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Abstract

Superimposed external magnetic fields during electrodeposition process offers the possi-
bility to tailor the microstructure and properties of the obtained films in a very efficient,
contactless, and easily controllable way, which is caused by so-called magnetohydrody-
namic (MHD) effect. On the other hand, the non-equilibrium state of as-electrodeposited
nanocrystalline films provides a strong thermodynamic potential for microstructural
transformation. This means that the beneficial effect of magneto-electrodeposition on a
nanocrystalline film can be completely consumed by thermal exposure at a relatively low
temperature. Magnetic field annealing has been confirmed to be useful for tailoring the
microstructure of as-deposited nanocrystalline films for their widespread uses.

The particular interest of this book chapter, “Growth of Co-based magnetic thin films by
magnetic fields (MF) assisted electrodeposition and heat treatment,” is the finding that
the microstructure and magnetic properties of nanocrystalline Co-based alloys and ox-
ides like CoX (X = Cu, Ni, NiP, FeO.) are improved by imposition of MF during elabora-
tion process or post-annealing process. According to the previous study, the targeted
scientific activities pay more attention to develop alloys and oxides in nano-scale using
pulsed electrodeposition assisted by high magnetic field (HMF). (Note: Since the instanta-
neous current density during pulse electrodeposition is higher than that during direct
current plating, the microstructure of the nano-scale electrodeposits can be more easily
controlled by perturbing the desorption/adsorption processes occurring in the pulse elec-
trodeposition process).

During the experiment, high magnetic field is an in situ method for the control of electro-
deposition process. The obtained material is then annealed or oxidized after elaboration
under HMF. Comparative studies are performed concerning the electrodeposition proc-
ess in a high magnetic field, by changing the magnetic field parameters, such as magnetic
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flux density, direction, gradient. Then, we will investigate the evolution of the micro-
structure induced by magnetic field, and the control of crystal orientation, crystal size,
and its distribution by a HMF. By comparing the microstructure and magnetic properties
of the film with and without a HMF, we can find optimum magnetic field parameters for
the control of the growth of nanocrystalline Co-based magnetic film. The functionality of
materials could then be improved by both processes under HMF: electrodeposition and
annealing.

Keywords: coupled magnetic field effects, microstructure evolution, nano-scaled Co-
based films

1. Evolution of morphology in electrodeposited nanocrystalline Co-Ni
alloy films by in situ high magnetic field application

1.1. Introduction

It is well known that the magnetic properties of deposits (such as GMR effect, coercivity fields,
moment per atom, etc.) are strongly related to the morphology, i.e., grain shape, grain size,
and layer roughness. For instance, the lower the roughness of Co-Cu multi-layers, the higher
the GMR effect is visible. On the opposite, an increase in roughness of the magnetic layer leads
to an increase of its coercivity fields H. [1]. The morphology of electrodeposits is especially
sensitive to mass transport and chemical reactions, which can be controlled by a magnetic field
due to the Lorentz force induced by the interaction of magnetic field and current (magneto-
hydrodynamic effect, MHD). Therefore, superimposing a magnetic field during electrodepo-
sition is an interesting interdisciplinary zone, with promising opportunities for producing or
tailoring novel nanocrystalline materials with better magnetic properties. For instance, as a
non-contact method, magnetic field can be used for optimization of electrodeposited CoNi
alloys that can be used in wireless micro-robots for biomedical applications [2].

Recently, weak magnetic field (lower than 1 T) effects on the electrodeposition process and the
morphology of ferromagnetic deposits have been reported by different groups [3]. Krause et
al. [4] reported that Co deposit shape changed into double-sized hexagonal crystallites, if a 1
T magnetic field was applied parallel to the surface of substrate. Ispas et al. [5] found that
smaller grains and lower roughness for NiFe electrodeposits have been obtained with
superimposition of a magnetic field up to 0.7 T. A similar observation of reducing the grain
size and roughness in NiCu alloy with an application of a parallel-to-electrode magnetic field
has been made by Tabakovic et al [6]. On the contrary, atomic force microscopy in Ref. [7]
showed that a magnetic field induced an increase in the surface roughness of the Ni-layer
electrodeposits. Many other experimental results highlight that the influence of magnetic field
on the morphology of electrodeposits is varied between different reports, and not fully
understood. Thanks to the development of superconducting technology, similar studies for
electrochemical reaction with an in situ high magnetic field (HMF) application [8] can be
conducted to undertake other experimental investigations in order to understand the mag-
netically induced effects and obtain new materials due to better control of ion transport in bath
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and crystallization process, and in turn better control of the magnetic properties of deposits
by the application of magnetic fields. In this work, we focus on the effects of HMF on the
morphology of the nanocrystalline CoNi film. A clear dependence of grain shape, grain size,
and layer roughness on magnetic flux density was characterized by field-emission scanning
electronic microscopy (FE-SEM) and atomic force microscopy (AFM).

