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1  Introduction

Cobalt systems exhibit a wide range of magnetic properties 
that can be used in modern technological applications such 
as data storage devices, sensor and actuator technology, 
recording heads, high-performance permanent magnets, 
and transformer steel sheets, among others. In recent years, 
cobalt clusters and thin films have been grown on various 
substrates, since it is well known that the presence of a sub-
strate determines not only the size and shape of the cluster, 
but also its intrinsic physical and chemical properties below 
certain nanometer range [1].

In particular, for practical applications such as magnetic 
storage media, it is required that grains remain independ-
ent in order to maintain low coupling and high anisot-
ropy among them. As the size of the grains increases and 
their proximity decreases, the exchange coupling plays an 
important role to determine the aggregate or film mag-
netic behavior [2]. Therefore, it is crucial to understand the 
relationship between the size and shape with the magnetic 
characteristics of individual aggregates.

Nowadays, there are different techniques to grow cobalt 
clusters onto different substrates [3–6]. Nevertheless, elec-
trochemical methods have become an interesting alter-
native since through a suitable combination of bath and 
control parameters, it is possible to regulate their popula-
tion, dimension and crystalline properties [7, 18]. On the 
other hand, the electrode substrate also plays a key role in 
the nucleation and growth mechanisms of these grains. For 
instance, it has been shown that Co nanoparticles can be 
electrodeposited onto vitreous carbon [9], SiO2 [10], gold 
[11], glassy carbon (GCE) [12], highly oriented pyrolitic 
graphite (HOPG) [13–15], indium tin oxide (ITO) [16], and 
Nb surfaces [17], among others, with particular crystal-
line structures and magnetic properties. Unfortunately, one 
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important aspect that has not been fully investigated is the 
magnetic evolution of these clusters grown onto solid sub-
strates at different growth stages.

On the other hand, magnetic force microscopy has 
become an important tool to study magnetic stray field 
distributions on clusters and thin films with high spatial 
resolution. In a previous report, it was observed that cobalt 
electrodeposits from sulfate solutions onto highly oriented 
pyrolytic graphite electrodes (HOPG) showed a clear rela-
tionship between the size and the local magnetic proper-
ties of aggregates as a function of the electrodeposition 
bath composition [8]. In a later work, the local magnetic 
state of cobalt clusters electrodeposited from sodium sul-
fate solutions onto HOPG was correlated with the height 
and diameter of the clusters. Here, the magnetic transi-
tion from the mono to the multi domain state was obtained 
and clearly depended on the high rather than the diameter 
of the aggregate [18]. In addition, by employing comple-
mentary theoretical and micromagnetic modelling studies, 
intrinsic magnetic parameters of the clusters such as the 
exchange constant, anisotropy, and crystalline state (fcc) 
were inferred.

Therefore, in order to further investigate the substrate 
influence on the nucleation, local magnetic state and mag-
netic transition of electrodeposited cobalt clusters, a mag-
netic force microscopy (MFM) study was carried. In this 
work, indium tin oxide (ITO) was employed as a working 
electrode substrate since this substrate is one of the most 
widely used surfaces for technological applications. The 
experimental results were validated theoretically and by 
using a micromagnetic simulation program, local intrinsic 
magnetic parameters of the aggregates were inferred. It is 
clear, that this information will contribute to the under-
standing of fundamental aspects of magnetic nanoclusters, 
and therefore, its potential technological applications.

