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INTRODUCTION

Project plan summary

Since its discovery in the late 1980s, the giangme#oresistance (GMR) effect observed
in various magnetic/non-magnetic multilayers hasated large scientific interest and also
found practical application in magnetic field semgsdevices (e.g., in hard-disk drive read-out
heads), in addition to boosting research into warields of the so-called spintronics.

Magnetic/non-magnetic multilayers utilizing the GMRect in practical applications are
produced by various physical deposition (PD) prsess Electrodeposition (ED) has long
been considered as a viable alternative to PD tgobhs to provide a simple and cheap
technology for preparing high-quality spintronic tevéals. However, in spite of the progress
achieved on ED multilayers, to a large extent by gnoup, since the first demonstration of
GMR in ED multilayers in 1993, these materials hati# proved to be inferior concerning
the GMR parameters in comparison with PD multilayer

The major goal of the current project was, basedtlba experience gained in the
previous one and a half decade by our group in fieisl, to carry out further research into
investigating how the GMR can be better controiledED multilayers via a more deeper
understanding of the nucleation and growth processé ED magnetic/non-magnetic
multilayers since it has been revealed in formadss, both on PD and ED multilayers, that
the multilayer microstructure is strongly interréta with the GMR characteristics.

As a new approach, the application of surfactaritehvproved to be beneficial for PD
multilayers was planned to be introduced also fer ED method in the case of the most-
widely studied Co/Cu system. This implies the ahgyof the Cu spacer layer with a small
amount of Pb, Bi, Ag and/or Au since these elemangésknown from studies on PD layer
formation to promote layer-by-layer growth instezdthe island-like growth observed until
now for ED multilayers.

The same perspective was kept in mind when planmuagstigations on ED Co/Cu
multilyers to see if the deposition bath tempemtaan have an influence on the layer
formation and, thus, on the GMR in this system.ohder to reveal in more detail the
multilayer formation, besides the application afedi structural studies by X-ray diffraction
(XRD), surface studies were also planned by usiogmi force microscopy (AFM) as well as
an optical surface technique (ellipsometry).

In addition, an important objective of the projeds to extend all these investigations
beyond the Co/Cu system to other multilayers adglesto the ED technique. This was an
important issue since although numerous studies haen carried out on the GMR of ED Ni-
Co/Cu and Fe-Co/Cu systems, whereby the intentias tew replace the magnetically hard Co
layer by a magnetically softer alloy layer in ortiereduce the GMR saturation field, all these
previous works were performed without optimizingattochemically the Cu layer deposition
potential the method of which was established dudar previous research activity. In the
first approximation, the importance of the elechramical optimization of the Cu deposition
potential lies in the purpose of avoiding unwantddctrochemical reactions during the
formation of the Cu spacer layer (dissolution ad fireviously deposited magnetic layer and
incorporation of the magnetic elements in the spdeger which latter is definitely
deleterious on the GMR). At the same time, thisctebehemically optimized potential
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ensures that the actual thicknesses of both thenatagand the non-magnetic layers
correspond to what is set during the ED experini@ninultilayer preparation on the basis of
Faraday’s law (by accounting for an eventual desabf the current efficiency from 100 %
that can be properly assessed by independent exgr@s). Therefore, previous literature
studies were unable to reveal the real layer tleskndependence of the GMR in ED Ni-
Co/Cu and Fe-Co/Cu multilayers. We also planneé-mvestigation of the Co/Ru system
which can be used as an artificial antiferromagmspin-valve structures.

The problem of revealing the true layer thicknespathdence of GMR in multilayers is
further hampered by the fact that very often a spgr@amagnetic (SPM) contribution to the
GMR also occurs pronouncedly in ED multilayers. NMeting the separation of the
ferromagnetic (FM) and SPM GMR contributions magiehthe real dependence of GMR on
layer thicknesses. Previously, we elaborated a odefibr separating the two contributions on
the example of ED Co/Cu multilayers and the sansettidoe done also for the Ni-Co/Cu and
Fe-Co/Cu multilayers. All these efforts should atstribute to settling the long-standing
controversial issues concerning the presence anabsof an oscillatory GMR behavior in
ED multilayers as a function of the spacer layakiess which feature was well documented
for most PD multilayers.

Summary of project achievements not containing original research results

Before describing the new research results achiduedg the current project, it is noted
that, upon instigation of the editors of the pigstis journalProgress in Materials Science
the two senior members of the project team wrotexdended review (140 printed pages) [1]
which was published in the second year of the ptojehis comprehensive review provided,
just in the initial stages of the project, a statehe-art report of the world-wide activity of
GMR studies since the very beginning on ED magfregitcmagnetic multilayer films. Since
it covers all aspects of research subject of threeati project, it was used as a starting point
for carrying out our planned research. Therefolsy the above summary and the discussion
of new results below is based on the knowledgeridestin this review paper and this is the
reason that relatively few references to origimsiearch papers of the technical literature are
included in the current project report. The revidself has been well received by the
scientific community and by now it has already ecléd over 60 independent citations,
surprisingly quite often even in papers not dealuitp either GMR or ED multilayers.

Another project publication that does not contaiginal research was a comment [4] by
one of the senior team members on the paper ofeagfo research group which reported
related results on GMR in ED multilayers. The comtmminted out some weaknesses in the
paper as well as criticized the not sufficientlyestific approach to research in a topic
strongly related to the field of the current OTKAoject. By mistake, the OTKA project
number is missing from the published version of ¢tbenment but herewith we certify that
this publication is not used in supporting any ottesearch project.

"These numbers in [] refer to the list of publicasaesulting from the present OTKA project which given in
Section A at the end of the report.
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General overview of experimental techniques applied during the project

In the presentation of new experimental resultsieahd during the project, the
organization will follow the above summarized wdedp flow. However, in order to avoid
any redundancy in describing the experimental onstances for the various multilayer
systems, it seems useful to summarize here thaadsdehich were common throughout the
project work. More details on sample preparatiod areasurement techniques can be found
in our review paper [1] as well as in the projegpers listed at the end of the report.

The general approach during the project was to gseepmagnetic/non-magnetic
multilayers by electrodeposition and to investig#teir composition, microstructure and
magnetoresistance behavior. The multilayers wezetreldeposited on Si wafers covered by
an evaporated Cr layer (5 nm) and a Cu layer (2D mmthese Si/Cr/Cu substrates, the Cr
layer ensured adherence to the Si wafer and théayar served as a conductive cathode
surface for electrodeposition. For some preliminaxgeriments, a Cu foil substrate was also
used. The upward facing substrate constituted tha@aerbottom of a tubular cell, ensuring a
high degree of lateral homogeneity over the sammptéace which enabled tracing out finer
details than on multilayers commonly studied in litexature which were electrodeposited on
vertical substrates in an open geometry. Electrosiéipn was usually carried out in a typical
three-electrode cell where an appropriate metairfas used as counter electrode (anode) and
a saturated calomel electrode (SCE) served aserefer for regulating the cathode
electrochemical potential. Electrodeposition wassthyoperformed at room temperature
except in experiments where the influence of batmperature was of interest. A
galvanostatic/potentiostatic pulse combination (Grfiéde) was applied to prepare the
multilayers from a single bath the proper compositf which had to be established for each
multilayer system separately. In the G/P depositmae, during the G pulse a magnetic layer
was deposited under current control and this wkswed by the deposition of the more noble
non-magnetic layer (Cu and some metallic additivdgjing the P pulse ensuring a
potentiostatic control of deposition. Special cawres taken to find the optimum value of the
deposition potential applied during the P pulseithportance of which was already noticed
above. Multilayer series with various thicknesséshe indivudual layers and with various
total thicknesses were prepared. The layer thidesewere set by using computer-controlled
potentiostats monitoring the charge passing throtigh cell. For complementary studies,
deposits under d.c. conditions were also prepaseeitter potentiostatic or galvanostatic
control as well as by conventional pulse platingdéposition pulse pulse is followed by a
break with zero current). A scanning electron nscape (SEM) equipped with an analytical
facility served for morphological studies and fatablishing the deposit composition. The
electrical resistivity and the magnetoresistancagmetic field dependence of the electrical
resistivity) were measured mostly at room tempeeafind, in some specific cases, even at
low temperatures. Where it was necessary, the slguaffect of the Si/Cr/Cu substrate was
taken into account to properly evaluate the elealtriransport parameters of the multilayers.
For the magnetoresistance, the ferromagnetic apdrgaramagnetic contributions to GMR
were decomposed in cases when the latter one wasegbgible. Atomic force microscopy
(AFM) was used to investigate the surface of thpodiés and the evolution of surface
roughness with various deposition conditions. Tiagting surface roughness of the Si/Cr/Cu
substrate was not larger than 3 nm. The microstracand crystal structure of the deposits
was investigated by wide-angle X-ray diffractioncmllaboration with the E6tvos University.
Some optical spectroscopic techniques were alsdiedpfellipsometry for estimating the
nanoscale layer thicknesses and interferometrgnmasuring surface roughness).
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REPORT ON NEW PROJECT RESULTS
I. Studies on the preparation of ED Co/Cu multilaye rs
Studies on the influence of surfactant element addition to the Co/Cu bath
(i) Codeposition experiments in the Co-Pb systethstndies of Co-Pb electrodeposits [7]

As one of the main tasks, codeposition of Pb andv@e studied for both attempting to
prepare Co/Pb multilayers and designing baths f@mening the impact of Pb on the
formation of Co/Cu multilayers since experiencetwvphysically deposited multilayers in the
literature evidenced a beneficial effect of Pb fihre layer-growth mode and the
magnetoresistance (MR) properties.

It should be kept in mind that Co and Pb are imibiscmetals with very dissimilar
nearest neighbor distances in the stable crystalbnms. Pb has a face-centered cubic (fcc)
structure at normal pressure and a hexagonal gasikeed (hcp) structure at high pressure. Co
has an hcp structure at room temperature thatftnans to an fcc structure at 42€. Based
on both the immiscibility and the large differeringhe nearest neighbor distances of Co and
Pb, it is expected that the production of eithetasiable Co—Pb alloys or Co/Pb multilayers
requires highly non-equilibrium preparation techug@g. Due to the lack of such previous
studies, it was not known whether Co and Pb cam imetastable alloys or whether a quasi-
epitaxial growth is possible where one of the congmds stabilizes the metastable form of the
other one via the interaction of interfaces.

Due to precipitate formation by Pb in sulfate tyg@utions commonly used for the
electrodeposition of Co/Cu multilayers, new bathmfolations had to be tested to make the
codeposition experiments with Co and Pb possibldetailed overview of previous literature
results on the electrochemical codeposition expanisiof Co and Pb was given in [7]. On
the basis of this overview, preliminary experimefutsthe codeposition of Pb and Co were
performed with three different baths. Two bathseMeased on good solubility of both €o
and PB* ions in the presence of acetate and nitrate anishée the chloride bath took the
advantage of the [PbCF3omplex formation at high €toncentration. For the acetate bath,
acetic acid was also added in order to suppressytimlysis of the acetate ions. The bath
compositions are summarized in Table 1.

Concentration / mol dih

Source compound Acetate bath Nitrate bath Chloride bath
Co(CH,COO)#4H,0 0.4 --- R
Pb(CHCOO)*3H,0 0.013 --- 0.006
CH3COOH 0.1 --- ---
Co(NQ;)2+6H,0 --- 0.4 ---
Pb(NG;),*3H,0 --- 0.013 ---
CoChLe6H,0 --- --- 0.4

KCI --- --- 2.5

pH of the bath 5.15 4.55 4.55

Table 1
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Composition of the electrolytes used for Co-Phepadition experiments.
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Only the acetate bath yielded compact deposits ¢batd be reliably contacted for
electrical transport measurements, and the resldtcribed below will mainly refer to
deposits obtained from this bath. (The reasonseffailure for the rest of the baths were
discussed in [7]). In the case of the acetate lhathdeposition of Pb is a reversible process,
while the deposition of Co is quasi-reversible. sTile why the dissolution of Co is not a
significant factor in the optimization of the exjpeents, unlike for Co/Cu multilayers
produced in various other baths.