1.2. Experimental

All electrodeposition experiments were performed in a three-electrode cell without agitation.

ITO (1000 A) glass of 1 cm diameter was used as the working electrode, the counter electrode
was a quadrate Pt plate of 1x2cm, and Hg/Hg,50,/K,SO,(sat.) was used as reference electrode.
The aqueous electrolyte contained 0.3 M CoSO,.7H,O + 0.7 M NiSO,.6H,O + 0.4 M H,BO; +
0.015 M saccharin. The pH was adjusted to 4.7 by adding 1 M NaOH solution. Galvanostatical
deposition, using a current density of 10 mA /cm? was performed at 50°C for 1 min. A water-
cooled superconducting magnet (CNRS, Grenoble, France) supplied a magnetic flux density
up to 12 T, which was superimposed to the electrochemical cell during the electrodeposition
process in the parallel direction to the vertical electrode surface. Surface morphology and
chemical composition of the deposited films were investigated by FE-SEM appended with an
energy-dispersive X-ray spectroscope (EDX, SUPRA 35, Japan) at three points of the CoNi
tilms. The topography and the roughness were investigated with AFM (NTEGRA AURA, NT-
MDT, Russia). Each sample was measured in areas of 5um x5um at three different positions on
the film.

1.3. Results and discussion

Typical FE-SEM morphologies of CoNi films electrodeposited with different magnetic
intensities up to 12T are shown in Figure 1. The figure demonstrates drastic morphological
variations with the magnetic flux density (B). The short-clavated shape of the grains is similar
in two cases: electrodeposition without magnetic field and with a weak magnetic field of 1 T
(Figure 1. a-b). When the applied magnetic field was increasing from 3 to 12 T, nanosheets-
like structures in a three-dimensional network without obvious grain boundary are clearly
observed in CoNi deposits. The morphologies of these deposits are very similar to those
reported in Bai. et al.”’s work [9], although these authors found this kind of nanowires structure
in Fe-Co deposits. The dependence of the mean diameter of these nanosheets on the magnetic
flux density shows a tendency to firstly increase and then decrease. In the case of electrode-
position under superimposition of 12 T magnetic field (Figure 1 f), the mean size of the silk-
like nanosheets in the film reaches a minimum with some agglomerate distributing in it, which
can also be observed in Figure 1a. In addition, there is an evolution of grain shape from short-
clavate in case of 0—1 T to nanosheets at 3-12 T.

Table 1 displays the magnetic field effect on CoNi film composition during the electrodepo-
sition. It can be seen that cobalt contents in the film augmented from 70% to around 79% with
the increase of B from 0 to 9 T, but decreased when the magnetic fields increased from 9 to 12
T. The dependence of Co/Ni ratio on B exhibits a similar trend as the evolution of morphology.
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Applied magnetic field Co (at %) in the film Co/Ni composition ratio
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Applied magnetic field Co (at %) in the film Co/Ni composition ratio
0T 70.4 0.6 2.38
1T 76.6 0.4 3.27
3T 76.5+0.6 3.26
6T 774+0.3 3.43
9T 78.8+0.5 3.72
12T 76.3 0.4 3.22

Table 1. Compositions of the deposited CoNi films as a function of the magnetic flux density.[16]

(b
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The average values of surface roughness and lateral feature size, which can be used to characterize the grain size,
were calculated using standard Nova software of AFM as shown in Figure 3. AFM investigations show that the
curves of the feature size and roughness exhibit non-monotonic increase up to 9 T. In contrast, feature size and

roughness decreased dramatically with further magnetic field increase up to 12 T, eventually becoming smaller than
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In order to quantitatively analyze the effects of HMF on grain size and roughness of the electrodeposited film, AFM
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Figure 3. The dependence of roughness and grain size of CoNi films on the magnetic flux density.