2 � Experimental

The electrochemical experiments were performed in a 
conventional three electrode cell. Cobalt aggregates were 
electrodeposited onto indium tin oxide (ITO) electrodes 
from the sulfate aqueous solution 10−2 M of CoSO4 + 1 M 
Na2SO4 at room temperature. It has been observed that this 
particular bath composition has shown an overall quality 
of the electrodeposits, since Na + ions do not react electro-
chemically at the electrode surface, producing larger nano-
particles with better magnetic properties [8]. The solution 
was prepared by using analytic reagent grade products with 
ultra pure water (18 MOhms, Simplicity Millipore system). 
The solution was deoxygenated by bubbling N2 for 15 min 
before each experiment. The electrochemical experiments 
were carried out in a BAS Epsilon potentiostat connected 

to a personal computer running the EPSILON-EC electro-
chemical analyzer software. In this work, a graphite bar and 
a saturated silver electrode (Ag/AgCl) were used as counter 
and reference electrodes, respectively. Cyclic voltammetry 
experiments were carried out at 20 mV/s in order to iden-
tify the cobalt reduction potential for the system. Finally, 
the cobalt clusters were obtained by using the potential 
step technique from +600  mV towards different reduc-
tion potential values (−820, −840, −860, −880, −900, and 
−920  mV) for 32  s. From previous experience with this 
electrochemical system, it was found that by using these 
perturbation potential values and formation time, a diffu-
sional 3D growth was obtained [18].

The clusters characterization was performed immedi-
ately after formation with a scanning electron microscope 
(SEM) JEOL JSM5600 LV coupled with a Noran X-ray 
microanalysis system for the Energy Dispersive Spectros-
copy (EDS) analysis. The SEM studies were carried out at 
20  keV. Atomic Force Microscopy (AFM) and Magnetic 
Force Microscopy (MFM) images were obtained simulta-
neously with a JEOL JSPM 4210 microscope. The mag-
netic MFM tips were MikroMasch magnetic probes with 
a Co-Cr magnetic coating. All tips were magnetized along 
the pyramid axis prior to the scanning process. In MFM 
images, the bright and dark contrast regions correspond to 
repulsive and attractive forces, respectively, which in turn 
represent domains with up or down out-of-plane magneti-
zation. In order to avoid morphological information from 
contaminating the magnetic measurements, large tip-sam-
ple distances (lift heights) were employed. This number 
was well above 10 nm, which is considered the upper limit 
where van der Waals forces become significant [19].

3 � Theoretical and micromagnetic modeling 
studies

In order to investigate the relationship between the clusters 
magnetic states and their dimensions, a theoretical single 
domain ferromagnetic model was employed. In 1988, Aha-
roni derived a rigorous theory to describe the magnetic 
properties of elongated single-domain ferromagnetic par-
ticles [20]. Although there are different models to investi-
gate the transition of magnetic nanoclusters, this particular 
approach employs a geometric analysis in terms of the size 
and shape of the aggregates. These characteristics can be 
easily obtained by using microscopy probe techniques, and 
allowed us to accurately describe the local magnetic prop-
erties of each cluster. The main assumption of this model 
is that single domain states are well characterized for elon-
gated particles by only using a magnetostatic term F0 given 
by
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where υ is the volume, Ms the saturation magnetization and 
NR a demagnetizing factor which depends on the aspect 
ratio m, where m = a/d being a the length of the minor axis 
and d the length of the major axis of an elongated particle. 
Therefore, under these conditions, there is a critical dimen-
sion (ao) below which the particles exhibit a single domain 
magnetic state. The theoretical expression for this param-
eter is:

 where A is the exchange constant [21].
In addition, in order to obtain a predicted magnetic state 

of clusters with different dimensions, the finite difference 
(FD) micromagnetic simulation program OOMMF [22] 
was employed. In this program, the Landau–Lifshitz-Gil-
bert equation was numerically solved to calculate the equi-
librium out-of-plane magnetic component in order to com-
pare with MFM images.