By using SEM images, it was revealed during thegmée studies that no compact Co-Pb
alloy/mixture deposits can be obtained with a Cdam&raction below 0.8 in either current-
controlled or potential-controlled mode becausasRivone to develop dendrites. On the other
hand, compact deposits have been obtained from abetate bath by two-pulse
electrodeposition using a G/P pulse combination déposition of Co-rich deposit with
constant current; P: deposition of pure Pb at @mispotential) in the entire composition
range. Composition analysis of the deposits contbimgth gravimetric measurements
indicated that the G pulse results in the formabba deposit with about 90 at.% Co and 10
at.% Pb in the optimum current density range of@hpulse. The dissolution of the deposits
was also studied by an electrochemical quartz akysicrobalance. Two distinct dissolution
peaks were found. One of them (observed at morativegpotentials) corresponds to the
dissolution of pure Pb, while the other is relatedhe dissolution of the Co-rich segments of
the deposits. By observing both the oxidation chaagd the weight change during the
dissolution of the phases, their composition canob&ined. This analysis confirmed the
formation of a metastable alloy. While the quartznobalance analysis resulted in 7.5 at.%
Pb in the Co-rich phase, the composition analysklgd 10 at.% Pb in Co for a nominally
identical sample, the two sets of data being indgagreement with each other.

XRD patterns recorded for two—pulse plated depaositealed a nanocrystalline structure
with grain sizes in the range 5 to 20 nm. The XRiaks could be well indexed to pure face-
centered cubic Co and Pb. This means that Pb atodeposited with Co during the G pulse
are not dissolved in Co but are segregated in ¢h& fof a nanoscale mixture of the two
constituent phases. This observation is in compéamith the immiscibility of Co and Pb and
the large difference in the lattice distances @f skable crystalline forms of these elements.
The formation of a multilayer structure could netrevealed from the XRD patterns.

Magnetotransport measurements revealed anisotropignetoresistance in both d.c.-
plated and two-pulse plated Co—Pb deposits. Thensiéhat the observed magnetoresistance
arises from spin-dependent electron scatteringtevamminantly within sufficiently large Co
regions (comparable to or larger than the mean pfegh of electrons in bulk Co) and not
along electron paths between two Co regions viardgfions. No indication for a giant
magnetoresistance effect due to either a ferrontegnen-magnetic layered structure or a
granular magnetic structure could be observed.

Low-temperature resistivity measurements on the-pulse plated Co-Pb deposits
revealed a superconducting transition slightly aetloat of pure Pb. This could be ascribed to
a proximity effect: the ferromagnetic Co grains @@ss somewhat the superconductivity of
the Pb phase due to the nanoscale phase mixtuhe #fvo constituents which was revealed
by the XRD study. Some aging effects in the sup®taoting transition were also observed
on a time scale of several months, indicating stmat rearrangements in the two-phase
mixture of Co and Pb which occur dominantly in tinéerfaces between the Co and Pb
regions. A demonstration of low-temperature registidata for a Co-Pb deposit is given in
Fig. 1. Such ferromagnetic/superconducting nanoasigs have been intensively
investigated recently with various element comboret for a better understanding of the
proximity effect.
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Fig. 1 Low-temperature normalized resistance of a twisg@plated Co-Pb sample for
fresh and aged conditions. Note the fully superaotidg state for the fresh sample below 5.8
K in spite of the presence of a significant amaifrferromagnetic Co grains in the sample.

(ii) Studies on Co/Cu-Pb electrodeposits [14]

Samples containing Co and Cu only were also pratifroen an acetate-type bath. In this
bath, the ion concentrations were identical to tifathhe Co-Pb bath with the exception that
Pt was replaced with Gli We first managed to deposit Co/Cu multilayersnfrehis
acetate-type bath. These samples showed a GMR.éffex Cu thickness was varied between
1 and 7 nm. As the Cu layer thickness increasex s#turation field of the MR(H) curves
decreased. The decomposition of the GMR curves FiMoand SPM contribution revealed
that the decrease in the saturation field with easing Cu layer thickness can be fully
explained with the elimination of the GMR, type contribution to the magnetoresistance.
The Co layer thickness was typically 2.5 nm, asdhickness had a much smaller impact on
the MR behavior of the deposits. The maximum GMRieaed was some 5%. In this respect,
the acetate-type bath could yield Co/Cu multilagamples comparable to those produced
from the conventional sulfate- or sulfamate-typthba

The Co/Cu-Pb samples were produced by using vaetdrolytes. These were mixed
from the acetate-type Co/Cu and Co/Pb baths, andthi:Pt’" ratio was set by the mixing
ratio of the electrolytes. Pulse-plated depositeevpgepared with conditions that proved to be
optimal in the sense of both the GMR achieved &edsaturation field of the MR(H) curves
for the Co/Cu multilayers obtained with the sameetpf bath.

The presence of Pbled to the decrease in GMR. As the?’Pbontent of the bath
increased, the saturation field of the MR(H) cure¢so increased, and finally the GMR
character of the curves turned into the typical Aldéhavior with positive LMR. A typical
set of GMR curves is shown in Figure 2.

The codeposition of Pb was obvious from the contosianalysis of the samples.
Interestingly, the value of the AMR achieved apjpmetely the same level as for pure Co/Pb
deposits at a fairly low Pb concentration in thengkes.

Another bath developed for the test of thé'Rbns was based on the perchlorate salt of
each metal. The GMR achieved for the Co/Cu mukitaydeposited from the perchlorate bath
was even higher than for the acetate bath (8%)célahwas shown that the anions exhibiting
at most a weak interaction with the metals beingodd#ed (namely, sulfate, perchlorate or
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acetate) can all be used as an electrolyte compoihéras been known from previous studies
that strongly adsorbing anions like chloride orezsally citrate, however, fundamentally alter
the deposit character.
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Fig. 2 MR(H) curves of a few Co/Cu-Pb
multilayers deposited from the acetate
bath. The percentage next to the curves
refer to the 100*c(PB)/[c(Pb**)+c(Cu?")]
ratio in the electrolyte. The curves are
displaced along the ordinate in order to
present them in a single figure.

The way as the impact of the Planions was studied in the perchlorate solutiors tva
same as for the acetate bath (i.e., using two haftisimilar Cd* and PB" concentrations).
The magnetoresistance of the deposits as a fundiothe lead content of the bath is
presented in Figure 3.
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Fig. 3 MR(H) curves of a few Co/Cu-Pb multilayers detmukirom the perchlorate bath.
The percentage next to the curves refer to the d@F*)/[c(Pb*")+c(Cu*")] ratio in the

electrolyte.
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Although the GMR at zero lead content was highetrttie perchlorate bath than for the
acetate bath, the transition to the AMR happenedllatver relative PB concentration. The
common conclusion of the experiments witl?'Plvas that no smoothening effect could be
detected during the multilayer formation by usihg@ magnetoresistance as the indicator of
structural perfectness. Instead, the incorporatiothe lead and its structure-breaking impact
was dominant in each case studied.

It has to be noted that the codeposition of thealglements in the Co/Cu-Pb multilayers
is not at all a trivial process. As the?Plzoncentration increases in the bath, the Pb molar
fraction in the deposit increases first, then lisfagain. This behavior could not be elucidated
on the basis of the known codeposition mechanisms.

(i) Studies on Co/Cu-Ag electrodeposits [14]

The low solubility of most Ag salts imposes a strolimitation on the electrolyte
solutions suitable for the study of the impact @f Aons. Although electrodeposition of silver
from AgNGQO; solution is possible, the reduction of the nitrades makes it impossible to
deposit a Co layer. Therefore, only perchloratetgolutions could be used. The Co/Ag
system did not need to be studied in detail sihagas published prior to the start of the
present project [J. Garcia-Torres, L. Péter, A.&ey L. Pogany and |. Bakonylihin Solid
Films 517, 6081-6090 (2009)].

The composition of the solution was optimized foe toncentration of Co(Clp, and

H3BOs3. It was found that boric acid is necessary to iobgacontinuous and fairly smooth

deposit that can be stably contacted for the magesistance measurements. The following
solution composition was found to be the most bletafor this series of experiments:
Co(CIOy), (0.2 mol dm), Cu(ClQy), (0.015 mol d), and HBO; (0.2 mol dm®). The
deposition current density of Co was chosen tc26emAcmi®. Lower current densities led to
fragmented deposits, while at higher current desssthe metallic shiny surface turned into a
dull surface with many nonmetallic black spots. Tineact of the A§ions was studied with

a gradual replacement of the Cuons with Ad ions, and the resulting properties were
displayed as a function of the 1@@Ag")/[c(Ag")+c(CL?)] ion ratio. The composition of the
resulting multilayer deposits are presented in Fagu
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Fig. 4 Composition of the Co/Cu-Ag mulatilayers. Left:rablar fractions as a function

of the ionic ratio of the non-magnetic elementsha solution. Right: the relative molar
fraction of Ag as a function of the ionic ratio thle non-magnetic elements in the solution.
The dashed line is the reference line (where y=qg e thick orange line is a guide for the
eye.
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The total deposit composition indicates that thpodéion of Ag leads to a decrease of
the Co molar fraction in the deposit. The increabghe Cu molar fraction with the Ag
concentration does not mean that the partial cturassociated with Cu deposition could
increase; instead, it is a result of the loss efdiwrrent efficiency at high Agoncentrations.

The right-hand side chart of Figure 4 indicates tha deposition of silver is a hindered
process at low Agconcentration. For ionic ratios less than 8%,rtdative Ag content of the
deposit is smaller than what can be expected flarsblution composition. Since Ag forms
no equilibrium alloy with either Cu or Co, its degitton requires a high activation energy due
to the nucleation of the Ag crystals. Thereforee thg" ions are fairly inactive in the
deposition process itself, although the standatdmial of the AJ/Ag system is by far more
positive than that of the other metal ion/metalrpgiresent in the system. At high Ag
concentration, however, the trend is inverted, &yl deposition becomes a relatively
dominant process, which is indicated by the faet thhe Ag molar fraction increases to a
much higher value that the ionic ratio in the solut

Figure 5 summarizes the magnetoresistance behakitbre Co/Cu-Ag multilayers. At
low relative Ag concentrations in the solution, the GMR increabasthis is not the result of
a significant Ag incorporation into the samples, s®wn by the composition data. The
increase in the GMR can originate either from aefieral effect of a small amount of Ag in
the spacer layer or the impact of the "Agn the deposition mode of the Cu layer
independently of its codeposition. The increasthenGMR takes place with conserving the
MR(H) curve shape.
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Fig. 5 Magnetoresistance of Co/Cu-Ag multilayers. Leftvot typical pairs of
magnetoresistance curves for different” Agoncentrations. Right: GMR obtained as a
function of the relative Agconcentration in the solution. The dashed lina iguide for the
eye.

The magnetoresistance as a function of the rel&tg/econcentration shows a maximum
at about 1.5%. The GMR achieved at this relativé égncentration is about twice of the
value achieved with an Ag-free solution. Since tBMR increment is obtained in the
concentration range where the Ag incorporation he tleposit is still negligible, it is
concluded that a similar effect was found as tlhadioed in the physical deposition methods.

(iv) Studies on Co/Bi and Co/Cu-Bi electrodepoki#]

The solubility of bismuth(lll)-oxide was studied imarious electrolytes used for
multilayer deposition experiments. It was foundttha measurable Bi concentration was
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found in any of the electrolytes used. The soldidested ranged to sulfate, sulfamate,
acetate, perchlorate and citrate type electrolytes.

Several experiments were also carried out with btk(hll)-chloride. The solubility was
too small in this case, too, if the pH was only madely acidic. If the chloride ion
concentration was at least 0.1 mol/liter and thew#s less than 1, the dissolution of a small
amount of BiC} could be achieved. Although all other componengsessary for the
multilayer deposition experiment were soluble iis olution, the low pH led to a loss in the
current efficiency. No current density range cobéestablished where deposits in the form
of continuous films are obtained. Therefore, theant of the Bl* ions on the multilayer
deposition process could not be tested becaus$e @fttove technical reasons.

(v) Studies on Co/Au, Co/Cu-Au and Co/Cu-Ag-Au éledeposits [14]

Although we have already made efforts for studyiing influence of Au in the spacer
layer on the structure and GMR behavior of suchtifaykrs, no reasonable results have been
obtained until now. In the near future, we inteaccontinue these experiments which should
then be incorporated into a project paper undgygregion [14].