The main focus of this short communication is high magnetic field effects on the electrodepo-
sition of CoNi alloy. As regards deposition rate, the effect is observed in the mass transport
limited regime [10], where the magnetic field influences the diffusion of the ions toward the
cathode, but not the redox reaction. The results can be discussed by the overlapping effects of
two types of force under a HMF in the direction parallel to the surface of cathode. One is the
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Lorentz force given by F, =g(E +vxB) (where, g is the electrical charge of an ion, E is the

electrical field vector, v is the velocity of ions in electrolyte), which is responsible for a macro-
MHD to decrease the thickness of the diffusion layer near the electrode, and in turn to improve
the current efficiency of deposition. Whereas, at high fields the other paramagnetic force has

to be taken into account, given by F, =x, B>V c/2u, (where, y,, is the molar susceptibility of
the ions, c is the molar concentration, i, is the permeability of free space), which causes

paramagnetic ions to move in the direction of concentration gradient. In other words, the mass
transport from electrolyte to the surface of cathode is modified by the paramagnetic force,
which is in a perpendicular direction to the magnetic field. Firstly, the force acts near the edge
of the electrode due to the concentration gradient in the applied magnetic field. Secondly, it
acts on the whole electrode surface most likely combining with the gravitational effect and the
secondary effect of the Lorentz force on the concentration profile. According to the estimation
of Coey et al. [11], the value of paramagnetic force acting in aqueous electrolytes is of order
10%IN/m?) with a field of 1 T. Therefore, a dramatic increase of F,, in a 12 T magnetic field up

to about 10(N/m?), which has a magnitude comparable to that of the Lorentz force, changes
the mass transport regime, and then the deposit morphology.

Obviously, the combined effects of these forces, depending on the magnetic field amplitude,
cannot be discriminated in a simple way. Adsorption phenomena of ionic species and
hydrogen evolution have to be regarded as very important reactions that govern the deposition
process. The magnetic convection can dramatically modify these two reactions, changing the
local pH and therefore texture and morphology of the deposits [12].

The present work paves the way for optimized electroplated alloys, which have been far found
the most utility in micro/nano electro mechanical systems (MEMS/NEMS). These MEMS
devices such as microactuators, mocrorobots, sensors, require excellent magnetic properties
for actuated wirelessly by application of external magnetic fields. From the morphological
viewpoint, the magnetic properties depend not only on the chemical position but also strongly
on the grain size and roughness [13]. Therefore, the in situ application of high magnetic field
during the electrodeposition is exceptionally well suited for tailoring the magnetic properties
of Co-based magnetic alloy for MEMS applications, by non-contact controlling compositions,
grain shape, grain size and roughness.

1.4. Conclusion

The influence of a parallel (with respect to the surface of the working electrode) high magnetic
field on the morphology of electrodeposited CoNi film has been investigated. The FE-SEM
figures demonstrated that magnetic field induced drastic morphological variations from short-
clavated grain shape to silk-like nanowires. Applied magnetic fields led to an increase of the
Co/Ni atomic ratio in the deposits. AFM characterization showed that the grain size and the
surface roughness firstly increased with increasing magnetic flux density (0-9 T) and then
decreased (9-12 T). The non-monotonic dependence of morphology on magnetic flux density
could be explained by the overlapping of cumulative effects of Lorentz force on the current
efficiency and of paramagnetic force on the mass transport during the electrodeposition
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process that induces no obvious modifications on ionic adsorption, hydrogen evolution, and
local pH.

Note: The main part, figures, and tables in this Section 1 have been published in Ref., as Li D,
Levesque A, Franczak A, Wang Q, et al. Talanta 2013;110(15):66-70.

2. Growth and magnetic properties of the Co—Cu/Cu films electrodeposited
under high magnetic field

2.1. Introduction

During the past few years, a great interest was focused on the Co—Cu alloys, mainly because
of their applications in magnetic sensing devices. It has been shown that due to the modifiable
magnetic characteristics of deposited Co—Cu films, it is possible to obtain some desired
properties of this system suitable for sensor applications [14]. Moreover, the Co—Cu alloys are
ideal candidates to study the giant magnetoresistance phenomenon (GMR), which can be
applied for magnetic recording and in micro-switching devices [15]. The heterogeneous Co-
Cu films were usually prepared by physical vapor deposition techniques [16], while the
electrodeposition one has been demonstrated useful to prepare films consisting of a metastable
solid solution [17-18]. However, the composition and properties of the films are highly
dependent on the deposition parameters, irrespective of the production methods.

