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Detailed new results are reported on the preparation and giant magnetoresistance (GMR) of electrodeposited Co-Fe/Cu multilayer
films by using four different baths (sulfamate, sulfate, ammonium chloride and sodium citrate type solutions). Two-pulse plating
was applied for Co-Fe(Snm)/Cu(5nm) multilayer preparation by using galvanostatic pulses for the deposition of the magnetic layer.
The Cu layer deposition potential was electrochemically optimized for each bath formulation by analyzing the current transients
during the deposition of the non-magnetic layers. The optimal Cu deposition potential was found to be dependent both on the bath
formulation and the Fe?+/Co?* ion concentration ratio. The results of X-ray diffraction (XRD) measurements were in agreement
with the composition of the samples. At low Fe content (about 10 at.% Fe) in the magnetic layer, an fcc structure was formed (in some
cases, even multilayer satellites were observed). In samples with high Fe content (about 33 at.% Fe) in the magnetic layer, both fcc
and bec phases were present. A GMR behavior was observed for all multilayers, with a maximum GMR of about 4% in some cases.
For multilayers from the sulfamate, sulfate and chloride baths, the GMR exhibited a multilayer-type behavior whereas the GMR
of samples from the citrate bath was rather similar to the behavior of granular magnetic alloys containing also superparamagnetic
regions.
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Sputtered Co-Fe/Cu multilayers have been intensively investigated
since they were shown to exhibit a fairly large giant magnetoresis-
tance (GMR) effect, especially for Co-rich magnetic layers.!”” Since
Co-Fe/Cu multilayers can be produced also by electrodeposition, there
have been a lot of efforts in studying the GMR of electrodeposited Co-
Fe/Cumultilayers.®~'7 However, relatively little amount of information
is available about the optimization of the electrochemical parameters
and the properties of the multilayers prepared under optimized condi-
tions.

The optimization mainly refers to finding the specific Cu layer
deposition potential at which neither the dissolution of the magnetic
layer during the Cu deposition pulse, nor the codeposition of the mag-
netic elements in the non-magnetic layer (Cu) can occur.'®!® This also
ensures that the actual layer thicknesses will be equal to the nominal
ones calculated on the basis of Faraday’s law. Therefore, in order to
study the GMR magnitude as a function of the thickness of either the
magnetic or the non-magnetic layers, and to establish if there is an
oscillatory behavior of the GMR as a function of the non-magnetic
layer thickness in electrodeposited multilayers, a phenomenon well
observed in physically deposited multilayers, the electrochemically
optimized Cu layer deposition potential should be applied. It could be
shown, e.g., that electrodeposited Co/Cu multilayers produced with an
optimized Cu deposition potential do not exhibit an oscillatory GMR
behavior.?

As to the electrodeposited Co-Fe/Cu multilayers, we have carried
out recently!! an electrochemical optimization of the Cu deposition
potential by using a sulfamate type bath and investigated the structure
and GMR of these multilayers for various Fe-contents in the magnetic
layer. The Fe-content of the magnetic layer was varied by using de-
position baths with different Fe>* ion concentrations. In this previous
work on electrodeposited Co-Fe/Cu multilayers, the optimum Cu de-
position potential was found to be dependent on the ionic ratio of the
magnetic components in the bath, becoming more negative for higher
Fe?* ion concentrations. By using X-ray diffraction (XRD), several
of the Co-Fe/Cu multilayers were found to exhibit satellite reflections
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revealing a fairly good coherent stacking of the bilayers. At appro-
priate layer thicknesses, a clear GMR effect up to about 5% could be
observed which was also dependent on the Fe-content in the magnetic
layers.

In view of our interest for producing Co-Fe/Cu multilayered
nanowires by electrodeposition, it was decided to carry out first a
detailed investigation on electrodeposited Co-Fe/Cu multilayer films
produced from several bath formulations in order to assess how the
bath composition influences the GMR behavior for multilayers pre-
pared with the electrochemically optimized Cu deposition potential.
In this sense, the present work is a continuation of our previous
study'! in which a sulfamate type bath (pH = 3.25) was used and
here we extend these studies also to new bath formulations by us-
ing sulfamate and/or sulfate salts as the source of Co’* and Cu**
ions as well as sodium citrate and/or ammonium chloride as further
components.

In our previous work,!'! we used FeSQ, as the source of Fe?* ions;
the problems associated with the presence of Fe?* ions in the electrode-
position bath were discussed there at some length and the occurrence
of precipitates was avoided by adding the FeSO, component to the
bath only immediately before the start of the electrodeposition exper-
iments. In the present study, a different approach has been taken in
that Mohr’s salt (Fe(NH4),(SO4),) was used instead of FeSO,4. The
advantage of Mohr’s salt lies in the fact that according to our ex-
perience, for the Fe** ion concentration range used here, it is more
resistant to oxidation and has good stability. For each bath formula-
tion and Fe?* ion concentration, first the electrochemical optimization
of the Cu deposition potential'®!® was performed. This optimization
included detailed cyclic voltammetry measurements to reveal the elec-
trochemical characteristics of the specific electrolyte under study and
chronoamperometric measurements during the Cu layer deposition in
order to find the ideal Cu deposition potential.

Energy dispersive X-ray spectroscopy (EDS) was used to analyze
the overall chemical composition of the deposits. XRD studies were
carried out to reveal the phases formed and the structural quality of
the samples, especially the presence of multilayer satellites which can
appear as an indication for a coherent growth of the bilayers on each
other. The room-temperature magnetoresistance curves (resistivity vs.
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Table I. Composition and pH of the four different baths used in
the present study. The concentrations 0.04 and 0.175 mol/L for the
Mohr’s salt correspond to cion,re = 5 and 20 mol %, respectively,
for the Fe2t/[Co®* + FeZ*] ionic ratio.

Bath type pH Components ¢ (mol/L)

sulfamate 3.6 CoSOy4 0.7
(NHy)2Fe(SO4),-6H,0 0.04 or 0.175

(NHy4)2SO4 0.14

CuSOq4 0.01

H3;BO3 0.25

HeN>O3S 0.25

sulfate 2.8 CoSOy4 0.7
(NHy)2Fe(SO4),2-6H,0 0.04 or 0.175

(NH4)2SO4 0.14

CuSOy4 0.01

H3BO3 0.25

chloride 3.2 CoSOy4 0.7
(NHy)2Fe(SO4),2-6H,0 0.04 or 0.175

NH4C1 0.14

CuSOq4 0.01

H3BO3 0.25

citrate 5.6 CoSOy4 0.7
(NHy)2Fe(SO4),2-6H,0 0.04 or 0.175

CuSOq4 0.01

H3BO3 0.25

C5H5N&307~2H20 0.2

magnetic field) were measured to characterize the GMR behavior of
the multilayers.

Experimental

Electrolytes for Co-Fe/Cu multilayer deposition.—For multilayer
deposition, two-pulse plating from a single-bath was applied, i.e., the
salts of all metals to be deposited were present in a single electrolyte.
For each bath formulation investigated, the same preparation proce-
dure was applied.