Studies on the influence of bath temperature on Co/Cu multilayer electrodeposition [13]

In order to obtain even deposits, a thermostatédcaastruction had to be designed. In
such a case, two options can be considered: (iempéerature-controlled bath with an
immersion-type cathode holder; (ii) A cell optinyatlesigned for obtaining an even deposit
and applying external temperature control. Amorgséhoptions, the latter was chosen. The
resulting cell design is shown in Figure 6. Theiltagy ending of the reference electrode
container vessel was placed on the plateau bettieetwo plexiglass parts of the cell. The
calomel reference electrode was not termostatedwad situated outside of the cell.
Therefore, this study was carried out with an ahisonic cell. The counter electrode was
immersed into the solution from the top of the .CEHe temperature of the bath was measured
in the plating solution near the cathode.

‘ |m pressing plate
L with an O-ring

plexiglass cell body

L

— silicone rubber
= gasket

: = J‘L\ stand

sample (cathode)

external heat
exchanger tubing

Fig. 6 Schematic view of the cell used for multilayer ad#jion under temperature-
controlled conditions.
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Electrodeposition was carried out with a bath & fbllowing composition: CoS£0.8
mol dnT3), CuSQ (0.015 mol dm®), HsBO;3 (0.2 mol dm?® és (NH).SO, (0.2 mol dmd).
This electrolyte formulation was used successfilg previous study of ours [I. Bakonyi, L.
Péter, Z.E. Horvath, J. Padar, L. Pogany and Gn&fol. Electrochem. Sod55, D688-
D692 (2008)] . In contrast to the previous stutlis tell design led to round-shaped samples.

The deposition potential of Cu had to be optimitedeach temperature used in this
study. This necessity originates from two reas@ijshe anisotherm nature of the cell; (ii) the
dependence of the equilibrium potential of the’@o system with temperature. At each
temperature, the optimum potential was used. Attathperatures, the nominal Cu layer
thickness varied between 1 and 7 nm.

The Cu limiting current density increased with temgture as expected (see Figure 7).
Therefore, the deposition time of the Cu layer dased with temperature. Although the Cu
content of the Co layer could also be a functiortesfperature due to the variation in the
transport rate of the Gliions, this effect was taken of secondary impoeaand the Co
deposition current density was fixed.

401 e

351 —a2sC papechriout Fig. 7 Temperature dependence

3.01 —37 :C H3Bo3“ of the Cu deposition and dissolution
o 257 T (NH,),SO, as investigated by the cyclic
£ 20 — € ‘évéigéECEi Pt voltammograms by using the
< 15 5 mVis solution used for the deposition of
E 1.0 the Co/Cu multilayers.
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E/Vvs. SCE

The experience was that the GMR increased witha@erlthickness in the range studied.
At a fixed Cu layer thickness, the saturation fieldthe MR(H) curves decreased with
increasing temperature. These effects are illiedrat Figure 8.

The impact of the change in temperature on the etagesistance behavior of the Co/Cu
deposits is mostly manifested in a slight changehm ferromagnetic contribution of the
GMR. This parameter is shown in Figure 9. As theperature increased, the saturation field
decreased somewhat and the saturation magnetaressncreased. However, this trend was
not fully uniform and there was a significant sedttg in the data obtained. This scatering
can be attributed to, e.g., the variation in thalidy of the Si/Cr/Cu wafer susbtrates used for
sample preparation.
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Fig. 8 Typical magnetoresistance curves of Co/Cu mukilsyproduced at different
temperatures. Left: dependence of the shape dBMR curves at 38C. Right: Temperature
dependence of the MR(H) functions at constant ldyieknesses;&=5 nm.
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for each sample.
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Surface studies of electrochemical growth by AFM on ultrathin Co/Cu multilayers [5]

Particular attention was paid to studying the natden and growth processes of
electrodeposited multilayers by using AFM. Expemtsewere carried out on electrodeposited
Co/Cu multilayers consisting of a few number (116 of bilayers only which was expected
to yield important information on the initial nuaeléon steps during the deposit formation on
the substrate.

The importance of this study was that whereas th@RGeffect has been widely
investigated on ED ferromagnetic/non-magnetic (FM)JNnultilayers generally containing
large number of bilayersn most applications of the GMR effect layeredistures consisting
of arelatively small number of consecutive FM and NMelgare used. We have, therefore,
extended our previous studies [1] on ED GMR mujgls to layered structures with a total
thickness ranging from a few nanometers up to 70Tire evolution of the surface roughness
and magnetoresistance of such ultrathin ED Co/Geréal structures was investigated.
Various layer combinations were produced includioth Co and Cu either as starting or top
layers in order (i) to see differences in the natten of the first layer and (ii) to trace out the
effect of the so-called exchange reaction. For phigpose, two different Co/Cu multilayer
series were prepared: one with alternating Co amdagers on the top (series 1) and another
one made up of Cu/Co/Cu trilayers (series 2). Aesudtic view of these ED layered
structures is depicted in Fig. 10.

D =D =0T
D ot om o= T =0

Fig. 10 Schematic cross-sectional view of the investigddgdr structures in series 1 (left
panel) and series 2 (right panel).

It was shown by AFM studies that although the ergeareaction between a topmost Co
layer and the electrolyte deteriorates the conyrfi the top Co layer (multilayers in series 1)
and, thus, leads to the appearance of an SPM lbotitm to the magnetoresistance, it also
makes the multilayer smoother. The root-mean-sqsarface roughnessy{) for multilayer

series 1 varied apparently randomly in a wide rangh the addition of new layers to the
stack (Fig. 11). The first Co layer subjected te #xchange reaction exhibited a large
increase of the surface roughness with respettasubstrate roughness. This may be partly
attributed to the hindered and, therefore, unevedeation of Co on the surface of the
evaporated Cu underlayer from which the native @xahs not removed. Another possible
reason of the surface roughness increment wasrtmpnced dissolution of the Co atoms
and their random replacement by Cu atoms. The depo®f the next Cu layer leads to a
smoothening. Since the second and subsequent Guslaye already deposited on a
completely oxide-free surface, the nucleation of i€anuch more homogeneous over the
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cathode area. Therefore, the top Co layers, irespitthe exchange reaction, lead to a
smoothening, at least up to the fifth bilayer atidated by the lines connecting the full circles
(top Cu layer) with the subsequent open circlep @@ layer). On the contrary, the top Cu
layers rather seem to cause a roughening in magscdn summary, it seems that the
dissolution makes the multilayer smoother: the dampvith the partially dissolved Co
covering layer are always smoother than the ondgsavCu layer on the top.

To prove this smoothening effect of the substitutmf Co atoms by Cu atoms, an
additional series of four samples was made. Eachk made up by four bilayers of
Cu(5.0 nm)/Co(2.0 nm) and, after finishing the d@pon, the current was set to zero but the
electrolyte was not removed from the sample fofedént waiting times Tw). During this
period, a replacement of the Co atoms with Cu atbynthe exchange reaction could occur.
The root-mean-square surface roughness of thetiresidample was measured by AFM.
According to Fig. 12, with increasingy the R, values decrease exponentially. This is because
both partial processes of the exchange reactiantresa roughness reduction. On the one
hand, the dissolution of the Co atoms at the higpeaks has the largest probability because
the binding energy of these atoms to the solid @hsithe smallest. On the other hand, the
deposition of the Cu atoms and their diffusion gltime surface may lead to a filling-up of the
cavities because the binding energy of the newlyodiked atoms at these positions is the
highest. Ther, values converge to a finite value (4.2 nm) whiglsomewhat higher than the
initial substrate roughness. One should keep irdrthiat the lattice mismatch in a multilayer
should unavoidably lead to a surface rougheninguse the layer with larger lattice constant
can grow in island like form only at the beginniog the previous layer with smaller lattice
constant.

In fact, the exponential decrease of Byevalues starts only after a certain waiting time
(which is lower than the minimum 10 s we could Fgadecause the electrolyte near the
surface is depleted for €lions and thus the exchange reaction cannot staretiately after
the deposition of the Co layer was finished. We aaaume that the roughness starts to
decrease at a very low rate, due to the lack &f @ms, and then, as the €icontent of the
electrolyte near the sample surface reaches its \mlue, the smoothening rate increases.
After a certain value ofy, the amount of the Co atoms at the surface dezsdasa low value
as a result of which thig, data converge to a finite value.

= substrate 54
O Coontop
64 o ° ® Cuontop 5.2+ Cu/Co/Cu/Co/Cu/Co/Cu/Co/T,,
d.,,=2.0nm (Cu/Co)x4 /T,
d.,, =5.0nm 5.0
() [

€ 4 4.8-

£+ \ .

0:0- " X} ® . o 4.6
[ )

21 X 4.4

0 7 14 21 28 35 42 49 56 63 70 10 15 20 25
total thickness (nm) T, (5)

Fig. 11 Evolution of the surface roughness  Fig. 12 Evolution of the surface roughness
parameter Rwith total deposit thickness parametgmiRh waiting time ().

for series 1. The lines connecting the full

and open circles are just to indicate the

sequence “top Cu layer> “top Co layer”.

-14 -



OTKA project number: K 075008 FINALARERT

It was also found that, in the multilayer thicknessige investigated, the root-mean-
square roughness of the multilayers made up bytritagers develops linearly as the total
multilayer thickness increases. Meanwhile, the GMRhe deposited multilayer saturates at
six trilayers whereas the small SPM contribution tte MR increases in the whole
investigated thickness range.

Special attention was paid to measure the fielceddpnce of the magnetoresistance,
MR(H), in order to derive information for the appsace of superparamagnetic regions in the
magnetic layers. This proved to be helpful for mamng the evolution of the layer
microstructure at each step of the deposition seazpielhe importance of the present study is
also emphasized by the fact that previously no nepas been published on MR(H)
mesurements obtained on such thin ED layered stest On the basis of the measured
MR(H) curves, a schematic picture could be sketchieout the layer formation during the
initial stages of deposition. This is demonstrateBig. 13 for the first four layers in series 1.

(a) (b)
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________________T __________ n MR ED Cu
; 3 deposited Co
residual Co » : —
layer (2 ‘Cul . j &
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Fig. 13 Sketches of the structure of the first four sanmf series 1. The thicker arrows
mark the electron pathways. Note that not all pgassspin-dependent electron scattering
paths are indicated in each sketch. The notatioBu)’' indicates Cu-rich regions in the
magnetic layer.
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Surface studies of electrochemical growth
by ellipsometry on Co/Cu multilayers

The ellipsometric study was started with the charagation of the seed layers on the Si
substrate. The Si/Cr/Cu substrate structure wamsngaly confirmed. The thickness of both
evaporated layers (Cr and Cu) was in accordande tiwé nominal thickness. Ellipsometry
detected Si@at the Si/Cr interface and CuO at the substratexsel These oxide layers can
appear since the Si surface was not etched pritretCr seed layer evaporation and the Cu
surface was examined in air. The thickness of thdeolayers was typically 3 nm, while the
thickness of the metal layers was £10% of the nainialue.

Ellipsometry data were also obtained for two softspecimens with electrodeposited
layers, Si/Cr/Cu//Cu/Co/Cu and Si/Cr/Cu//Cu/Co/CuCL. In the latter sample structures,
the double dash refers to the boundary of the eatgd and electrodeposited layers. The
thickness of each electrodeposited layers was ST ellipsometric data could also confirm
these sample structures, and the layer thicknessdg be established with the same accuracy
as the substrate layers. In the specimens coatidthg electrodeposited layers, the copper
oxide was detectable at the sample surface only.

For a deposit thickness of 35 nm or higher, thedemce depth of the electromagnetic
radiation into the metallic layers did not makepibssible the resolution of the layers
underneath. Therefore, the ellipsometric study wwad continued for higher deposit
thicknesses.

The accuracy of the layer structure as obtainedhbydelineation of the ellipsometric
data is highly model sensitive. The change in ineell structure causes a relatively little
change in the ellipsometric spectrum. For instanice, smear-out of the layer boundaries
leaves the spectra unchanged, although the samnpiééuses cannot be taken identical. In this
respect, ellipsometry fell behind the expectatidg.compared to the direct destructive depth
profiling methods (e.g., secondary neutral masstesp@etry), the sharpness of the layer
boundaries was not detectable. Since the graduahgeh of the in-depth element
concentrations can be modeled in ellipsometry aseacutive thin layers of constant metal
ratios in each single layers, this method did move to be suitable to follow the sharpness of
the layer boundaries. The ellipsometric spectra &B@® insensitive to pinholes in the
electrodeposited layers caused by the hydrogemtwonl

Due to these experienced deficiencies of the methbeé originnally planned
development of an electrochemical cell for in-gllijpsommetry studies was not pursued.