In electrodeposition, the growth mechanism, morphology, microstructural and magnetic
properties of the films depend on electrolyte pH [19], deposition potential or current density
[20], intensity of agitation [21], to-be-deposited type of substrate [22], etc.. The morphology of
electrodeposited metals is determined by the interplay of various atomistic phenomena
occurring in electrocrystallization, in particular, the transport of ions toward the electrode and
the dynamics of surface processes [23]. The establishment of a correlation between these
phenomena and the formation of morphology is important in order to control film micro-
structure by monitoring the deposition parameters. It has been recently shown that a super-
imposition of an external magnetic field during electrodeposition process offers the possibility
for tailoring microstructure and properties of the obtained films, what is caused by so-called
magnetohydrodynamic (MHD) effect [24]. This effect is mainly considered to influence the ion
transport and diffusion process in the electrolyte. Simultaneously, the growth processes of
electrodeposited films are affected and changes in the microstructure of deposited films under
magnetic electrodeposition conditions are observed [25].

Electrolytic growth of metals differs from other methods, providing the possibility of depos-
iting films with structures different from those formed from the vapor phase. The electro-
chemical deposition is frequently characterized as a non-equilibrium material processing.
Using the non-equilibrium conditions for metallurgic, inorganic, and organic crystal growths,
the dendritic patterns can be observed [26]. Dendrite growth is one of the natural phenomena
and fundamental of processing materials. During these growths, hierarchical structures
consisting of main stems and many side branches are formed. Metallic dendrites are an
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important class of materials, and they are attractive due to their high surface-area-to-volume
ratios and their high degrees of connectivity. These properties are useful for a number of
applications, including catalysis [27].

Up to the date, many of the works considering dendritic structure of deposited films get dealed
with their formation influenced by the electrodeposition parameters (pH, metallic ion con-
centration, electrolyte temperature) rather than the influence of a high magnetic field. It is
expected that dendrite growth may change its behaviour when depositing under magnetic
tield conditions and a superimposed B-field may present a new effect on the material per-
formance. It is also believed that it is important to study the bahavior of Co—Cu films electro-
deposited under superimposed magnetic field for production of potential sensor applications
that properties can be controlled by the deposition parameters. Thus, in this study the
compositional, morphological, structural, and magnetic properties are investigated as a
function of applied external high magnetic field. It is observed that the changes in the film
properties might have come from the variation of Co:Cu ratio in the films produced under
magnetic conditions.

2.2. Experimental method

The electrochemical experiments were performed in a conventional three-electrode cell. The
working electrode (WE) was a glass substrate of a square size of 10 x 10 mm and 1.1 mm height,
covered with ITO (In,0,:5n0,) coating (electric contact layer) and embedded into a cylindrical
holder. The counter electrode was made of a platinum plate and the reference electrode was
a saturated mercury sulphate electrode (SSE). Electrodeposition process has been carried out
in a cylindrical double-wall cell under the conditions listed in Table 2. The electrochemical cell
was plunged into the gap of Drusch EAM 20G electromagnet that delivers a uniform horizontal
magnetic field parallel or perpendicular to the electrode surface.

. . Solution Current  Depositon = Magnetic
Concentration Solution
Deposit Chemical agent temperature,  density, time, field,
mol/L pH
oC mA/cm? sec T
Cu CuS0O,.6H,0O 0.03
4 50 -20 5 0
seed layer H,BO, 0.4
Co0S0,.7H,0O 04
Co-Cu
CuS0O,.6H,0O 0.03 4 50 -20 60 <12
film
H,BO, 04

Table 2. Processing conditions of electrodeposition of the Co—Cu/Cu films.