To get rid of the effect of precipitates appearing in the solution
with time due to the formation of ferric ions and their hydrolysis, a
single iron-free stock solution was used for each major bath types. The
Mohr’s salt was only added immediately before the electrodeposition
experiments. The resulting electrolyte will be denoted by the relative
Fe?* ion concentration CionFe 10 the bath which was defined by the
ionic ratio Fe>*/[Fe>* 4+ Co?*]. Two different Fe>* ion concentrations
were used (5 and 20 mol%, as defined above). The composition of the
two stock solutions for the four bath formulations are summarized in
Table I. Cyclic voltammetric measurements performed for the test of
the baths were carried out with Pt sheet working electrodes in the same
cell that was used for the multilayer preparation.

Co-Fe/Cu multilayer preparation and characterization.—The
Co-Fe/Cu multilayers were deposited on a [100]-oriented, 0.26 mm
thick silicon wafer covered with a 5 nm thick Cr and a 20 nm thick Cu
layer, both made by evaporation. The purpose of the chromium layer
was to assure adhesion whereas the Cu layer ensured a good electrical
conductivity of the cathode surface. The deposition was performed in
a tubular cell of 8 mm x 20 mm cross section with an upward-facing
cathode at the bottom of the cell.”!?> The galvanostatic-potentiostatic
(G/P) pulse combination'®?' was used to deposit the multilayered sam-
ples. For the deposition of the magnetic layer, galvanostatic (G) mode
was used with two different current densities (—20.7 mA/cm? and
—34.5 mA/cm?). For the Cu-layer, potentiostatic (P) mode was used.
The potential was measured and will be referred to hereinafter with
respect to a saturated calomel electrode (SCE). By varying the deposi-
tion time in the G mode, the magnetic layer thickness could be set to a
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predetermined value. For controlling the thickness of the Cu layer, the
charge flowing through the system was measured during the P pulse.
Then, one can calculate the charge necessary to get the preset nom-
inal layer thickness from Faraday’s law by assuming 100% current
efficiency.

The current efficiency of Cu deposition at the optimized potential
can be taken as 100% since hydrogen evolution is negligible here.
Furthermore, recent detailed XRD studies**?* demonstrated that for
electrodeposited Co/Cu multilayers prepared with optimized Cu depo-
sition potential, both the magnetic and the non-magnetic layers have
actual layer thicknesses within about 10% of the preset nominal val-
ues obtained from Faraday’s law with 100% current efficiency. Since
we have to deal here with the Co-Fe-Cu system electrodeposited from
various bath formulations, we have carried out a direct measurement
of the current efficiencies for the magnetic layers. For this purpose,
from each bath formulation at both Fe?* ion concentrations and at both
current densities used for magnetic layer deposition in the multilay-
ers, we prepared d.c. plated deposits and by weighing the substrates
before deposition and after deposition together with the deposits, we
determined the current efficiency by using an average molar mass for
the Co-Fe deposit. This analysis yielded current efficiencies in most
cases within about 5% of the ideal current efficiency (100%), the few
larger deviations coming certainly from random errors. Therefore, in
all our multilayers we can expect that the actual layer thicknesses cor-
respond well to the nominal preset values for both kinds of constituent
layers.

Several sample series were produced with the common goal of in-
vestigating the effect of both the Fe/Co ratio in the magnetic layer and
the bath formulation on the magnetotransport properties of the sam-
ples. The nominal layer thicknesses were fixed at dgeco = 5 nm and
dcy, = 5 nm with a total multilayer thickness of 1000 nm. We have
used here fixed thicknesses for both the magnetic and non-magnetic
layers since the major goal was a comparative study of the effect
of various bath formulations on structure and GMR. The actual val-
ues of the layer thicknesses were chosen since in our previous study
of electrodeposited Co-Fe/Cu multilayers,!! the GMR maximum was
found to be around dc, = 5 nm and in multilayered nanowires usu-
ally even higher layer thicknesses have been used for the magnetic
layers than in multilayer films. Furthermore, we have demonstrated
recently? that a very regular layered structure can form in electrode-
posited Ni-Co(5nm)/Cu(5nm) multilayered nanowires fabricated with
an electrochemically optimized Cu deposition potential.

The overall multilayer composition was determined in a TESCAN
MIRA3 scanning electron microscope (SEM) equipped with an EDAX
Element EDS analyzer. The typical maximum error for compositional
analysis of metallic elements in alloys is about 2 at.%.

The structure of the Co-Fe/Cu multilayers was studied by XRD,
using a Philips X’pert powder diffractometer with CuKa radiation
(wavelength: . = 0.15418 nm), Bragg-Brentano geometry and a sec-
ondary graphite monochromator. The applied voltage and current were
40kV and 30 mA, respectively. The step size in the measurement of the
diffraction angle (26) was 0.02°. The lattice constants of the different
phases were determined from the peak positions (peak 111 for the fcc
phase and peak 110 for the bee phase) using the Bragg equation. For
the samples with high Fe content where both fcc and bce phases were
present, the 111 and 110 peaks of the two phases strongly overlapped.
Therefore, the peak positions of the individual phases were obtained
by fitting two Lorentzian functions on the overlapping XRD profiles.
For some samples with an fcc structure, faint shoulders appeared on
both sides of the main 111 Bragg reflection which seemed to cor-
respond to multilayer satellites. However, due to the relatively large
multilayer periodicity (Apm = 10 nm), the satellite peaks strongly
overlapped with the main peak that itself was also broadened due to
various reasons. Therefore, in these cases the main and satellite peaks
were separated by fitting three Lorentzian functions on the profile con-
sisting of the main fcc 111 peak and the two satellite reflections. The
multilayer periodicity (A) was obtained from the Bragg angles of the
two satellite peaks (265, and 26,) around the reflection 111 of the fcc
phase using the following equation: A = M\/[sinf,; — sinb,].
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Measurement of electrical transport properties.—The magneto-
transport parameters were determined at room temperature by using
four-point-in-line probes. To obtain the magnetoresistance (MR), the
resistance was measured as a function of the external magnetic field
(H) up to 9 kOe. The MR ratio was defined with the formula MR(H) =
[R(H) - Ry 1/Ry where Ry is the resistance maximum of the sample in
a magnetic field close to zero and R(H) is the resistance in an exter-
nal magnetic field H. The magnetoresistance data were determined in
the field-in-plane/current-in-plane geometry in both the longitudinal
(LMR, magnetic field parallel to the current) and the transverse (TMR,
field perpendicular to the current) configurations. If one takes the dif-
ference between the longitudinal and the transverse component, the
anisotropic magnetoresistance can be obtained: AMR = LMR - TMR.

The measured MR(H) curves were decomposed according to a
procedure described previously?® in order to establish the ferromag-
netic (GMRpy) and superparamagnetic (GMRspy ) contributions to the
GMR. In this process, a Langevin function is fitted to the high-field
section of the MR(H) curves (beyond the saturation of the FM regions,
typically above about 2-3 kOe) which yielded the parameters of the
GMRspy contribution and, then, this term was subtracted from the
experimental data which procedure provided us the FM contribution
to the magnetoresistance. In most cases, a linear term should also be
considered in the fitting procedure which accounted for the nearly lin-
early decreasing resistivity of a ferromagnet with increasing magnetic
field at finite temperatures.?’-?8

34 === Cre = 5 Mo0l%
— = Cge = 20 mol% i
29 —— without Fe?*
o~ 1 T
£
S o
<
£
= 1
24
34 /0
i a) sulfamate bath (pH = 3.6)
4 ¥
!
'5 T T T T T T T 1
10 -08 -06 04 02 00 02 04 06
E (vs SCE)/V
ol T Cre " 5 mol%
— = Cg =20 mol%
—— without Fe?*
9wl
£
(&}
< 0
£
=
2
-4 .
c) chloride bath (pH = 3.2)
'6 T T T T T 1

40 08 06 -04 -02 00 02 04 06
E (vs SCE)/V

Electrochemical Studies for Co-Fe/Cu Multilayer Deposition

Electrochemical characterization of the electrolyte solutions.—
For multilayer deposition with reliable layer thicknesses, the elec-
trochemically optimized Cu deposition potential EEC has to be
established!® where neither the dissolution of the magnetic layer nor
the codeposition of either of the magnetic metals can take place during
the Cu deposition pulse.