II. Studies on ED Ni-Co/Cu multilayers
Preparation and magnetoresistance study of ED Ni-Co bulk alloys [3]

As a preliminary step to the electrodeposition o0¢/Cu multilayers, it was necessary
to carry out investigations on the preparation sadsport properties of the bulk alloys to be
used as magnetic layers in these multilyers. ThezefED Ni-Co alloys in the form thick
layers (about 21m) were prepared by d.c.plating under galvanostatidrol over the whole
composition range. For this purpose, an appropnatdure of a Co-containing and a Ni-
containig bath was prepared with each bath basethemlectrolyte elaborated for the ED
Co/Cu multilayer preparation as described above.

The electrical transport properties (zero-field metemperature resistivity, temperature
dependence of the resistivity, residual resistiaityl the AMR) were investigated in detail for
these Ni-Co alloys both in the as-deposited statk i some cases, also after annealing.
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It was established by XRD that the ED Ni-Co all@pdsits exhibited an fcc phase up to
fairly high Co concentrations. A strongly textured structure was found in the as-deposited
state with an average grain size of about 10 nnenlimnealing, whereas the crystal structure
was retained, the grain size increased by a fadt8rto 5, depending on alloy composition.
The room-temperature zero-field resistivity wasnduo decrease strongly by annealing due
to the increased grain size.

By measuring the temperature dependence of thstixsi down to 13 K, the residual
resistivities of the annealed ED Ni-Co alloys wdetermined which were in good agreement
with previously reported data on metallurgicallyopessed Ni-Co alloys. The residual
resistivity exhibits a maximum as a function of quowsition for the Ni-Co alloy system,
corresponding to Nordheim’s rule, although the nrmamn position is shifted from the
expected equiatomic composition to about 20 tot38 &o.

The anisotropic magnetoresistan@ViR) values were measured at room temperature
and 13 K for the substrate-free ED Ni-Co alloy$&itin non-annealed or annealed states.
The AMR values measured were in relatively gooceagrent with reported data on bulk
Ni-Co alloys prepared by metallurgical means. MR also exhibits a maximum with a
value of about 6 % in the same composition rangéhasresidual resistivity in this alloy
system.

Magnetoresistance and surface roughness study of ED Ni-Co/Cu multilayers [11]

Among multilayers prepared with physical methodsi-Cd/Cu multilayers have
simultaneously large GMR magnitudes and low GMRirsdion fields which parameters are
both very important from the viewpoint of sensoplagations requiring high field sensitivity.
Prior to the current project, no systematic studiase been carried out on ED Ni-Co/Cu
multilayers in this system since the elaboratioraahethod for the optimization of the Cu
layer deposition potential [1], which is a preresj@ for a quantitative control of the
individual layer thicknesses in ED multilayers. Téfere, an extended study of ED Ni-Co/Cu
multilayers prepared with optimized Cu depositiatemtial was performed by measuring the
room-temperature transport properties (the zeld-fresistivity, po, and the GMR) as a
function of the individual layer thicknesses andaktomultilayer thickness. The surface
roughness development was also studied by AFM.

(i) Composition control of the magnetic layers iD Ei-Co/Cu multilayers

As a first step, a control of the composition of thagnetic layers had to be elaborated.
In the multilayers over the entire composition r@nipere is a correlation between the relative
ion concentration of cobalt in the electrolyte d@hd Co-content in the deposited Ni-Co alloy
layers in the multilayer obtained with a constantrent density of the G pulse. However,
chemical analysis revealed that the steepnesseodléposit composition evolution for small
Co?* concentrations in the bath is much higher forrttagnetic layers in the multilayers [11]
than obtained previously for d.c.-plated Ni-Co w#lo[3]. This is due to the anomalous
codeposition properties of Co with Ni owing to wihniat the beginning of the layer formation
the electrolyte is depleted for €dons. This makes the electrolyte near the sampiace to
become more and more rich in?Nions as the magnetic layer gets thicker. Thusélgéons
of the deposited alloy at larger distance fromghbstrate become richer in Ni until a steady
state is reached with a certain Ni/Co ratio in #iey. Because pulse plating (G/P pulse
combination) is used for preparing the multilayexfter depositing a few nanometers of the
magnetic alloy layer, the G pulse ends and durreg dubsequent Cu deposition pulse (P)
which lasts for at least 10 seconds or, sometimesn longer than one minute, the°Gimn
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concentration of the bath at the cathode-eleceolyiterface can recover to the bulk
concentration of the electrolyte existing far frtéme sample surface. Therefore, the next layer
will grow as a Co-rich alloy again and this exptaitme higher Co-content of the magnetic
layer in the multilayers in comparison with the .¢btated Ni-Co alloy deposited under
identical conditions (bath concentration and depmsicurrent density).

Based on a preliminary study of the GMR in ED NiCo multilayers, the magnetic
layer composition was chosen to be approximatelya@dgmic for the further studies since
this yielded the largest GMR. This magnetic layemposition could be achieved with an
ionic ratio C&*/( Ni2* + C?*) ~ 0.07 on the basis of the deposit compositicalyasis data.

(i) Surface roughness evolution with layer thickses in ED Ni-Co/Cu multilayers

The root-mean-square surface roughn&gswas found to show an exponential increase
with total multilayer thickness as usually found fayers obtained via an atom-by-atom
deposition process [W. Schwarzacher, J. Phys.: Odatter 16, R859 (2004)]. This behavior
can originate from two sources. The first is thenalative surface roughening: the peaks at
the top of the multilayer are more accessible ®itns in the solution and thus can grow
faster than the valleys between them. The oth@reisnisfit between the lattice parameters of
the Ni-Co alloy and the Cu metal as a result ofohta 3—D growth process tends to emerge.
Once a small grain of the material of the subseqlagrer can be deposited on the surface, it
is energetically more favorable if the 3D-growtlogeeds further instead of the formation of
new “islands” of the same material (i.e., nucleatehich is always hindered to some extent
on the surface of a foreign metal or alloy). Thgs&ns occur at several surface sites and,
after a certain time, they coalesce to form a omatiis layer. By that time, at the connection
points, there can only be a single atomic layethefmaterial deposited whereas at the point
where the nucleation started, a high peak couleadl grow. The blocked nucleation and,
thus, rather an island-like growth with coalesceiscespecially prone in the case of Cu layer
growth on top of a Co layer as was concluded preshjofor ED Co/Cu multilayers [1].

The continuous multilayer roughening with incregstatal multilayer thickness can be
better assessed if samples are compared with etitféotal thicknesses but with the same
magnetic and non-magnetic layer thicknesses. Itdhegraphy of their surfaces is measured
and the average height is set to the nominal tles&rof the multilayer, the multilayer surface
evolution along the thickness can be visualizedrasvn in Fig. 14. If we compare Figs. 14a
and 14c, it can be seen that the 700-nm total mieis& profile for a multilayer with 0.8-nm
thick Cu layer is practically the same as that e 800-nm total thickness profile of the
multilayer having 6.0 nm Cu layer thickness. THsady shows the roughening of the total
multilayer due to the Cu layer thickness; howewis roughening effect cannot be
recognized until a certain total multilayer thickses achieved.

These surface roughness profiles show clearly ttie@tucleation is very uneven, high
peaks and valleys develop as the total multilayekhess increases.
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(iif) GMR evolution with layer thicknesses in ED-8io/Cu multilayers

It was of particular interest to study the evolatiof the GMR with Cu spacer layer
thickness in order to see if there is any oscitla®MR.

Figure 15a shows the MR-y data as a function of the Cu layer thickness fmious
total multilayer thicknesses. For each series, GMR increases monotonically up to 5-6 nm
Cu layer thickness where it reaches a maximum had slightly reduces. Similarly to ED
Co/Cu multilayers [1], the GMR does not show aniltzory behavior also for ED Ni-Co/Cu
multilayers if the SPM contribution to the GMR isoperly separated from the experimental
data.

The reduction oGMR for large spacer layer thicknesses may partly ctvora a simple
dilution effect. Namely, with increasindg, the bilayer repeat will be larger. In this manner,
the number of FM/NM interfaces per unit thicknesbkicl are responsible for the spin-
dependent scattering processes yielding the GMétte reduced.

It can also be inferred from Fig. 15a that B®R-, component increases with total
multilayer thickness from 50 nm to 300 nm and tdesps for 700 nm. In order to explain the
observed evolution of the GMR with total multilayénickness, we have to consider
separately the variation of the zero-field resistiyo and the field-induced change of the
electrical resistivity Apy. We  should keep in mind that theMR definition
MR(H) = [R(H) - Ry)/Ry is equivalent taVIR(H) = [p(H) - po ]/po = Dpulpo. In the following,
Apy will refer to the value calculated from tEMR-y data (FM contribution to the GMR) by
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using these relations.

The evolution ofApy with dcy and total multilayer thickness is presented in Ep. In
agreement with the nearly same roughness for 5&mdr.00 nm total thickness (Fig. 14), the
po values were found also to be very similar. Thire tlefinitely higherdpy values for
100 nm (Fig. 15b) result in the clearly larg&vIR values (Fig. 15a). Although the roughening
is more pronounced for 300 nm total thickness &edetis also a substantial increasggas
well, the much largefpy values (Fig. 15b) still lead to a significant fugt increase of the
GMR (Fig. 15a). On the other hand, the drastic heming for 700 nm total thickness leads to
a very large zero-field resistivity and evem\fy further increases for 700 nm total thickness
(Fig. 15b), the largg, values suppress the resulti@yIR (Fig. 15a).

Since each series can be taken as a slice frorbdtiem of the thicker series, if the
multilayers were homogenous along their whole théss,Apy would be identical for all
series. We should point out, on the other hand,ttfeacontinuous increase &by with total
multilayer thickness can be definitely related witle cumulative roughening. Namely,
increasing roughening implies an enhanced undulaifathe layer planes which, due to the
applied current-in-plane geometry for measuring thagnetoresistance, enhances the
probability of interface scattering (actually, maay the scattering events will be of the
current-at-angle-to-plane type).
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Fig. 15 (a) Evolution of the (a) GMig contribution and (b) the isotropic saturation
resistivity change in a magnetic field with Cu laykickness for various total multilayer
thicknesses as indicated in the legend. The maglagter thickness was fixed at 2.0 nm.

Influence of Cu deposition potential on GMR and surface roughness
of ED Ni-Co/Cu multilayers [9]

It has been reported in our previous works [1] tthe single-bath electrodeposition
process used for the preparation of magnetic/nogretec multilayers with giant
magnetoresistance (GMR) behavior can be optimieath fan electrochemical point of view
in order to avoid unwanted reactions taking planeng) the deposition of the more noble
non-magnetic element. No systematic studies haea,deowever, carried out to establish to
what extent this electrochemically optimized Cuatgfion potentialES" corresponds to the

largest possible GMR that can be achieved for aergielement combination by
electrodeposition. In the present work, we havesehadhe Co-Ni/Cu multilayer system with
approximately equal concentrations of Co and Nithie magnetic layer to explore this
situation. In order to better understand the olesemariation of the magnetoresistance with
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Cu deposition potential, measurements of the olvelnaimical composition, X-ray diffraction
patterns and surface roughness have also beenmedmn these multilayers.

(i) Surface roughness behavior

The cumulative roughening of electrodeposits giiee to an ever increasing surface
roughness. The root-mean-square surface roughneslsetated from measurements by both
AFM and white-light interferometry are presented Figure 16 as a function of the
preparation parameters.

As it can be seen in Fig. 16a, tuning the Cu déjoospotential drastically changes the

surface roughnesg{) of the investigated Ni-Co/Cu multilayers. For Geposition potentials

slightly more positive tharES", a significant smoothening of the surface setgeity abruptly

and then the surface roughness remains practicatigtant. In this potential region, Co atoms
are removed from the surface because of the Coldigm. The interval of the Cu deposition

potential where the surface remains fairly smostimigood agreement with the occurrence of
the dissolution process in the current transiedtsthe contrary, for Cu deposition potentials

more negative tharES", a dissolution of the magnetic layer does not odmt magnetic

atoms start to codeposit with Cu. Due to the higipasition preference of Co when
codeposited with Ni, the actual surface will bérig Co.