The electrodeposition process included two steps that were related to: firstly — deposition of
Cu seed-layer directly onto ITO/glass substrate in order to improve deposit adherence,
secondly — deposition of Co—Cu proper layer. The Cu seed-layer deposition was undertaken
without an applied magnetic field, while the Co-Cu layers deposition was performed under
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[28]. The lattice parameters (a,) extracted for Co—Cu/Cu films are formed to be very close (3.61-3.55 A) to each
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faults could easily lead to formation of both phases in the samples. These phase transition
phenomena are also observed in electrodeposited Co-Ni powders of dendritic structure
reported in [28]. The lattice parameters (a,) extracted for Co—Cu/Cu films are formed to be very
close (3.61-3.55 A) to each other and are between fcc copper (3.614 A) and fcc cobalt (3.544 A).
This confirms the formation of Co—Cu solid solution phase. Therefore, the presence of hcp Co
may suggest that the Co atoms exist within the CoCu solid solution matrix, as reported in
[29-30]. A superimposed high magnetic field does not bring about any phase compositional
changes in the deposited films. The X-ray diffraction patterns corresponding to the other Co-
Cu/Cu samples deposited under magnetic field conditions were similar. However, the SEM
investigations shown in Figure 5 reveal some interesting morphological changes under
superimposed high magnetic field.

Figure 5. SEM images of electrodeposited Co—Cu/Cu films under magnetic field conditions of: (a) -0 T, (b) -6 T,
Figure 5. SEM images of electrodeposited Co—Cu/Cu)fidms@ndermagnetic field conditions of: (a) -0 T, (b) -6 T, (c) -9
T, (d)-12T.
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superimpoggg highmagneticlieldduring electrodepesition (Figuraiohrd) induggs the growth
of crystallitesa fromuthothutops amddbottonrintayers)-tespedtiselst.crikagegranatar-like nucleus
observed at'€TitepbssitioHbbgingrioogrdnnpdrperidieditetlsr tsethie’ subsichtd Serface and the
branch-like’SIERIFETE SBEEHSE TRe PRFESS ST & COMBSA BOUOHIMAE S W as well, but

can be seen, the Co—Cu/Cu film consisted of the parallel growth of branched features of fcc Cu and

hexagonal-shaped crystallites of Co.
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The micrographs indicate that the electrodeposited Co—Cu/Cu alloy films are composed of two layers. This feature is
E'“EES&%@ 998#%@8’%& U ES—Cu/Cu film deposited without an applied magnetic field (Figure 5a). The bottom

layer is a compact thin film, while the surface layer consists of submicron-scale granular-like crystallites that adhere

to the bottom layer. A superimposed high magnetic field during electrodeposition (Figure 5b—d) induces the growth
notésfsstias thrabelf thetdpondaldndercthelmbgmetitfidd ofd?dbséFed aebidjodtivnhole substrate
surferie issERRerRsddisyashédibg atisteld suinek welledeveiiped BraliebrededrifsealliesePurthermore, a
clo§@?p€'z‘ié’\%‘%5‘f gy @S—W}E’ﬂtfﬂ}ﬁ RGTIROTSEy oBta Add Bumiss sttt dgb&ition under 12 T

a whole e surface i cover def] ell-developed branched cyystallites. Furthermore, a
et1c %1esfla ure ? CORE TS The KR ObsetvatisnE Feveann ]ﬁl resence of both fcc Cu
oser 1ew 0 the u/Ctu film mo’Ephology obtalned durm% electrodeposmon unilgr 12T ﬁelf é{Flgure ted of th
O 1t NCp ato, consisted o e
con 1rms t Hl,%servatlonE reveal]:n the presence 0 both cc Cu an péd mto lt hcp atoms o II}\

%!,leole &ggwtﬁl@ of branchgsd c%%%zme&% fo Gt %M}h@?‘%&%‘&il -ghared: gy stallites of Co.

hexagonal-shaped crystallites of Co.

Figuiigw.eSEMEMrimagoitithe Co-Cul/Chilfileteattodonsdiégsbas iedl andgh Finfeldh étididdtihg, thagicuitigg gtewvprivilege growth of
fce Cu crystallistes and egnkeddedyntnisiaoame diskeatemin®filsome hep atoms of Co.

Thusysthe @xipecio enind siesukisnshemethaibhe,susifaes mrirholagpdmptsangbicdependent on a
supetimposecdinagneticfiedo afvateiexaltidyd onathetcahoemtia fioh Wiheachciersaffected by an
exterenstinfapdrotiv. fhelendw oh tth & intersasdhe fitmdeerretié Mk deresiby Adwomytsunatedf the Cu atoms