In order to obtain preliminary information for the optimization of
the Cu deposition potential, the polarization curves of the stock solu-
tions without Fe** ions and with two different Fe>* ion concentrations
were measured for each bath formulation investigated (see Fig. 1).

An inspection of the cyclic voltammetry curves of the two Fe-
containing solutions shown in Fig. 1 suggests that E£C should lie some-
where in the potential range of the extended plateau since the optimal
potential, at which neither a dissolution of the previously deposited
magnetic material, nor a codeposition of the magnetic atoms with Cu
will occur, can be expected only in this range. However, this is still
a wide potential window; therefore, the final optimization can only
be carried out on the basis of the current transient studies.'®?! It is
also apparent from the curves in Fig. 1 that the onset of the dissolu-
tion of the magnetic layer is shifted toward negative potentials for all
bath types studied as the Fe?>* concentration in the solution increases,
and, in parallel, the initial anodic current gets larger. This is related to
the facts that the onset potential of the alloy dissolution shifts to the
negative direction with the increase of the solution Fe content and the
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Figure 1. Cyclic voltammetry curves recorded with 10mV-s~! sweep rate for all baths investigated without Fe?* ions and with two different Fe>* ion concentrations.
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Table II. Dependence of ng on bath formulation and Fe?* ion concentration.

bath pH ECEMC (V) (Cion,re = 5 mol%) ECEMC (V) (Cion,re = 20 mol%) source
sulfamate 3.25 —0.585 —0.652 11
sulfamate 3.6 —0.585 —0.652 this work
sulfate 2.8 —0.585 —0.652 this work
chloride 32 —0.640 —0.680 this work
citrate 5.6 —0.740 —0.780 this work

density of defects on the Cu layer growing on the Fe-containing Co
layer increases.

Optimization of the Cu deposition potential: current transient
study.—To determine the exact value of EEC, the current transients
have to be measured over the plateau region of the CV curve.'® The
potential value at which the current transient curve decays the fastest
without the appearance of a current more negative than the current
value specific for the Cu deposition with constant rate (diffusion-
limited current) corresponds to the optimum EEC value. Similarly as
in our previous study,!! the potential ranges determined from the po-
larization curves for mapping out the current transients were chosen
for all baths as follows: —0.760 V to —0.520 V for the solution with
CionFe = 5% and —0.700 V to —0.600 V for cionre = 20 %. The
current transients measured for all baths studied here with either low
or high Fe?* ion concentration were very similar to those reported
in our previous work.!! The present EEC values determined from the
current transients are collected in Table II for all investigated baths.

According to the above results (Table 1I), it is found for the Co-
Fe-Cu system that the value of EEC depends on the bath formulation.
Additionally, for a given bath formulation, it also depends on the rel-
ative concentration of Fe?* ions in the solution. This comes from the
circumstance that Fe (or a Fe-Co alloy) starts to dissolve from the
cathode surface at a more negative potential than Co. Because of this
difference, if both Fe and Co metals are simultaneously present on
the surface with different ratios, the potential value at which the given
alloy is neither deposited nor dissolved back into the electrolyte will
also depend on the ratio of Fe and Co in the alloy. A further techni-
cal problem arises because only the total current flowing through the
surface can be measured. Even if the total current is zero, it is pos-
sible that Fe is dissolved selectively and, in parallel, Co is deposited
at the same rate. However, both the dissolution and the deposition are
slow enough for the magnetic layer to be covered with Cu without
significant change in the magnetic layer thickness.

The observed variation of EEC with Cigy e, i.€., that EEC is more
negative for higher cjo, re, is in agreement with the results of our pre-
vious study on the Co-Fe/Cu system'! and this observation is valid for
all four bath formulations.

Compositional Analysis of the Co-Fe/Cu Multilayers by EDS

A summary of the sample preparation parameters and the EDS
analysis results is given in Table III. Based on the EDS analysis results
for the Co-Fe/Cu multilayers, the relative concentrations Fe/(Co+Fe)
and (Co+Fe)/(Cu+Co+Fe) are displayed in Fig. 2. We can see that
the Fe content in the magnetic layer with respect to the total magnetic
element concentration (open triangles) is around 10 at.% (i.e., the
magnetic layer composition is about CoggFe ) at both current densities
applied when the Fe?" ion concentration is low (5 mol%) and it is
around 33 at.% (i.e., about Cog;Fes3) when the Fe?t ion concentration
is high (20 mol%). The magnetic layer composition data show a fairly
good agreement with our previous results'' according to which for
the sulfamate bath with pH = 3.25, the Fe content in the magnetic
layer was found to be 10 and 35 at.% for 5 and 20 mol% Fe’* ion
concentrations, respectively.

In the above discussion, we have neglected the unavoidable pres-
ence of a small amount of Cu in the magnetic layers. In our previous
work,!! it was estimated that the magnetic layers may contain about
1.5 at.% Cu. We can carry out the same type of estimate also here on
the basis of the ratio of the Cu limiting current density and the mag-
netic layer deposition current density. According to Fig. 1, we can
take about jjim cy = 0.5 mA/cm? for all baths investi gated here. For the
applied current densities of the magnetic layer deposition pulse, we
obtain about 2.5 at.% for samples with jpaen = —-20.7 mA/cm? and 1.5
at.% Cu for jiuen = —34.5 mA/cm?.

The insensitivity of the ratio of the magnetic elements to the de-
position current density at a fixed layer thickness is well known from
the Ni-Co/Cu system. As it can be seen in Fig. 3 of Ref. 22, the

Table III. Deposition parameters (bath type, pH, relative Fe ion concentration c;onre and magnetic layer deposition current density jmagn) used
for the preparation of Co-Fe(5nm)/Cu(5nm) multilayer samples and the results of overall compositional analysis obtained by EDS.