Figure 16a also indicates that, in contrast to MeCo/Cu multilayers, the surface
roughness of Ni/Cu and Co/Cu multilayers does raoy \significantly with Cu deposition
potential: the data are scattered more or lessoralyd This suggests that the observed

roughening of Ni-Co/Cu multilayers for more negatipotentials with respect t&S° is

closely connected to the presence of both Ni ancdtGms at the deposit surface during the
deposition period of the Cu layer.

To underpin the roughening effect due to the siamdbus presence of Nliand Cé*
ions, seven further multilayers were prepared atrtiost negative potential used (-0.74 V).
Each of them had different relative Co concentraiio the magnetic layer as presented in
Fig. 16b. The roughness values of the multilayeith @ither Ni or Co and the one with the
NisgCosp alloy as magnetic layer coincide well with theued obtained on the previously
discussed samples which were presented in Fig.A&arding to Fig. 16b, the roughness
values show a pronounced maximum with change ircgmeposition of the magnetic layer.
This means that this roughening does not come fthen potential used but from the
simultaneous codeposition of Ni and Co with Cu kgrihe formation of the non-magnetic
layer. The roughness reaches its maximum around doCNi ratio of 1. Based on the
composition of the sample prepared with the moghatiee potential in the P pulse (-0.74 V),
the overall Ni and Co content of the Cu layer carabsessed as 13 at.%.

A possible explanation for this increased roughgniar anomalously codepositing
metals can be the model described in the litergiNrezech, E.J. Podlaha and D. Landdlt,
Electrochem. Sod46 (1999) 2892 according to which the simultaneous depositiorCofand
Ni may proceed not only in independent reactiongsas the case is for the deposition of Co
or Ni alone in the absence of the other componiestead, in the anomalous codeposition
mechanism, the intermediates may contain the awin®th metals, hence establishing a
catalytic mechanism. The adsorbed reaction intetabesl in the catalytic reaction may also
contain several hydroxyl groups. Therefore, theodusd species, due to their large size, can
effect the deposition of the majority componentaSuwell. Due to the temporary blocking of
some areas from growth by the intermediates, deposwill faster proceed at other places
and this naturally leads to the observed surfacgltrening for the Ni-Co/Cu multilayers at
large negative Cu deposition potentials. The Igcafid temporarily hindered simultaneous
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deposition of the three metals excludes the pdggibf the formation of larger islands of the
same element which can lead to the observed roughehthe surface.
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Fig. 16 (a) Dependence of the root-mean-square roughfgssf ED Ni/Cu, Co/Cu and
Ni/Cu multilayers on the Cu-deposition potentiat the electrochemically optimized Cu

deposition potentiaEL’" indicated by the dashed vertical line, neitheraal Ni dissolution,

nor Co and Ni codeposition occurs. The full symbelzresent the data measured with the
white-light interferometer, the open symbols stbordhe AFM data and the dotted line is the
roughness of the substrate measured with both metHb) Dependence of the root-mean-
square roughnessqfn the Ni/Co ratio of the magnetic layer in theeaf k&, =-0.74 V.

(i) GMR evolution with Cu deposition potential

All the Ni-Co/Cu multilayers investigated exhibitégdMR at room temperature. The
MR(H) curves nearly reached complete saturation in etaghelds around 2 kOe after which
the resistivity change was already much smalleshasvn for a typical multilayer in Fig. 17a.
The saturating component is due to a ferromagreatntribution to the GMR whereas the
slowly saturating component is due to the presearfiGe small amount of superparamagnetic
regions in the magnetic layers [1].

After separating the two contributions by a staddamocedure [1] (as indicated for the
TMR component in Fig. 17a), Fig. 17b shows thedieagnetic contributio®MR=y and the
ratio of the superparamagnetic GMR contribution GiEMRspy) to the saturation value of
the GMR GMRs) as a function of the Cu deposition potential.c8ithe difference between
the LMR and the TMR values was small, an isotr@pierage of the GMR values was only
displayed.

The GMRe=y contribution has a maximum at about -0.4 V whislihie result of several
different but not independent effects. The root-mequare surface roughness has evidently a
significant effect on th&MR=y contribution (compare Fig. 16a and Fig. 17b): sheoother
the multilayer surface, the larger t88&IR-y contribution. This should be connected with the
improvement of the structural quality of the malyiers forEc, values more positive than

ESS. This was supported also by the XRD patterns medsan the same multilayers.

For very negative Cu deposition potentials, magnatoms are codeposited in the Cu
layer. The presence of magnetic Co and/or Ni atmntee Cu layer can effectively decrease
the spin diffusion length of the electrons in tipacer layer even at moderate concentrations,
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which strongly diminishes the GMR effect. At largencentration of the magnetic atoms,
especially when they are enriched locally, they éamm a direct magnetic connection
between adjacent magnetic layers and the resukimgmagnetic coupling also reduces the
GMR.
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Fig. 17 (a) A typical measured MR(H) curve. The open s¥ysiepresent the measured MR
values (. LMR, o: TMR), the dashed line is the Langevin functidtedi to the measured
TMR data and the solid line is the FM contributitmthe GMR which can be obtained by
subtracting the fitted Langevin function from theasured values. The dashed line actually
represents the field evolution of the SPM contrdouto the GMR. (b) Dependence of the
ferromagnetic contribution GM#, (solid symbols) and the ratio of the superparansdign
contribution of the GMR to the saturation valuetbé GMR (open symbols) on the Cu
deposition potential.

Studies on the influence of bath temperature on Ni-Co/Cu multilayer electrodeposition [13]

The influence of the bath temperature on the regulNi-Co/Cu multilayers has been
studied with the same methodology as describethtdCo/Cu multilayers. The solution used
was the same as that used for the study of thasirbughness of the Ni-Co/Cu multilayers.

First, the composition of the Ni-Co/Cu multilayerss established simultaneously as a
function of the solution composition, the layerchness of the Ni-Co layer and the
temperature. Due to the large deposition prefereateCo besides Ni, the solution
concentrations were chosen in such a manner thandan deposit composition varies in an
approximately equidistant manner. The summaryisfstudy is presented in Figure 18.

Fig. 18 indicates that the deposition preferenceraedses with the increase in
temperature. Although the Co-Ni system shows anoasatodeposition (which means that
y>> 0), the relative abundance of Co in the depositeksas with temperature. This trend
was obtained for all solution compositions; howevdre uncertainty in the deposit
compositions was larger in some cases than thecingbahe temperature.

Magnetoresistance of each specimen was measuretthemedngevin fit was performed.
The total magnetoresistance varied between 2 arfb, 9and the fraction of the FM
contribution to the total magnetoresistance wawéen 0.1 and 0.4. However, no trend could
be established as a function of either the solutomposition or bath temperature. This
behavior is not understood since the sample préparen case of Co/Cu multilayers proved
to be successful with the same thermostated cedl, the Ni-Co/Cu multilayers could be
prepared with good magnetoresistance propertiessimilar cell if the samples were square-
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shaped. Nevertheless, it is possible that the mamsstance measurement with the four-

point in-line geometry was less suitable for thana-shaped samples than for the square-
shaped samples, and a relatively little differeimctéhe distribution of the magnetic elements

over the sample surface may cause rather signifiocgract on the magnetoresistance.

1.0+
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—=— 3 nm
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—=®— 3 nm
= —O0—6nm
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Fig. 18 The composition of the magnetic layers as a fonatf the deposition temperature
for various solution compositions and two differéitCo layer thicknesses. The ordinate
shows the relative Co concentration of the magnddigers as described with the
expressiory= y(Co) / [y(Co)+y(Ni)]. The parameter refers to the C3 ionic ratio with
respect to the Nf ions in the solution and is defeinedas c(Cc®*) / [c(Co™")+c(Ni*")].

[ll. Studies on ED Fe-Co/Cu multilayers and ED Fe-b ased alloy layers
Preparation and GMR study of ED Fe-Co/Cu multilayers [12]

Iron and its alloys with Ni and Co, being good sefagnetic materials, have various
applications nowadays. But while metallurgical @uepion is quite easy, electrochemical
deposition raises up several difficulties. It igchéo electrodeposit pure iron because of its
sensitivity to water and oxygen and its high cakibg compared to nickel and cobalt and
because of the instability of electrolytes contagnFe* ions. This instability originates from
the oxidization of F& ions to F&" ions and the resulting formation of different ppiates
(mostly Fe(OH)) in the electrolyte. Thus, besides a reductiornihef concentration of Eé&
ions which are appropriate for electrodepositioone other components appear in the
solution which may incorporate in the deposit dgrthe deposition. The progress of this
process is indicated by the opalescence of theigo)wisible even by naked eye. As a result,
contrary to electrolytes containing only salts afkel, cobalt and copper ions, solutions
containing iron can only be used for a short time.

Thus, because of the instability of the electrqlytee electrodeposition of Fe-Co/Cu
multilayers was a non-trivial problem to solve, esiplly at high F& ion concntrations.

In the only published paper reporting the GMR in EB-Co/Cu multilayers [E.M.
Kakuno, R.C. da Silva, N. Mattoso, W.H. Schreii2i. Mosca and S.R. Teixeird, Phys.

D: Appl. Phys.32, 1209 (1999)], the P/P deposition mode was apgiigdthe authors have
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not established the electrochemically optimizedd@positon potential E5°). The use of the

optimized EZ° value is a prerequisite for a proper control of itmdividual layer thicknesses
and for avoiding the incorporation of magnetic asamthe non-magnetic spacer layer (Cu).
An important task in the present study was, theeefto establishES" for the electrolytes

employed. Preparing ED Fe-Co/Cu multilayers with tiptimized Cu deposition potential
enables then a study of the evolution of the GMRymtade on true layer thicknesses.

(i) Optimization of the preparation of ED Fe-Co/Quiltilayers

To get rid of the effect of the precipitates appegain the solution with time, two basic
electrolytes were prepared. The first one (Co-gmitwas prepared on the basis of the
previously used solutions designed to deposit iiwe The second one (Fe-solution) was
prepared with the required composition of the ott@mmponents but the Fe(ll)-sulfate was
only added immediately before the electrodepositiwperiments. The pH of the Fe-solution
was set to 3.25, equal to the pH of the Co-solutidfter this, the electrolytes for the
deposition of the Fe-Co/Cu multilayers were mixednf these two stock solutions. The
concentrations of the two stock solutions wereocdews:

CoSQ..7H.O 0.74 molt FeSQ.7H,O 0.74 mol
CuSQ .5 H,0 0.010 molt CuSQ.5H0 0.010 molt
NaSOy 0.10 molt NaSQO, 0.10 molt
H3BO3 0.25 molt H:BO3 0.25 molt
HNSO;H 0.25 molt HoNSGO;H 0.25 molk

Iron and cobalt, like the Ni-Co system, show anauslicodeposition but, in this case,
Fe is the metal with preferred deposition and fifi$ has to be taken into account during the

preparation of the electrolytes.
For the optimization of the Cu deposition potentiast the polarization curves of the

solutions with two different e concentrations were measured (see Fig. 19).

(@) 1 (b)
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Fig. 19 Cyclic voltammograms for two Fe-Co-Cu solutions thwi different
Fe2*-concentrations:: (a) gnre =5 %; (0) Gon.re= 40 %.
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For the solutions containing Fe, because of theneldd plateau, a potential range could
only be selected where apparently neither the lisen of the magnetic material, nor the
codeposition of the magnetic material with Cu caoun. This is the potential range where the
current transients are reasonable to be measutedpdtential ranges determined from the
polarization curves were as follows: -0.760 V tbAD V for the solution witltion re=5 %
and -0.700V t0-0.600V forConre=40 % [here, Conrerefers to the ionic ratio
Fe2t/(Fe+ + CAH)].

Contrary to the Ni-Co system, it was found for BeCo system that the value Bf®

depends on the concentration of Fens in the solution. This comes from the circuamse
that Fe starts to dissolve from the cathode surtdca more negative potential than Co.
Because of this difference, if both Fe and Co sedad simultaneously present on the surface
with different ratio, the potential value at whithe given alloy is neither deposited nor
dissolved back into the electrolyte will also degpem the ratio of Fe and Co in the alloy. A
further technical problem arises because onlydha turrent flowing through the surface can
be measured. Even if the total current is zerds possible that Fe is dissolved selectively
and, in parallel, Co is deposited at the same rate.

