang et al. [41], and also, our
multilayers include the Co particles. Consequently,
the coercivity value decreases due to the CoO and
Fe5 03 in the present work. The electrolyte has rich-
cobalt ions, and hence, the contribution of the CoO
is more than that of the FesOg in the coercivity
change.

Figure 6a—c shows both longitudinal magnetore-
sistance (LMR) and transverse magnetoresistance
(TMR) change in the range of +1 T magnetic
field. For the multilayer produced from the elec-
trolyte with 0.01 M NaOH in Fig. 6a, the LMR
and TMR values were found to be 9% and 16%,
respectively. The LMR has a wide full-width half-
maximum (FWHM), and the MR change occurs
in the range of 0-0.2 T. On the other hand, the
TMR curve can reach a maximum at a low mag-
netic field, and splitting occurs at a maximum MR,
value. The hysteresis of this multilayer causes the
splitting because of its coercivity value. As one
can see, there is a 7% difference between the LMR
and the TMR curves (anisotropic magnetoresis-
tance AMR = |LMR — TMR|). When the NaOH
amount increases from 0.01 to 0.02 M and then to
0.04 M, the occurrence of the CoO and Fe;Og3 par-
tially prevents the interaction of the magnetic lay-
ers, and hence, the LMR and TMR curves of the
multilayers are close to each other. But, the mag-
netic layers with metal-oxide decrease the satura-
tion magnetization, and as a result of this decrease,
the MR value is observed around 2.5%. The AMR
is nearly zero for the multilayers produced from the
electrolyte with 0.02 and 0.04 M NaOH.

4. Conclusions

The FeCoCu/Cu multilayers were deposited from
the electrolyte with 0.01, 0.02, and 0.04 M NaOH
by the electrochemical deposition technique. The ef-
fect of NaOH was investigated on the electrochem-
ical, structural, magnetic, and magnetoresistance
properties of the multilayers. The previous stud-
ies are produced on the various baths with differ-
ent ingredients by the electrochemical deposition,
and the NaOH effect on the electrochemically de-
posited multilayers is not much investigated. The
current—time curves were recorded during the depo-
sition process. The maximum peak of current den-
sity decreases with the NaOH amount in the elec-
trolyte, and hence, this causes an increase in the
time of both magnetic and non-magnetic layer de-
position. The slow deposition of the magnetic layer
may cause oxidation in the magnetic elements and
can create the formation of CoO zones. The X-
ray diffraction technique was used to determine the
structure of the multilayers. The peaks of 20 = 43°,
50°, 74°, 90°, and 95° were observed and are related
to (111), (220), (222), (311), and (222) planes, re-
spectively. The Rietveld refinement was applied to
the patterns, and the multilayers have an fcc struc-
ture at room temperature. The calculated lattice
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parameters are close to each other, and the crys-
talline size is found to be 33, 30, and 27 nm using
the Scherrer equation. In the parallel and perpen-
dicular hysteresis loops of the multilayer, the sat-
uration magnetization of the multilayers is 53.02,
24.83, and 24.26 A m? /kg as a function of the NaOH
amount in the electrolyte. This drastic decrease is
due to the occurrence of the antiferromagnetic CoO
in the magnetic layers. In the MR measurements,
the decrease is observed, as seen in the satura-
tion magnetization, but the crystal anisotropy and
the anisotropic magnetoresistance decrease with the
NaOH amount in the electrolyte. In appearance, the
CoO sites prevent the strong interaction of the lay-
ers containing Co since, generally, the Co—Co in-
teraction causes anisotropy in the magnetic layers.
Therefore, the decrease in the magnetic interaction
increases the possibility of movement of magnetic
moments due to the direction of the magnetic field.
Consequently, using the NaOH ingredient conduces
the transition metal oxide in the magnetic layers,
and therefore, the multilayer can be named the
FeCo(Co0O)Cu/Cu. Our multilayers are promising
candidate materials for Li-ion batteries, gas sens-
ing, and catalysis applications.
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