Bath type Sample Cion,Fe (Mol%) Jmagn (mA/cmz) Cu (at.%) Co (at.%) Fe (at.%)

Sulfamate (pH = 3.6) 1 5 —20.7 56.5 38.7 4.8
2 5 —34.5 45.1 48.7 6.2

3 20 —20.7 553 29.7 15.1

4 20 —34.5 49.9 32.7 17.5

Sulfate (pH = 2.8) 5 5 —20.7 61.4 33.8 4.8
6 5 —34.5 39.2 53.8 7.1

7 20 —20.7 49.9 33.2 17.0

8 20 —34.5 53.1 30.2 16.8

Chloride (pH = 3.2) 9 5 —20.7 43.8 50.2 6.0
10 5 —34.5 48.1 46.8 5.1

11 20 —20.7 39.5 41.7 18.8

12 20 —34.5 47.5 36.7 15.8

Citrate (pH = 5.6) 13 5 —20.7 423 51.8 6.0
14 5 —34.5 47.8 46.8 5.4

15 20 —20.7 44.4 39.2 16.4

16 20 —34.5 429 39.0 18.1
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Co/(Ni+Co) ratio varies with the bath composition but the deposition
current density has no impact on the ratio of the magnetic elements.
The present Fe-Co/Cu samples show essentially the same trend. The
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posited element and the change in the deposition time as the current
density is varied just cancel the impact of each other for the entire layer
(while the metal ratio may vary within the layer along the growth di-
rection).
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elements in the Co-Fe(5 nm)/Cu(5 nm) multilayers which is displayed
by the open squares. The magnetic element (Co+Fe) concentration
data are scattered around about 50 at.% and this corresponds to the fact
that the nominal thicknesses of the magnetic and non-magnetic layers
are equal (both being 5 nm). The observed large scatter (larger than the
specified maximum typical error of metallic element determination by
EDS) for some samples is in agreement with our previous experience
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a(fcc-Cu) = 0.36148 nm  a(bcc-Co) = 0.2827 nm

| Aa(bcc) = a(Vegard's law) — a(bcc,110) |

Figure 3. XRD patterns for Co-Fe(5nm)/Cu(5nm) multilayers prepared from a sulfamate bath (pH = 3.6) with jynagn = 20.7 mA/cm? from baths with Cion,Fe =
5 mol% (sample 1, left panel) and with cjonre = 20 mol% (sample 3, right panel). The vertical red dashed lines indicate the peak position of the fcc(111) and
bee(110) main multilayer Bragg reflections as well as the decomposed satellite reflections labeled by S~ and ST for sample 1 (left panel). The green dashed lines
indicate the position of the (111) lines of fcc-Cu and fcc-Co (both panels) as well as the position of the (110) lines of bee-Fe and bee-Co (right panel only).
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in some cases that the Co to Cu ratio in metallic alloys cannot always
be reliably established with a sufficient accuracy for yet unknown
reasons.

Structural Studies of the Co-Fe/Cu Multilayers by XRD

In order to investigate the crystalline phases and the microstructure
formed from the various baths, XRD studies have been carried out for
the electrodeposited Co-Fe(Snm)/Cu(5nm) multilayers. We will dis-
cuss the XRD results grouped according to samples deposited from a
given bath. For sample identification and compositional data, we refer
to Table III and Fig. 2. Above each displayed XRD pattern, we will
specify also the deposit composition since it greatly helps the analysis
and interpretation of the XRD results. It should be noticed in advance
that the applied magnetic layer deposition current density did not in-
fluence noticeably either the deposit composition or the XRD pattern
which implies that very similar microstructures were formed for both
current densities from a given bath. A common feature of the XRD
results was that for each bath formulation, a single fcc phase was only
detected for the samples with the lower Fe”* jon concentration (Cion.Fe
= 5 mol%) resulting in an approximate composition of CogyFe1g in the
magnetic layer. On the other hand, for samples prepared from baths
with the higher Fe?* ion concentration (Cionre = 20 mol%) result-
ing in an approximate composition of Cog;Fes3 in the magnetic layer,
both an fcc and a bee phase could be identified in the measured XRD
patterns.

Therefore, for each bath formulation, we present the XRD results
by showing together a pair of samples at a given magnetic layer de-
position current density prepared from baths with both the lower and
the higher Fe?* ion concentrations. It is noted that the structures of
the different phases were determined from the full diffraction patterns
taken in the diffraction angle range between 30° and 90° and not only
from the parts plotted in the figures of this paper.

Although we will always specify the samples as multilayers (as
they were intended to be fabricated), the final judgment about whether
actually either a real layered structure or just a nanoscale mixture of
a magnetic and a non-magnetic phase was formed can often be made
only after evaluating the magnetoresistance results in the next section.

Co-Fe/Cu multilayers from the sulfamate bath.—The XRD pat-
terns for the two multilayer samples deposited from the sulfate bath
at the lower current density value (jyan = —20.7 mA/cm?) are shown
in Fig. 3 (left panel: sample 1, Cionre = 5 mol%; right panel: sample
3, Cionre = 20 mol%). According to the left panel, satellite reflections
were observed for sample 1. A qualitatively very similar XRD pattern
was obtained also on sample 2 deposited with jyaen = —34.5 mA/cm?.
The appearance of multilayer satellite reflections requires that the am-
plitudes of the reflected X-rays are added sufficiently coherently?
which can only occur for a fairly periodic repetition of the bilayer
stacks. Therefore, the results indicate that samples 1 and 2 exhibit
a well-defined multilayered structure consisting of an alternating se-
quence of CogoFe; magnetic layers and pure Cu layers.

For sample 1 (left pattern in Fig. 3), the bilayer period deduced
from the positions of the satellite reflections was Axgp = 14 nm (for
sample 2, also Axgp = 14 nm was obtained). By considering that
the nominal multilayer periodicity was A,om = 10 nm, this means
that the Axgp values exceed the nominal value by 40%. This result
conforms qualitatively to our previous experience in that the repeat
periods deduced from XRD for electrodeposited Co/Cu and Co-Fe/Cu
multilayers'?324393! was typically 10 to 30% higher than the nominal
values.

According to Michaelsen,?® for a coherent multilayer with layer
thicknesses corresponding to our ones, a single main XRD peak should
appear the position of which is intermediate between the positions
corresponding to the constituent bulk materials. We can see in Fig. 3
that this is well fulfilled for the Co-Fe/Cu multilayer sample 1 (and
also for sample 2, not shown). It is implied, furthermore, by this re-
sult that the CoggFe;; magnetic layer adopts an fcc structure as ob-
served previously for Co-Fe with low Fe-content'' as well as for Co

in Co/Cu multilayers.'?3243031 By considering the small energy dif-
ference between the hcp and fec lattices, the formation of a metastable
fcc-CogoFey; phase is possible since the equilibrium phase diagram
of the Co-Fe system indicates the borderline between the fcc and bee
phases around this composition.>?

From the peak position of the observed fcc(111) peak, we have
calculated the fcc lattice parameters which are collected in Table IV.
For the two multilayers with satellite reflections, we obtained a =
0.3580 nm (sample 1) and ¢ = 0.3578 nm (sample 2). The standard
lattice parameter for pure fcc-Cu is @ = 0.36148 nm** and for pure
fcc-Cois a = 0.35446.%%3* Thus, we can see that the lattice parameters
for both samples are between the pure Co and Cu values as it should be
for a multilayer with layer thicknesses like in our case.?’ We can make
a more correct estimate for the expected multilayer lattice parame-
ter by taking into account the composition analysis results and using
Vegard’s law with an fcc-Fe lattice parameter of a = 0.36017 nm.**
These estimates are given in the uppermost box above the XRD pattern
for sample 1 in Fig. 3: first, we estimated the expected lattice param-
eter for the CogyFe;; magnetic layer and, then, for a (Co-Fe)s4Cusg
alloy corresponding to the analyzed overall multilayer composition.
Comparing the multilayer lattice parameter estimated with the help
of Vegard’s law with the measured one, the agreement is very good
for sample 1: Aa = +0.0007 nm (and even better for sample 2: Aa
= +0.0002 nm). This feature and the clear satellites demonstrate that
both samples 1 and 2 can be considered as exhibiting a fairly regular
superlattice structure.