In the next step, in the potential ranges seleotedthe basis of cyclic voltammograms,
the current transients (Fig. 20) were measuredduhe Cu deposition cycle.

The potential value at which the transient curveags the fastest without the appearance
of a current more negative than the current vapeeific for the Cu deposition with constant

rate (limiting current) corresponds to the optimiEf~ value. It could be derived from Fig.
19 that its value is -0.620V in the case @f,re=5% and -0.660V in the case of
Cion.Fe = 40 % (forcionre= 0%, EZ= is -585 mV [5]). Plotting these three potentialues as a
function of the ion concentration of the solutitime ESS potential values can be determined
for all Fe* ion concentrations by interpolation.

0,64
0,40-
~ c.v’g 0,48
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S E 0,32
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Fig. 20 Current transients for the two Fe-Co-Cu electrefytwith different F& ion
concentrations in the selected potential rangeital the optimal Cu deposition potential

ESS. The transients were measured in the 20th cyblehncan be considered as steady-state.

J-iss the difference between the measured and the wi&ate current densities, t: time
elapsed from the beginning of the pulsgcg=2.5 nm, d,=3.0 nm. (a) grnre=5 % (b)
Cion,re = 40 %.
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By using theES" potential values determined from the current fars, a sample series

was prepared with the help of which the dependendbe Fe concentration in the magnetic
layer of the multilayers on the eion concentration in the electrolyte could be deteed.
The total thicknesses of the multilayers were 1@0and the individual layer thicknesses
weredcy, = 3 nm anddreco= 2,5 Nm. The current density applied in the Gspub deposit the
magnetic layer was -31.25 mA/ém

(i) GMR study of ED Fe-Co/Cu multilayers

For multilayers withdcy = 3 nm €sdreco= 2.5 Nm, it was found that the higher the Fe
concentration of the magnetic layer, the smallee BMR. Therefore, two E& ion
concentration values were chosen, namely 2.3 %2@rid%, which resulted in 5 % and 44 %
Fe in the magnetic layer, respectively, and thetitayérs for the subsequent GMR studies
were prepared with these two solutions.

Since there are no reliable data in the literaturehe dependence of the GMR on the
individual layer thicknesses, a set of multilayews prepared with which the dependence on
both the magnetic and non-magnetic layer thickreesselld be established. Therefore, the
thickness of the magnetic layer was set to 1.0€%.8.0 nm with a proper choice of the length
of the G pulse. For all thresecovalues, several multilayers were prepared witfedghtdc,
values, namely 0.8, 2.4, 4.0, 6.0, 8.0, 10.0 an@ @th. This means 21 multilayers for each of
the two selected Fe concentrations.

By measuring the GMR on these series of ED Fe-Caofitilayers and plotting the
TMR=y component, the results shown in Fig. 21 were obthi

The values of the data points marked with full klaccles @) in Fig. 21(b) are all zero,
indicating that these samples show AMR instead BfRG This is also indicated by the
coloring of the fitted surface.

-1.5%
-2.0%
-25%
-3.0 %

Fig. 21 Dependence of the FM component of the TMR ERRn the thickness of the
magnetic layer (e.c) and the Cu layer () in our ED Fe-Co/Cu multilayers. The Fe-
content in the magnetic layers wegg 2 5 % (a) and z = 44 % (b). Empty squares) mark
the TMRy component of samples showing GMR and black fotles (@) with O value
represent the samples showing AMR. The surfacefitted to these points only to show the
behavior of the MR.
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The GMR values obtained indicate that the thicknelsshe magnetic layer has no
significant effect on the magnetoresistance inthiekness range explored.

On the contrary, there is a significant variatiarthe GMR with Cu layer thickness. But
as was the case for electrodeposited Co/Cu andohGAC multilayers, no oscillatory GMR
could be observed, only a monotonous increase @dertaindc, value and a decrease for
thicker non-magnetic layers. The decrease of thdRGith increasing Fe content can also be
seen here.

These results seriously question the results ofsihgle report on the GMR of ED
Fe-Co/Cu multilayers [see above cited paper by Kaket al.]. Because the Cu deposition
potential used in that work is much more positimanjely by 0.2 V) than the optimal value
established in the present study, during the pegjoar of the samples by Kakuno et al.,
magnetic material from the previously deposited metig layer was certainly dissolved back
into the electrolyte. Therefore the thicknesseshef magnetic layers were reduced and the
thicknesses of the Cu layers increased with resjpetite specified nominal values in that
paper.

Furthermore, these authors reported only the TMRipmment which is negative for
samples showing either AMR or GMR. For samples Withlayer thicknesses smaller than
3 nm, the observed MR value is so small that it aaginate also from AMR. Th&R(H)
curves presented by Kakuno et al., in particuladfgco,values at and below 1 nm, are mostly
of the SPM-type. Furthermore, every GMR ,peak”heit GMR vsdc, curve corresponds to
only one data point and has about 0.1 nm FWHM, Wwhscmuch smaller than the usual
results presented in the publications on oscilatGMR, where one peak corresponds to
several data points and has about 0.3 nm FWHM.€Efbier, the most we can assess from the
published data of Kakuno et al. is that the GMReases in average with increasing Cu layer
thickness.

Composition depth profile studies of ED magnetic alloy layers of Fe, Co and Ni

Due to the complex behavior of Fe ions during etetdposition, in view of the planned
studies on ED Fe-Co-Ni/Cu multilayers, it seemedtkwshile to carry out investigations on
the electrodeposition of ternary Fe-Co-Ni and byrfae-Ni alloys.

(i) Composition depth profile studies of ED Fe-Coaloys [2]

The composition depth profile of ED Fe-Co-Ni alloyas investigated by means of the
so-called reverse depth profile analysis, a newhotktdeveloped in our laboratory and
successfully applied previously to study both hoermapus deposits and multilayers [K.
Neuréhr, A. Csik, K. Vad, A. Bartok, G. Molnéar, Péter:J. Solid State Electrochert5,
2523-2544 (2011)]. This was a joint work with aneaf ATOMKI (Nuclear Research
Institute of HAS, Debrecen). It was found that theposition of the Fe-Co-Ni alloys starts
with a zone that is rich in Fe, whose depositioefgnence is the strongest among the metals
forming the alloy. The fast depletion of the elebtte for F&€* leads to a decrease in the
molar fraction of Fe in the alloy and to an inceeas the deposition rate of Co and Ni. The
molar fraction of Co (i.e., the next metal in tloavrof deposition preference) increases first
but starts to decrease after about 40 nm depaoskniss. The molar fraction of both Fe and
Co achieves a minimum after 90-150 nm deposit tlesk, depending on the deposition
conditions. Typically, the Fe molar fraction de@es by about 0.5 for the alloys studied. This
initial zone with drastic changes of the molar fiats is followed by the deposit regions
where no systematic changes in the molar fractmemur. It was also detected that the
occasional fluctuations can be described with aetated increase/decrease of the molar
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fractions of Fe and Co. All these deposit featwass be explained by the diffusion-controlled
Fe deposition and the anomalous nature of Fe-Captieposition.

(i) Composition depth profile studies of ED Fe-Bloalloys to establish the transport
coefficient of Fé* ions in the electrolyte [15]

In connection with the planned studies of the FéSDaand Fe-Co-Ni/Cu multilayers as
well as previous work on ED Fe-Co-Ni layers [2]perments were started to evaluate the
transport coefficient of Fe ions in the corresponding electrolytic baths. Bos purpose,
secondary neutral mass spectrometry was used tmnobite composition depth profile
function of electrodeposited Fe-Co-Ni alloys. Itsaghown that the iron deposition is a mass
transport limited process during the electrolytioyaformation. The depth profiling method
applied in the reverse sputtering mode was semsgivough for calculating the transport
coefficient of F&* ions in the electrolyte. Clear Cottrell sectionsrev obtained in the
chronoamperometric functions derived from the cositpm depth profile functions for the
Fe deposition. By comparing the transport coeffitseobtained from the depth profile
functions with those obtained from conventionak&techemical methods, it was found that
the effective transport coefficient can sometimesblp an order of magnitude higher during
the electrodeposition. The values obtained for thiéusivity, however, were in good
agreement with those found in earlier nucleatiardists. The diffusion coefficient obtained
was a function of the Ré& concentration, but it proved to be independenthef current
density. The possible origin of the abnormally &atgansport rate obtained could be discussed
in detalil.

(iif) Composition depth profile studies of ED Fe-&lioys [10]

Composition depth profiles of d.c.-plated and puydkged Fe-Ni alloys have been
investigated with the reverse depth profile analysethod. When d.c. plating is applied, the
molar fraction of iron near the substrate is higthem during steady-state deposition since
iron is preferentially deposited beside nickel até achievement of the steady-state
deposition condition takes time. The steady-stam@position was achieved typically after
depositing a 90-nm-thick alloy layer. In the pufdating mode, samples with nearly uniform
composition could be obtained at a duty cycle @fd. smaller, and a continuous change in
the composition profile could be seen as a functbrhe duty cycle above this value. A
constant sample composition was achieved with pullsgng in a wide peak current density
interval. The composition depth profile was alsoamweed for a wide range of ¥e
concentration. The different characteristics of ¢cbhenposition depth profile as a function of
the deposition mode can be explained mostly in $ewh mass transport effects. The
elucidation of the results is fully in accord witie kinetic models of anomalous codeposition
and with the assumption of the superposition ofatiaary and a pulsating diffusion layer.
The results achieved help to identify the condgidor the deposition of ultrathin magnetic
samples with uniform composition along the growitiection.
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IV. Studies on ED Co-Ru deposits [6]

Based on the early work published in 2002 by themteon ED Co/Ru multilayers
produced under non-optimized conditions, it waspéal to reinvestigate this system on the
basis of the knowledge acquired in the meantimetlmn electrodeposition process of
mulitlayer formation. A study of ED Co/Ru multilageconstituted part of both the current
project and another OTKA project of the team (OTKAN79846, 2010-2011, in collaboration
with TU Freiberg, Germany) but from different aspe€ research. In the current OTKA
project, emphasis was put on optimizing the GMRED Co/Ru multilayer whereas in the
NN79846 project, by utilizing the special structuegilities of the German partner, the major
interest was in defect formation during multilaggowth in a system with two components
both having a hexagonal close packed stable steiegiopposed to most of other multilayers
with a face-centered cubic structure.

Unfortunately, every efforts to prepare ED Co/Rultitayers with a reasonable well-
defined layered structure remained unsuccessfuhgltine project as it was indicated, among
others, by the absence of any tendency of GMR behav the electrodeposits prepared. A
possible reason for the lack of success for my#ilgoreparation may have been the use of
new chemicals with respect to the previous studyfodunately, such kind of
irreproducibility sometimes occurs in electrochemhiexperiments possibly due to various
levels of uncontrolled impurities in various batshef chemicals as we also reported in
another paper of the NN 79846 project [M. JafarsHagaki, L. Péter, T. Schucknecht,
D. Rafaja, J. Dégi, L.Pogany, K.Neurdhr, E.Sgélgs. Nabiyouni, |. Bakonyi:
Magnetoresistance and structural study of elecposieed Ni-Cu/Cu multilayers.J.
Electrochem. Sod59, D162-D171 (2012)].

Nevertheless, a paper [6] was published on the alwws codeposition in the Co-Ru
system on the basis of electrochemical investigatiof the deposition process as well as
compositional analysis, structural studies and ratagesistance measurements of the
resulting nanocrystalline two-phase electrodepositsummary of these results was included
in the final report of the project OTKA NN 79846dartherefore, no further details are given
here repeatedly.

In the project workplan, it was also planned toeext the studies to Co-Ni-Ru
multilayers. However, due to the failure in produrigood Co/Ru multilayers with GMR, it
did not seem reasonable to attempt the preparati@o-Ni/Ru multilayers.