The XRD pattern of sample 3 which was deposited from the sulfate
bath with a higher Fe>* ion concentration of 20 mol% is shown in the
right panel of Fig. 3 (very similar results was obtained also for sample
4 deposited with the higher current density of jiugn —34.5 mA/cm?).
We can observe that for a Co:Fe atomic ratio of about 2:1 in the mag-
netic layer, in addition to an fcc(111) peak between the fcc-Cu(111)
and fcc-Co(111) positions, also a large bee(110) peak appears, cor-
responding to the Co-Fe magnetic layer. Again using Vegard’s law,
we have estimated the lattice parameter of this bcc magnetic layer by
using a bee-Fe lattice parameter of ¢ = 0.28665 nm** and a bee-Co
lattice parameter of a = 0.2827 nm.** The uppermost box above the
XRD pattern in the right panel indicates a fairly good agreement of
the estimated lattice parameter of the bcc Co-Fe alloy with the exper-
imental value of the bcc-phase lattice parameter (deviation: Aa(bcc)
= +40.0001 nm for sample 3; for sample 4: Aa(bcc) = 40.0003 nm. It
is noted finally that the lattice parameter of the fcc-Cu phase is larger
than the value of the bulk fcc-Cu phase (Aa(fcc) = +0.0009 nm,
see uppermost box in the right panel of Fig. 3) and this indicates a
significant stretching of the fcc-Cu regions in the two-phase deposit
which may arise due to the matching of the lattice planes at the inter-
faces between the fcc and bec crystallites. Interestingly, the difference
Aa(bee) = 4+0.0001 nm between the lattice parameters between the
Vegard’s law value and the experimental value of the bcc phase is
much smaller which should mean that the stresses in the bce regions
are much smaller. This may be possible if the bce phase has a lattice
plane for matching with the fcc phase that is more conform to the joint
lattice plane distances.

It is worth noting that the ratio of the amplitudes of the first XRD
peaks of the fcc and bec phases shown in this study does not re-
flect necessarily the volume ratio of the two phases since the intensity
of the peaks are influenced by the texture, the multiplicity and the
different chemical compositions of the two phases. The texture ef-
fect can be handled if the sum of the areas under the peaks in the
whole diffractograms are used for the comparison. Indeed, for in-
stance for sample 3 the ratio of the sums of the peak intensities for
the fcc and bee phases was 1.04, although the (110) peak for the bce
phase was much stronger than the reflection (111) for the fcc phase
in Fig. 3.

Even if the fcc and bee phases in samples 3 and 4 are present in
the form of an alternating sequence of continuous fcc and bec lay-
ers, we cannot expect the occurrence of satellite reflections since the
layer thickness non-uniformities and the strong dilatation and/or com-
pression at the interfaces between the two kinds of layer certainly
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Table IV. Lattice parameters of the formed phases in the investigated electrodeposited Co-Fe(S5nm)/Cu(5nm) multilayer samples. The accuracy of
the lattice parameters determined from the fcc-111 and bec-110 reflection positions is £0.0002 nm.

Single-phase deposits

Two-phase deposits

Bath type Sample fee-[Co~ggFe~1o/Cul fce-Cu bee-Co~g7Fe~33
lattice parameter, a(fcc-111) [nm] lattice parameter, a(fcc-111) [nm] lattice parameter, a(bcc-110) [nm]
Sulfamate (pH = 3.6) 1 0.3580
2 0.3578
3 0.3606 0.2839
4 0.3601 0.2838
Sulfate (pH = 2.8) 5 0.3583
6 0.3564
7 0.3583 0.2829
8 0.3584 0.2834
Chloride (pH = 3.2) 9 not measured
10 0.3580
11 0.3600 0.2844
12 0.3598 0.2842
Citrate (pH = 5.6) 13 0.3570
14 0.3571
15 0.3583 0.2836
16 0.3584 0.2843

destroy the coherency of the X-rays which would be the prerequisite
for satellite reflections.?’ Furthermore, according to the considera-
tions of Michaelsen,? we cannot decide from the present XRD results
whether a bce-[Co-Fel/fce-Cu layered structure was formed during
deposition or the deposit consists of a random mixture of bee-(Co-Fe)
alloy and fcc-Cu grains.

Co-Fe/Cu multilayers from a sulfate bath.—The XRD patterns
for the two multilayer samples deposited from the sulfate bath at the

lower current density value (jmagn =—20.7 mA/cm?) are shown in Fig. 4
(left panel: sample 5, cionre = 5 mol%; right panel: sample 7, cion e
= 20 mol%). According to the left panel, satellite reflections were
observed for sample 5. A qualitatively very similar XRD pattern was
obtained also on sample 6 deposited with jien = —34.5 mA/cm?. Sim-
ilarly to samples 1 and 2 deposited from the sulfamate bath, these re-
sults indicate that samples 5 and 6 exhibit a well-defined multilayered
structure consisting of an alternating sequence of CoggFe |, magnetic
layers and pure Cu layers.

Vegard's law: a(fcc-CoggFe,,) = 0.3551 nm

affcc-(Coy ggFeq 12)39CUg4] = 0.3590 nm; Aa(fcc) = +0.0007 nm

Vegard's law: a(bcc-CoggFe,,) = 0.2840 nm; Aa(bcc) = +0.0011 nm
Aa(fec) = a(fce-Cu) — a(fec,111) = +0.0032 nm

EDS analysis: (Cog ggFe 12)39CUg1

foc-[CoggFe,/Cu] multlayer |

3
3X10” TooreEmycuEm)

sulfate bath, pH = 28| =
=20.7mAlcm? |
3
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3
4x10
Co-Fe(5nm)/Cu(5nm) .
sulfate bath, pH = 2.8 = =
imagn = 20.7 mA/cm? T g =
CoonFe = 20 mol% Z;; = 8 E 8
3 -~
3x107 1 = &
I
I
i

Counts

2x10° 1

1x10°

39

2theta (degrees)

a(fcc,111) = 0.3583(2) nm
a(bce,110) = 0.2829(2) nm

| Aa(fcc) = a(Vegard’s law) — a(fcc,111) |

a(fcc-Fe) = 0.36017 nm

a(fcc-Co) = 0.35446 nm  a(bcc-Fe) =
a(fcc-Cu) = 0.36148 nm  a(bcc-Co) = 0.2827 nm

028665 nm | | Aa(bee) = a(Vegard's law) — a(bec,110) |

Figure 4. XRD patterns for Co-Fe(5Snm)/Cu(5nm) multilayers prepared from a sulfate bath (pH = 2.8) with jyagn = 20.7 mA/cm? from baths with Cion,Fe =
5 mol% (sample 5, left panel) and with cjonre = 20 mol% (sample 7, right panel). The vertical red dashed lines indicate the peak position of the fcc(111) and
bee(110) main multilayer Bragg reflections as well as the decomposed satellite reflections labeled by S~ and ST for sample 5 (left panel). The green dashed lines
indicate the position of the (111) lines of fcc-Cu and fcc-Co (both panels) as well as the position of the (110) lines of bce-Fe and bee-Co (right panel only).
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For sample 5 (left pattern in Fig. 4), the bilayer period deduced from
the positions of the satellite reflections was Axgp = 11 nm (for sample
6, it was Axgp = 13 nm). By considering that the nominal multilayer
periodicity was Apom = 10 nm, this means that the Axgp values exceed
the nominal value by 10 and 30%, respectively, again in good agree-
ment with our previous experience on the relation of the nominal and
measured repeat periods of electrodeposited multilayers.'!232430:31

We can see in Fig. 4 for the multilayer sample 5 (and also for sam-
ple 6, not shown) that a single main XRD peak appears the position of
which is intermediate between the positions corresponding to the con-
stituent fcc bulk materials. This implies again that the CoggFe;, mag-
netic layer adopts an fcc structure.

From the peak position of the observed fcc(111) peak, we have cal-
culated the fcc lattice parameters also for samples 5 and 6 produced
from the sulfate bath and the results are given in Table IV. Compar-
ing the multilayer lattice parameters estimated again with the help of
Vegard’s law with the measured ones, the agreement was surprisingly
good for sample 5: Aa = 40.0007 nm (and very similar result was
obtained for sample 6: Aa = 4+0.0012 nm). This feature and the clear
satellites demonstrate that both samples 5 and 6 can also be considered
as exhibiting a fairly regular superlattice structure.

The XRD pattern of sample 7 which was deposited from the sulfate
bath with a higher Fe>* ion concentration of 20 mol% is shown in the
right panel of Fig. 4 (very similar results was obtained also for sample
8 deposited with the higher current density of jinagn = —34.5 mA/cm?).
Again, similarly to the sulfamate bath samples with higher Fe-content,
in addition to an fcc(111) peak between the fcc-Cu(111) and fec-
Co(111) positions, also a large bce(110) peak appears, corresponding
to the Co-Fe magnetic layer. The same analysis on the basis of Vegard’s
law was carried out also here as for sample 3 from the sulfamate bath
and very similar conclusions could be drawn both qualitatively and
quantitatively (see the uppermost boxes in the right panel of Fig. 4.

The absence of satellite reflections for samples 7 and 8 from sulfate
bath can be explained in a similar fashion as was done for samples 3
and 4 from the sulfamate bath.

Vegard’s law: a(fcc-CogyFe, ) = 0.3550 nm
affcc-(Coy ggFeq 10)52CUsgl = 0.3581 nm; Aa(fee) = +0.0001 nm

EDS analysis: (Co, goF€q 19)50CUss
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Co-Fe/Cu multilayers from the chloride bath.—The XRD pattern
of sample 10 deposited from the chloride bath with a low Fe?* ion
concentration of 5 mol% is shown in the left panel of Fig. 5. A single
fce (111) Bragg peak can be observed, indicating that the magnetic and
non-magnetic regions in the deposit adopt a common fcc lattice, but
no satellite reflections can be identified. Estimating again the lattice
parameter of the deposit with the known composition by Vegard’s law,
we get a very good agreement with the experimental lattice parameter
given in Table IV. In the absence of any satellite reflections, we cannot
decide whether we have to deal here with either a layered structure
consisting of alternating layers of fcc-Cu and fcc-CoggFeyg, both with
a layer thickness of about 5 nm or nanoscale regions of these two
phases are intermixed randomly since both arrangements would yield
the same XRD pattern.”

The XRD pattern of sample 12 deposited from the chloride bath
with a high Fe?* ion concentration of 20 mol% is shown in the right
panel of Fig. 5 (a very similar pattern with somewhat stronger bcc
peak with respect to the fcc peak was obtained also for sample 11
deposited at the lower value of jiy,n). Similarly to the sulfate bath, we
can observe that for a Co:Fe atomic ratio of about 2:1 in the magnetic
layer, in addition to an fcc(111) peak between the fcc-Cu(111) and
fcc-Co(111) positions), also a bec(110) peak appears, corresponding
to the Co-Fe magnetic layer. Interestingly, whereas the compositions
of samples 7 and 8 (sulfate bath) as well as of samples 11 and 12
(chloride bath) are fairly similar, the ratios of the fcc and bee peaks are
just opposite in the chloride bath samples and the sulfate bath samples.
However, when we calculated the sums of the areas under the peaks
detected in the whole diffractogram for each of the two phases, similar
values were obtained for the fcc and bec phases, indicating that the
stronger fcc(111) peak is a texture effect only.

Again using Vegard’s law with the analyzed compositions, we have
estimated the lattice parameter of the bcc magnetic layer in samples
11 and 12 from the chloride bath. The uppermost box above the XRD
pattern of sample 12 indicates a fairly good agreement of the estimated
lattice parameter of the bcc Co-Fe alloy with the experimental value

Vegard’s law: a(bcc-Co,Fes) = 0.2839 nm; Aa = -0.0003 nm
Aa(fcc) = a(fce-Cu) — a(fec,111) = +0.0017 nm

EDS analysis: (Coj 79F€g 30)50Clsg
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| a(fcc-Cu) = 0.36148 nm  a(bcc-Co) = 0.2827 nm

| Aa(bcc) = a(Vegard'’s law) — a(bcc,110) |

Figure 5. XRD patterns for Co-Fe(5nm)/Cu(5Snm) multilayers prepared from a chloride bath (pH = 3.2) at a magnetic layer deposition current density of
—34.5 mA/cm? from baths with a Fe>* ion concentration of 5 mol% (sample 10, left panel) and with a Fe?* ion concentration of 20 mol% (sample 12, right
panel). The vertical red dashed lines indicate the peak position of the fcc(111) and bee(110) main multilayer Bragg reflections. The green dashed lines indicate the
position of the (111) lines of fcc-Cu and fcc-Co (both panels) as well as the position of the (110) lines of bee-Fe and bee-Co (right panel only).

Downloaded on 2020-01-03 to IP 148.6.108.168 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 166 (16) D923-D934 (2019)
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Figure 6. XRD patterns for Co-Fe(Snm)/Cu(5nm) multilayers prepared from a citrate bath (pH = 5.6) at a magnetic layer deposition current density of —20.7
mA/cm? from baths with a Fe>* ion concentration of 5 mol% (sample 13, left panel) and with a Fe** ion concentration of 20 mol% (sample 52, right panel). The
vertical red dashed lines indicate the peak position of the fcc(111) and bee(110) main multilayer Bragg reflections. The green dashed lines indicate the position of
the (111) lines of fcc-Cu and fcc-Co (both panels) as well as the position of the (110) lines of bee-Fe and bee-Co (right panel only).

of the bcc phase lattice parameter (a very similar result was obtained
also for sample 11).

Co-Fe/Cu multilayers from the citrate bath.—The XRD pattern
of sample 13 deposited from the citrate bath with a low Fe?* ion
concentration of 5 mol% is shown in the left panel of Fig. 6 (a very
similar XRD pattern was obtained also for sample 14 from the same
bath). Similarly to the chloride bath with low Fe?* ion concentration,
a single fcc (111) Bragg peak can be observed, indicating that the
magnetic and non-magnetic regions in the deposit adopt a common
fce lattice. Estimating the lattice parameter of the deposit with the
known composition by Vegard’s law, we get a fairly good agreement
with the experimental lattice parameter (see Table IV). Similarly to
the case of the chloride bath samples, the XRD patterns do not allow
to decide whether we have to deal here with a layered structure or two
kinds of nanoscale regions are intermixed in the sample.