V. Modelling the magnetoresistance curves of multil ayers [8]

In order to better understand the role of possdadeplings in determining the GMR
behavior of multilayers, a knowledge of the depeweeof theGMR on magnetic fielcdH
appears to be useful. Since a few specific cases baly been treated theoretically in the
literature, it was decided to carry out a modelwigthe GMRH) curves of FM/NM)
multilayers with various interlayer couplings. Femplicity, we focused on a trilayer
structure (FM/NM/FM5) corresponding fairly well to the case of a langenber of FM/NM

bilayers. To carry out the calculations, some funelatal assumptions were made: (i) each
FM layer consists of a single domain and the maggigbns are in the layer planes; (ii) the
magnetization of each layer is the same; (iii) riignetization vectors rotate in the plane of
the layers in an external magnetic field. In orecalculate th&MR(H) function, we need to
know the magnetization process in the trilayer, itlee M(H) function. Therefore, first we
calculate the equilibrium angl&H) between the two magnetization vectors as a fanatf
the field by minimizing the total energy of the tialyer. According to most previous

-30 -



OTKA project number: K 075008 FINALARERT

theoretical and experimental works, the angulareddpnce of theGMR is fairly well
described by the relatioGMR(@) O (1 - cosg) and we used this relation to derive the
GMR(H) function. Along this line, thevi(H) and GMR(H) curves were calculated for the
following cases: (i) pure AF coupling; (ii) puretlbogonal coupling; (iii) AF coupling and
orthogonal coupling simultaneously present. Ashe talculation of th&sMR(H) curves,
some of these configurations have not yet beerntetleformerly or for some specific
parameter values only. For those cases for whittulegions ofM(H) and GMR(H) curves
were reported in the literature our results agrél wrevious reports. Our result in Fig. 22
reproduces well the wusual bell-shaped GMR(H) cumeeviously calculated and
experimentally observed for the case of dominatifrgcoupling.
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Fig. 22 The normalized M(H) curve (a) and the GMR(H) eurtb) for a FM/NM/FM
trilayer with pure AF couplingas a function of the magnetic field in units of Saturation
field Hg. In (a), the arrows in the small boxes show thigrehent of the magnetization
vectors. In (b), the dashed line shows the fieldeddence of the GMR by assuming the
relation GMR@) // (1 - cosg) for the angular dependence of the GMR whereasathd line

is for the case when a quadratic correction to GIR$ also taken into account.

On the other hand, our result calculated for tree @ pure orthogonal coupling (Fig. 23)
shows that this coupling results in a downward atuxe of the GMR(H) function. Such a
sharp-peaked curve shape is frequently observenhutilayers where a dominating AF
coupling could not be demonstrated. According ta oalculations, in the mixed case
comprising the presence of both AF and orthogooaplings, there is a continuous transition
in the shape of both the M(H) and GMR(H) curveshasratio of the two coupling constants
is varied.
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Fig. 23 The M(H) curve (a) and the GMR(H) curve (b) forlA/NM/FM trilayer with pure
orthogonal coupling (a) For the magnetization, there is an irrevelsiump at H = 0. The
arrows show the direction of the magnetic field mdws; (b) For the GMR, starting from
saturation (parallel alignment), the resistivitycreases until H = 0 where the angle between
the two magnetizations is maximum (90 degree); upwearsing the magnetic field, the angle
between the magnetizations decreases which results decrease of the resistivity. The
dashed and solid lines show the results calculatedlarly as explained at Fig. 21.

SUMMARY OF THE PROJECT RESULTS

It can be established that the project resultechamy important results concerning the
preparation and GMR of ED mulitlayers of variousngmsitions and provided a detailed
description of the layer thickness dependence efGMR in ED multilayers. It could be
shown that in addition to the previously demonstiasbsence of an oscillatory behavior of
the ferromagnetic GMR contribution in ED Co/Cu ntayfers by our group, the situation is
the same also for ED Ni-Co/Cu and Fe-Co/Cu mulitayif the magnetoresistance
contributions are properly analyzed by accountorgtfie SPM contribution to the GMR. The
surface roughness evolution with individual laybicknesses as well as total multilayer
thickness was established, by pointing out thaintheease of the surface roughness beyond a
certain level is definitely deleterious for the GMiRagnitude. In the range 20 to 80, the
deposition bath temperature was found to exertiscechible influence on the GMR in ED
Co/Cu and Co-Ni/Cu multilayers.

The present studies established the possible maxi@lMR magnitude that can be
achieved currently with reasonably small saturafietds in ED multilayer films. To go
beyond these limits would certainly require in-stanning-probe microscopy studies during
electrodeposition in order to reveal still unhiddame details of multilayer formation the
knowledge of which would be necessary for a momper control of the atomistic steps of
nucleation and growth.
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SUMMARY OF SCIENTIFIC ACTIVITIESOF THE PROJECT PARTICIPANTS
IN RELATION TO THE PROJECT TOPIC

At the end of the project report, a list of papablshed on the results of the project is
given as well other scientific activities of theopact participants during the project duration
are summarized. These include 9 papers in publisheidternational journals with one
extended review iRProgress in Materials Scien@nd further 6 papers already submitted or in
preparation for submission to international jousndlo invited lectures as well as 9 oral and 7
poster presentations at international conferenndswarkshops, 17 seminar presentations in
foreign universities and research institutions d@hdoresentations at domestic scientific
meetings in Hungary. Both senior team members sigsel a project participant Ph.D.
student (one in physics, the other one in chen)istho are expected to get their Ph.D. degree
in 2013. An M.Sc. degree was also acquired by atergradute project member during the
project duration. An M.Eng. degree was acquirecbyindergradute student at TU Freiberg,
Germany on the basis of measurements on multilagenples produced by the team
members. In addition, a Ph.D. student from Irao @&ed temporarily the project team and
work carried out here became part of the succestoinpleted Ph.D. thesis. Each of the two
senior team members was invited to a Ph.D. thesilsi@tion committee abroad in the field of
the project. A student working on his Ph.D. in bdvas attracted to join the project team
recently to carry out part of his research worlehmn GMR in ED multilayers.

Budapest, March 27, 2013.

Dr. Imre Bakonyi

principal investigator, senior team member
Project participants:

Dr. Laszl6 Péter, senior team member

Dr. Adam Révész

Dr. Aron Pekker

Dr. Tivadar Lohner

Dr. Gyorgy Molnar

Dr. Lajos Pogany (part-time employed on the prégdatidget)

Bence Toth, Ph.D. student

Katalin Neuréhr, Ph.D. student (full-time employadthe project’s budget)
Krisztian Szasz, undergraduate student
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Scientific activities of the project participants in relation to the project topic

A. List of publicationsresulting from the present OTKA project in peer-reviewed
international journals (cumulative impact factor of published papers. 35.23)
([I.F.] = journal impact factor; {I.C.} = independécitations to paper)

1.

10.

11.

12.

13.

|. Bakonyi, L. Péter: Electrodeposited multilayéimf with giant magnetoresistance
(GMR): progress and problenfrogr. Mater. Sci55, 107-245 (2010)
[ILF]=16.579 {l.C.}=64

Péter L, Csik A, Vad K, Toth-Kadar E, Pekker A, Mat G; On the composition depth
profile of electrodeposited Fe-Co-Ni alloygjectrochim. Actab5, 4734-4741 (2010)
[LF]=3.642 {l.C}=4

B.G. Toth, L. Péter, A. Révész, J. Padar, |. Bakofgmperature dependence of the
electrical resistivity and the anisotropic magnesistance (AMR) of electrodeposited Ni-
Co alloys.Eur. Phys. J. B/5, 167-177 (2010) [ILE]=1575 {L.C}=9

Péter L; Comment on "Magnetoresistance of CoNiCuk@utilayers Electrodeposited
from Electrolytes with Different Ni ion concentratis" (J. Electrochem. So&57(10)
D538-D545 (2010).)J. Electrochem. So&58, S1-S2 (2011) [ILF.]=2.590 {l.C.}=0

B.G. Téth, L. Péter, I. Bakonyi: Magnetoresistamacel surface roughness study of the
initial growth of electrodeposited Co/Cu multilaged. Electrochem. Sod58, D671-
D680 (2011) [ILF]=2590 {l.C}=1

M. Jafari Fesharaki, G.R. Nabiyouni, J. Dégi, Lg&ay, A. Révész, |. Bakonyi, L. Péter:
Anomalous codeposition of cobalt and ruthenium frontoride-sulfate bathsl. Solid
State Electrocheni6, 715-722 (2012) [ILF.(2011)]=2.131 {l.C}=0

Neuréhr K; Dégi J; Pogany L; Bakonyi I; Ungvari ¥ad K; Hakl J; Révész A; Péter L:
Composition, morphology and electrical transpodperties of Co-Pb electrodeposiis.
All. Comp.545, 111-121 (2012) [I.LF.(2011)]=2.289 {l.C.}=0

Szasz K, Bakonyi I: Modeling the magnetoresistarcdield curves of GMR multilayers
with antiferromagnetic and/or orthogonal couplingdssuming single-domain state and
coherent rotationsl. Spintron. Magn. Nanomatdr, 157-167 (2012)

[I.LF.] == (new journal) {I.C.} =0

T6th BG; Péter L; Dégi J; Révész A; Oszetzky D; Mol G; Bakonyi I: Influence of Cu

deposition potential on the giant magnetoresistaacel surface roughness of

electrodeposited Ni-Co/Cu multilaye&lectrochimica Act®1, 122-129 (2013)
[I.LF.(2011)] =3.832 {l.C.}=0

Neurohr K; Csik A; Vad K; Molnar G; Bakonyi |; Péte: Near-substrate composition
depth profile of d.c.-plated and pulse-plated Fealbys. Submitted tdclectrochimica
Acta (under review) [I.LF.(2011)] =3.832 {l.C.}&

B.G. Toth, L. Péter, J. Dégi and I. Bakonyi: Magmesistance and surface roughness
study of electrodeposited dCos/Cu multilayers. (manuscript in preparation)

B.G. Toth, L. Péter and |. Bakonyi: Preparation ama@gnetoresistance study of
electrodeposited Fe-Co/Cu multilayers. (manusaniptireparation)

Neurohr K; Bakonyi I; Péter L: Dependence of GMR aeposition bath temperature.
(manuscript in preparation)
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14. Neuréhr K; Bakonyi I; Péter L: Influence of Pb, Biy, Ag additives on GMR of ED
Co/Cu multilayers. (manuscript in preparation)

15. Péter L, Csik A, Vad K, Molnar G; Transport coeiffict of F&* ions in the electrolyte
during the deposition of Fe-Co-Ni alloys as deteedi from the composition depth
profile of the deposits. (manuscript in preparation

B. Invited talks at international conferences by the project participants:

L. Péter, A. Csik, K. Vad, A. Bartok, E. Téth-Kada@nd G. Molnar: Reverse Depth Profile
Analysis of Electrodeposited Fe-Co-Ni Alloys and/Coe Multilayers.206th Annual Meeting
of the Electrochemical Societyienna, Austria, 2009)

|. Bakonyi, L. Péter: Giant magnetoresistance ectebdeposited multilayer films: progress
and problems (keynote lecture2nd Int. Conf. on Functional Nanocoatind®resden,
Germany, 2010)

|. Bakonyi, L. Péter: Giant magnetoresistance Iedfeodeposited) magnetic nanostructures.
Int. Conf. on Superconductivity and Magnetism IC8MHAntalya, Turkey, 2010)

L. Péter: Application of pulse plating for codepmsi of immiscible metals: Deposit
properties and trends of the structure formatBaropean Pulse Plating Seminévienna,
Austria, 2010)

|. Bakonyi: Atomistic aspects of nucleation anddaygrowth: deposition from liquid and
gaseous phaseést European Workshop on Electrochemical Depositbrmhermoelectric
Materials (Kaub, Germany, 2011)

|. Bakonyi, L. Péter: Electrodeposition of multiexed film coatings.1st SURFACE
TREATMENT SYMPOSIURstanbul Technical University, Turkey, 2011)

|. Bakonyi, L. Péter: Giant magnetoresistance ectbdeposited multilayers in view on
sensor applications (plenary talkMorkshop on Electrochemical Techniques for NandeSca
Surface Engineering - ECTNSE-20(habha Atomic Research Centre, Trombay, Mumbai,
India, Jan. 2012)

L. Péter: Comparison of the in-depth componentitistion of pulse-plated and d.c.-plated
alloys.European Pulse Plating Semin@rienna, Austria, 2012)

|. Bakonyi: Electrodeposition of multilayered fileoatings.The XVIIith World Interfinish
Congress & Exhibition - INTERFINISH201Rolitecnico di Milano, Italy, 2012)

L. Péter, K. Neurdhr, A. Csik, K. Vad, G. Molnarp@position depth profile of the near-
substrate zone of electrodeposited alloys: Onetstgards interface engineerinthe XVIlith
World Interfinish Congress & Exhibition - INTERFIBH2012(Politecnico di Milano, Italy,
2012)

C. Contributed talks at international conferences by the project participants:

B.G. Toth, L. Péter, J. Dégi, |. Bakonyi: Giant Magpresistance Study of Electrodeposited
Co-Ni/Cu Multilayers EAST FORUM - MINDE WORKSHORSchwéabisch Gmiind,
Germany, 2010)

K. Neuréhr, J. Dégi, L. Pogany, I. Bakonyi, L. Réteo-deposition of Co and Pb by D.C. and
Pulse-Plating and Magnetoresistance PropertiehefDepositsEAST FORUM - MINDE
WORKSHORSchwabisch Gmiind, Germany, 2010)
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K. Neurohr, J. Dégi, L. Pogany, I. Bakonyi, L. Réteo-deposition of Co and Pb by D.C. and
Pulse-Plating and Magnetoresistance PropertieBeoDeposits2nd Regional Conference on
Electrochemistry — South-Eastern EurdBelgrade, Serbia, 2010)

L. Péter, A. Csik, K. Vad, E. Toth-Kadar, G. Moln&omposition depth profile of
electrodeposited Fe-Co-Ni alloy&nd Regional Conference on Electrochemistry — South
Eastern EuropéBelgrade, Serbia, 2010)

B. G. Toth, L. Péter and I. Bakonyi: ELECTRODEPO®IN OF BULK Ni Co ALLOYS
AND Ni Co/Cu MULTILAYERS AND THEIR MAGNETORESISTANE BEHAVIOR. 1st
European Workshop on Electrochemical DepositionThérmoelectric Materials(Kaub,
Germany, 2011)

B.G. Téth, L. Péter, I. Bakonyi: Surface roughnasd magnetoresistance study of ultrathin
electrodeposited Co/Cu multilaye@th Int. Workshop on Electrodeposited Nanostrucure
EDNANO-8(Politecnico di Milano, Italy, 2011)

L. Péter, K. Neuréhr, A. Csik, K. Vad, G. Molnar: elslsurement of near-substrate
composition changes of electrodeposited alloysi@intanometer scal8th Int. Workshop on
Electrodeposited Nanostructures EDNAN@P®litecnico di Milano, Italy, 2011)

L. Péter: Reverse composition depth profile analysi electrodeposited alloyginnual
Meeting of the International Society of Electrocletng (Prague, Czech Republic, 2012)

Laszl6 Péter, Katalin Neurdhr, Attila Csik, Kaim#ad and Imre Bakonyi: Near-substrate
composition depth profile of d.c.-plated and pyttsted Fe-Ni alloys9th Int. Workshop on
Electrodeposited Nanostructures EDNAN@Biversity of Porto, Portugal, 2012)

D. Poster presentations at inter national confer ences by the project participants:

B.G. Té6th, L. Péter, A. Révész, J. Padar and |. oBgk Room-temperature
magnetoresistance characteristics of electrodegmbditi-Co alloys. European School on
Magnetism(Timisoara, Romania, 2009)

Szasz K, Bakonyi I: Modeling the magnetoresistameefield curves of GMR multilayers
with various coupling and anisotropies by assumanggle-domain state and coherent
rotation.European School on Magnetigmimisoara, Romania, 2009)

A. Bartdk, A. Csik, K. Vad, G. Molnar, E. Téth-Kada. Bakonyi, L. Péter: Calculation of
reverse depth profile analysis results from surfaceghness data of electrodeposited
multilayers.2nd Int. Conf. on Functional Nanocoatin@resden, Germany, 2010)

L. Péter, A. Csik, K. Vad, G. Molnar: Calculatiohtbe transport coefficient of Fe2+ in the
electrolyte from the composition depth profile ¢éatrodeposited Fe-Co-Ni alloy&nnual
Meeting of the International Society of Electrocletrng (Nice, France, 2010)

L. Péter, B..G. Téth, I. Bakonyi: Electrodepositiafi Ni-Co/Cu Multilayers and Their
Magnetoresistance Studpnnual Meeting of the International Society of Elechemistry
(Niigata, Japan, 2011)

L. Péter, K. Neurohr, A. Csik, K. Vad, G. Molnareverse composition depth profile analysis
of various electrodeposited alloysAnnual Meeting of the International Society of
ElectrochemistrfNiigata, Japan, 2011)

K. Neuréhr, J. Dégi, L. Pogany, |. Bakonyi, L. Réteodeposition of Co and Pb by d.c. and
pulse plating and magnetoresistance propertieshef deposits.8th Int. Workshop on
Electrodeposited Nanostructures EDNAN@P®litecnico di Milano, Italy, 2011)
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E. Seminar talks abroad by the project participants:

|. Bakonyi: Giant magnetoresistance (GMR) in (eledéposited) magnetic nanostructures.
Walther-Meil3ner-Institut, BAdW, Minchen/GarchingcD2009

|. Bakonyi: Giant magnetoresistance (GMR) in (eledéposited) magnetic nanostructures.
Physics Department, Uludag University, Bursa, Tyrkéay 2010

|. Bakonyi: Giant magnetoresistance (GMR) in (eledéposited) magnetic nanostructures.
Department of Metallurgical and Materials Enginewegj Istanbul Technical University,
Isatnbul, Turkey, May 2010

|. Bakonyi: Giant magnetoresistance (GMR) in (eledéposited) magnetic nanostructures.
Physics Department, Universitat Autonoma de Barwl&pain, May 2010

|. Bakonyi: Giant magnetoresistance (GMR) in (eledéposited) magnetic nanostructures.
Department of Physical Chemistry, Universitat ded8kbona, Spain, June 2010

L. Péter: Electrodeposition of compositionally mtzded and nanostructured metals.
TU — Bergakademie Freiberg, Freiberg, Germany, 20¢0.

|. Bakonyi: Giant magnetoresistance (GMR) in (eledéposited) magnetic nanostructures.
Institut fir Angewandte Physik, Universitat Hambu@grmany, April 2011

L. Péter: Electrodeposition research activity & Research Institute for Solid State Physics
and Optics, Hungarian Academy of Sciendddachi Research Laboratory, Hitachi City,
Japan, September 2011.

L. Péter: Electrodeposition research activity & ®esearch Institute for Solid State Physics
and Optics, Hungarian Academy of Sciendégsseda University, Tokyo, Japan, September
2011.

L. Péter: Composition depth profile analysis ofcaledeposited metaléeibnitz Institute for
Materials Research (IFW-Dresed), Dresden, Germaimyember 2011.

L. Péter: Magnetic Nanostructures through the Bykesn ElectrochemistUniversity of
Hamburg, Germany, 18th November 2011.

L. Péter: Magnetic Nanostructures through the Bfes ElectrochemisChristian-Albrecht-
Universitat, Dept. of Physics, Kiel, Germany, 2Bibvember 2011.

|. Bakonyi: Giant magnetoresistance (GMR) in (eledéposited) magnetic nanostructures.
Department of Physics, Indian Institute of Techggl®elhi, India, Jan 2012

L. Péter: Magnetic Nanostructures through the Byes ElectrochemistJniversity of Porto,
Portugal, 6th December 2011.

|. Bakonyi: Giant magnetoresistance (GMR) in (eledéposited) magnetic nanostructures.
National Institute for Research and Developmentechnical Physics, lasi, Romania, Sep.
2012

K. Neuréhr: Codeposition of Co and Pb by d.c. amtke plating and magnetoresistance
properties of the depositshniversity of Hamburg, Physics Department, Hambugrmany
(Nielsch Group Meeting in Roskilde, Denmark, 2012)

L. Péter. Magnetic Nanostructures through the Eyfean ElectrochemistLaboratoire de
Génie Electrique de Paris, France, 20th Septembag?2
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F. Presentations at domestic scientific meetings by the project participants:

L. Péter: New results in the composition depth ifgadinalysis of electrodeposited metals.
Meeting of the Electrochemistry Committee of thaedduian Academy of Sciences, Budapest,
Hungary, June 2009.

K. Neurohr, J. Dégi, L. Pogany, I. Bakonyi, L. RétStudy of electrodeposited Co/Pb and
Co/Cu mutilayers.Poster presented at the Reporting Meeting of PISiudents of the
Chemistry Doctoral School of E6tvos University, 8oeist, 2010.

L. Péter: Reverse composition depth profile analysi the nanoscale characterization of
electrodeposited metaldoint Meeting of the Surface Chemistry and the Neafmology
Committees of the Hungarian Academy of Sciencedgast, Hungary, October 2010.

|. Bakonyi: Giant magnetoresistance (GMR) in magnetanostructures with particular
attention to electrodeposited multilayefgsitumn School on Materials Science and Diffractio
(E6tvos Physical Society of Hungary, Visegrad, Q6t1)

B. To6th: Magnetotransport properties of electrodjited metallic alloys and multilayers.
Meeting of the Electrochemistry Committee of thedduian Academy of Sciences, Budapest,
Hungary, 2011

K. Neurdéhr: Some special magnetic nanostructurpasesl by electrodepositioMeeting of
the Electrochemistry Committee of the Hungariand&eay of Sciences, Budapest, Hungary,
2011
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Contribution to the education of young scientists in relation to the project topic

Project participant Bence Téth (M.Sc. in Physicajried out his Ph.D. studies in the
years 2008-2012 at E6tvos University Budapest, mainly during the project period and his
work was supported by the Wigner Research CenterPfoysics and by the HAS. He
submitted a Ph.D. thesis entiti&lant magnetoresistance (GMR) in multilayéssipervisor:
principal investigator |. Bakonyi) to the EO6tvos iersity in Jan. 2013 and the defence is
expected to be in the spring of 2013. Bence Toth ezauthor of project publications [3], [5],
[9], [11] and [12].

Project participant Katalin Neurohr (M.Sc. in Chetry) carried out her Ph.D. studies in
the years 2009-2012 at EOtvos University, Budapasd, she was fully employed from the
project budget in this period. She is now suppotbhgdthe Wigner Research Center for
Physics to complete her Ph.D thesis entiliéettrochemical preparation and investigation of
metallic nanostructureésupervisor: senior project participant L. Pét&éhe thesis is expected
to be submitted to the E6tvos University mid 2048talin Neurdhr was coauthor of project
publications [7], [10], [13] and [14].

Undergraduate physics student Krisztidn Szasz (Edtiniversity, Budapest) completed
his M.Sc. thesis in 2009-2010 in the frameworkla project and he was partially supported
by the project budget. The title of the M.Sc. teesasModeling the magnetoresistance vs.
field curves of GMR multilayers with various couagliand anisotropies by assuming single-
domain state and coherent rotati@upervisor: principal investigator |. Bakonyi)dawas the
basis for project publication [8].

In the year 2010, Ph.D. student Marjan Jafary Fegh@Arak University, Iran) spent 7
months in our laboratory with a support from thanian government. She contributed to
project publication [6] and these results were glad of her Ph.D. thesis which she defended
in the meantime in Iran.

Undergradute student S. Sharafiev completed an §l.Ehesis at the Technical
University Freiberg, Germany in 2012. The experitaework of the thesis entitleBarly
stages of the microstructure formation in electqoated Ni-Co/Cu multilayera/as carried
out on samples prepared by the project team fostilent.

Since October 2012, Ph.D. student N. Rajasekarant(@ Electrochemical Research
Institute, Karaikudi, Tamil Nadu, India) joined tlpeoject team for 7 months to work on
electrodeposited multilayers and nanowires with sbpport of the Hungarian Scholarship
Board.

During the project period, two project participani@re invited to the evaluation
committee of a Ph.D. thesis abroad in the fieldlettrodeposited nanostructures:

In 2010, I. Bakonyi participated in the evaluatiointhe Ph.D. thesis submitted by José
Manuel Garcia Torres to the University of Barcel(8@pain).

In 2011, L. Péter participated in the evaluatiorthaf Ph.D. thesis submitted by Celia T.
Sousa to the University of Porto (Portugal).
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