The XRD pattern of sample 15 deposited from the citrate bath
with a high Fe’* ion concentration of 20 mol% are shown in the right
panel of Fig. 6 (a very similar pattern with somewhat stronger bcc
peak with respect to the fcc peak was obtained also for sample 16
deposited from the same bath at higher magnetic layer deposition cur-
rent density). Similarly to the sulfate bath, we can observe that for
a Co:Fe atomic ratio of about 2:1 in the magnetic layer, in addition
to an fcc(111) peak between the fcc-Cu(111) and fecc-Co(111) posi-
tions), also a large bee(110) peak appears, corresponding to the Co-Fe
magnetic layer. As opposed to the Fe-rich samples from the sulfate
and chloride baths where the fcc peak amplitude was much smaller
and larger, respectively, than the bcc peak, here in the case of the cit-
rate bath, the fcc and bee peaks have comparable magnitudes with a
slightly larger bcc peak.

Again using Vegard’s law, we have estimated the lattice parame-
ter of this bcc magnetic layer. The uppermost boxes above the XRD
patterns indicate a fairly good agreement of the estimated lattice pa-
rameter of the bcc Co-Fe alloy with the experimental value of the bec
phase lattice parameter (see Table IV).

GMR in Electrodeposited Co-Fe(5nm)/Cu(5nm) Multilayers

The room-temperature magnetoresistance was measured for all the
multilayers produced from the four different bath formulations. In each
case, the magnetoresistance was found to be negative in the whole
magnetic field range investigated for both the longitudinal (LMR)
and transverse (TMR) magnetoresistance configurations what indi-
cates a clear GMR behavior.! For a given multilayer, the TMR com-
ponent was slightly more negative than the LMR component due to
the anisotropic magnetoresistance (AMR) effect within the relatively
thick magnetic layers (this quantity is defined as AMR = LMR -
TMR19’27’28).

It was shown in the previous section that the deposition current
density of the magnetic layer (jmagn) did not have a noticeable influ-
ence on the structure of the Co-Fe/Cu deposit from a given bath and
the experience was the same also with the GMR. On the other hand,
the relative Fe?t ion concentration (Cionre) Of the electrodeposition
bath strongly influenced the phases formed during deposition through
the different Co:Fe ratio in the magnetic layer. For cjonre = 5 mol%,
a single fcc phase was observed with XRD and the magnetic layer
composition was around CoggFe;q. For cionre = 20 mol%, both an
fcc phase (pure Cu) and a bce phase consisting of an alloy with the
composition around Cog;Fe;; were detected.

The magnetoresistance measurements revealed that in spite of the
different composition and crystal structure of the magnetic layer for
CionFe = 5 mol% and 20 mol%, the GMR behavior was qualitatively
the same for both the CogpFe;o/Cu and Cog;Fes3/Cu multilayers. This
is demonstrated in the upper panels of Fig. 7 where the MR(H) curves
are shown for sample 10 (low Fe content) and sample 12 (high Fe
content), both samples deposited from a chloride bath with the same
value of jyam = —34.5 mA/cm®. We can see in Fig. 7 that the field
evolution of the magnetoresistance is very similar for both samples,
but the magnitude of the GMR is larger for sample 10 (lower Fe-
content). The GMR behaviors shown in Fig. 7 were characteristic for
all samples investigated.
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Figure 7. Longitudinal and transverse MR(H) curves for Co-Fe(5Snm)/Cu(5nm) multilayers for sample 10 with an fcc-CogoFe o magnetic layer (left upper panel)
and sample 12 with a magnetic layer of bcc-Cog7Fes3 (right upper panel), both samples deposited from a chloride bath with the same value of jimagn = 34.5 mA/cm?.
The lower panels display the decomposition of the MR(H) curves into an FM and an SPM contribution (left lower panel: LMR component for sample 10; right

lower panel: TMR component for sample 12).

The lower panels in Fig. 7 indicate the decomposition of the mea-
sured MR(H) curves into a ferromagnetic (GMRgy) and a superparam-
agnetic (GMRgpy ) contribution as described in the Experimental sec-
tion. The GMRgy; contribution comes from spin-dependent electron
scattering events for electron paths via the non-magnetic spacer (Cu
layer) between two FM regions each having a fixed orientation of the
magnetization in zero magnetic field whereas the GMRgpy term arises
from spin-dependent electron scattering events for electron paths be-
tween an FM region and an SPM region, the latter exhibiting a rapidly
varying orientation of its magnetic moment due to thermal excita-
tions. Figure 7 demonstrates that in both samples the dominating term
is GMRgy which is the classical multilayer type GMR effect and this
behavior was observed in all the samples deposited from the sulfa-
mate, sulfate and chloride baths whereas samples deposited from the
citrate bath exhibited a larger relative fraction of the GMRgpy term.

Evaluating all the magnetoresistance measurements and decom-
posing the MR(H) curves into an FM and an SPM contribution, the
GMRgy results are displayed in Fig. 8 for both the LMR and TMR
components. As was already indicated by Fig. 7, the GMRgpy term

was fairly small for the two selected samples and Fig. 9 reveals that
the same holds true for all the samples. In Fig. 9, the data are shown
for the TMR component only, but a very similar diagram was obtained
also for the LMR component.

The dominance of the GMRpy term over the GMRgpy term sug-
gests that these multilayers (except those deposited from the citrate
bath) can be considered as forming a layered structure with alternating
magnetic and non-magnetic layers (either as fcc/fcc or bee/fee pairs)
since the GMRgy term is characteristic for a multilayer-like struc-
ture only. Although multilayer satellites were not observed in all the
samples which we specify as multilayers on the basis of the GMR
results, the absence of such satellite reflections in those multilayers
indicates only that the layer stacking is not sufficiently coherent along
the growth (such a coherency can anyway be expected for the fcc/fce
pairs only and not for bce/fee pairs), but does not exclude the pres-
ence of a layered structure. The GMR results provide a strong hint at
the latter structure as opposed to a nanoscale mixture of a magnetic
and non-magnetic phases even for samples without visible multilayer
satellites in the XRD pattern.
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Figure 8. The GMRpgy contributions of the longitudinal (LMR) and trans-
verse (TMR) magnetoresistance and the difference AMR = LMR — TMR for
Co-Fe(5nm)/Cu(5nm) multilayers electrodeposited from the four different bath
formulations with two different values of jmagn and cjon,Fe. For sample identi-
fication and specific deposition conditions, see Table II1.

The data indicate that the largest GMREy; contribution (i.e., the
largest multilayer type GMR effect) was obtained for samples 1 and
2 deposited from the sulfamate bath and samples 9 and 10 from the
chloride bath, for both baths with low Fe-content (magnetic layer:
fce-CogoFeyp), although sample 6 (sulfate bath, magnetic layer: fcc-
CoggFeyp) also had only a slightly smaller GMR. For the sulfamate, sul-
fate and chloride baths, the multilayers composed of fcc-Cu layers and
bee-CozgFesp magnetic layers exhibited a definitely smaller GMR than
their fcc-CoggFeo/Cu multilayer counterparts. This is in agreement
with our previous work on electrodeposited Co-Fe/Cu multilayers'!
and with the known results on sputtered Co-Fe/Cu multilayers*®
that the GMR of Co-Fe/Cu multilayer decreases with the increase of
the Fe-content.

As to the AMR (see Fig. 8, positive MR values), it arises from the
5 nm thick magnetic layers. The observed magnitude of the AMR is
typically below 1% and this is in conformity with what we can expect
from AMR data reported for bulk alloys and thin alloy films of approxi-
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Figure 9. Comparison of the total transverse (TMR) magnetoresistance con-
tribution with the saturation value of the SPM contribution to TMR for Co-
Fe(5nm)/Cu(5nm) multilayers electrodeposited from the four different bath
formulations with two different values of jmagn and cjon,Fe. For sample identi-
fication and specific deposition conditions, see Table III. The positive values
(yellow bars) represent the average SPM magnetic moment deduced from the
measured TMR(H) curves by the Langevin fitting procedure.

mately such compositions.?” On the other hand, since the composition
is rather different in the fcc and bce magnetic layers (CogoFep and
Cog;Fes3, respectively), the AMR magnitude would also be expected
to be different for the two kinds of multilayers. Instead, we can see
a random fluctuation of the AMR magnitude only which may be due
to the fairly soft magnetic behavior of these magnetic layers. Namely,
the MR(H) peaks around H = 0 are very narrow as a consequence
of the low coercivity and one can easily miss the actual maximum or
minimum values of the MR(H) curves, leading to a random variation
of the AMR values.

Figure 9 also displays the average magnetic moments (jL) of the
SPM clusters as deduced from the Langevin-fitting procedure and the
values are typically between 1000 and 2000 g and very similar val-
ues were obtained also from fitting the LMR(H) data. In previous
works,?3%42 SPM moment values ranging from about 1000 to 10000
wp were observed for electrodeposited Co/Cu multilayers, with mag-
netic moment values depending on the specific deposition conditions.
In the present case, we are at the lower border of the reported values
which is due to the fact that the deposited magnetic layer thickness is
fairly large (5 nm) and, at the same time, the Cu deposition potential has
been optimized to prevent the partial dissolution of the previously de-
posited magnetic layer during the Cu deposition pulse and, therefore,
the chances for the formation of isolated small magnetic entities (SPM
clusters) during the deposition of the magnetic layers are minimized.

For the Co-rich Co-Fe SPM clusters, we can take an average mag-
netic moment of about 2 g on the basis of the Slater-Pauling curve.¥
This means that an average SPM moment of about 1500 pg as de-
termined above consists of about 750 atoms corresponding to a cube
of 9 x 9 x 9 atoms which may have dimensions like 2 nm x 2 nm
x 2 nm. It is very hard to rationalize the formation of such small
magnetic regions magnetically isolated from (i.e., not coupled to) the
bulk of the magnetic layer with FM behavior, but they are unavoid-
ably present in electrodeposited multilayers.?®*#? Such an SPM con-
tribution to the observed GMR has been reported also for sputtered
Co/Cu** and Fe/In* as well as MBE-grown Co/Cu*® multilayers. Ishiji
and Hashizume* tried to elaborate a simple model how such isolated
SPM clusters can form during growth at specific roughness features
of the growing film.

Summary

In the present work, the structure and the magnetoresistance proper-
ties were investigated for electrodeposited Co-Fe/Cu multilayers pre-
pared from various bath formulations. Particular care was exercised
to optimize the Cu deposition potential for the various electrochemi-
cal baths. This is a crucial step for multilayers electrodeposited from
a single bath by two-pulse plating since only the electrochemically
optimized Cu deposition potential ensures that neither a dissolution
of the previously deposited magnetic material nor the codeposition of
magnetic atoms along with the Cu atoms occurs during the Cu depo-
sition pulse. This also ensures that the actual layer thicknesses will
be equal to the nominal ones calculated on the basis of Faraday’s law
by properly accounting for the current efficiency eventually deviating
from 100%.

After establishing the optimal Cu deposition potentials, G/P pulse-
plating method was applied for Co-Fe(Snm)/Cu(5nm) multilayer
preparation (Co-Fe layer: galvanostatic (G) control with two differ-
ent deposition current densities; Cu layer: potentiostatic (P) control
at the optimized Cu deposition potential). For each bath, two differ-
ent Fe>™ ion concentrations (cjon ) Were used (5 and 20 mol% with
respect to the total magnetic ion concentration, Fe?* + Co?*). It was
a particular aim to study the effect of the various complexing agent
additives on the optimal Cu deposition potential that was found to be
dependent on the bath formulation and the Fe?*/[Fe** + Co?*] ionic
ratio in the electrolyte.

According to a SEM EDS analysis of the overall chemical com-
position of the investigated multilayers, for each bath formulation the
magnetic layer composition was about CoggFe o for cionre = 5 mol%
and was about Cog;Fes; for cionre = 20 mol%. The magnetic/
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non-magnetic element ratio was found to correspond approximately
to the equal nominal thicknesses for the two kinds of layer.

The results of XRD measurements on the phase constitution of the
samples were in agreement with the measured compositions. At low
Fe?* ion concentration in the bath (cjonre = 5 m0l%, magnetic layer
composition: CogoFej), a single fcc phase was formed and, in some
cases, even multilayer satellites could be observed. At high Fe** ion
concentration in the bath (¢jonre = 20 mol%, magnetic layer compo-
sition: Cog;Fes3), both fec (pure Cu) and bee phases (CozgFeso) were
present. In each case, the measured lattice constants of the individ-
ual phases corresponded well to the values expected for nanoscale
mixtures of the constituent phases.

The magnetoresistance measurements indicated a GMR behavior
for all multilayers with a maximum GMR of about 4% in some cases,
and the bath formulation had a strong influence on the magnitude of the
GMR. The superparamagnetic contribution to the GMR was relatively
small in all samples except the deposits from the citrate bath. For the
other bath formulations, the observed GMR was dominated by the
ferromagnetic term (GMREgy) which is characteristic of the multilayer
type GMR where the spin-dependent scattering leading to the GMR
effect arises from electron paths between two FM regions.

On this basis, we can conclude that the deposits from the sulfa-
mate, sulfate and chloride baths all can be considered as having a
layered structure. For the deposits from these baths with low Fe con-
tent in the magnetic layer, the structure can be described as an fcc-
[Co~goFe~1o/Cu] multilayer (in the case of the sulfamate and sulfate
baths, the presence of multilayer satellites even indicates a fairly coher-
ent stacking of the constituent layers). On the other hand, for deposits
from these baths with higher Fe content in the magnetic layer, the
structure can be described as a bec-Co~g7Fe~33/fcc-Cu multilayer.

For the citrate bath samples, the low magnitude of the GMR effect
and the relatively large fraction of the SPM contribution to the GMR
suggests that these deposits probably do not form a nicely layered
structure, but they rather consist of a random mixture of nanoscale
fce-Cu and fec-CogoFe g regions (Cionre = 5 mol%) or fce-Cu and
bee-Co-g7Fe 33 regions (cionre = 20 mol%). Here, the observed GMR
corresponds mainly to the granular alloy type GMR where the spin-
dependent scattering leading to the GMR effect arises from electron
paths in which at least one SPM region is also involved.!*?
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