For the simulations, the saturation magnetization (MS) of 
cobalt (Ms=1.42 × 106  A/m) [23] and the magnetocrystal-
line anisotropy K1 = 4.1 × 105  J/m3 [24] were employed as 
independent parameters, whereas the exchange constant (A) 
was used as a fitting parameter. Finally, the damping con-
stant α was 1.0 in order to improve convergence in a reason-
able number of iterations since only the final magnetic state 
of the cluster was required. The simulations where per-
formed on ellipsoids with base diameters ranging from 50 
to 350 nm and heights from 5 to 25 nm. These interval val-
ues were determined from individual clusters as seen with 
atomic force microscopy. The simulations were carried out 
in the presence of a uniform external magnetic field (380 
mT) applied along the z direction, in order to simulate the 
presence of the magnetic MFM tip [18]. The cluster mesh 
was 2.0  nm, which was below the calculated exchange 
length value by using L

ex
=
(

2A∕�
0
M

2

s

)1∕2
= 2.7nm [24], 

with A = 1.1 × 10− 11 J/m [25].
Once the converge torque value reached the stopping cri-

terion of 1e-5 relative to Ms, the magnetic states in the z 
direction of the clusters were analyzed in order to charac-
terize the local magnetic distribution and plot the magnetic 
transition diagram.

4 � Results and discussion

In Fig.  1, the cyclic voltammetry response of systems 
ITO/0.01 M CoSO4 + 1.0 M Na2SO4 is shown. In this case, 
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only anodic and cathodic peaks are observed which are 
related to a cobalt deposition and dissolution.

From this information, the cobalt potential interval for 
deposition was identified in order to study the cobalt nucle-
ation and growth by using chronoamperometric methods. 
The transients were obtained by applying a + 0.600 V initial 
potential at six different reduction potential values in the 
interval from −820 to −920  mV to investigate the initial 
stages of cluster formation. The inset in Fig. 1 corresponds 
to the chronoamperometric plot at −840 mV. In all cases, 
the chronoamperometric information suggested a bidimen-
sional followed by a tridimensional cobalt growth with an 
average nucleation speed of 2.062 nuclei cm−2 s−1.

In Fig. 2, a SEM image of the electrode after deposition 
with the −840 mV voltage is shown. Here, a very regular 

Fig. 1   Cyclic voltammetry plot of the ITO/Co system from a sulfate 
solution. The inset shows the chronoamperometric plot

Fig. 2   SEM image of the ITO surface after Co electrodeposition. 
Inset figure contains the elemental analysis
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surface can be seen. From this image, a very homogenous 
ITO surface with no obvious clusters, defects or large 
aggregates is observed. The inset in this figure, exhibits an 
EDS analysis, which shows the typical ITO/glass substrate 
elements plus cobalt. On the other hand, in Fig.  3 AFM 
images of the ITO surface are show. For instance, in Fig. 3a 
an AFM topographic image shows a typical instantaneous 
nucleation phenomenon, with the presence of individual 
clusters on the ITO surface with similar diameters and 
heights. From the statistical measurements of the cluster 
dimensions, most of the clusters exhibit polyhedral shapes. 
In the case of irregular forms with elongated-type shapes, 
the largest in-plane length was selected as the representa-
tive dimension (or diameter) of the cluster. The height 
and diameter intervals of the aggregates were found to be 
between 2 and 9 and 5–700  nm, respectively. From this 
image, it is observed that most of the clusters are isolated 
from each other, but in some case, the coalescence of two 
or more cluster is easily identified.

Figure 3b shows the magnetic image of the ITO/cobalt 
surface. The contrast colors in this image is evident. The 
surface shows a homogenous dark color, whereas the 
aggregates show a clear light contrast that evidences the 
presence of a magnetic material. By comparing Fig. 3a, b, 
it is possible to identify the position of some of the clusters 
in both images, but the presence of others is only appreci-
ated in the magnetic figure where the shape of the aggre-
gates can be clearly observed, but more important, the 
color tone within the clusters changes depending on the 
size of the aggregates.

It is worth noticing that the presence of one single 
color can be more easily appreciated in small aggregates, 
while two or more color contrast regions can be observed 
in aggregates of larger size. This results, suggest the pres-
ence of single and multi magnetic states, respectively. 
In Fig.  4, a statistical analysis of the size of the aggre-
gates at different potential formations is shown. Figure 4a 

corresponds to the diameter while Fig. 4b to the height of 
the clusters. From these plots, it is clear that the diameter 
of the cluster increases as the potential increases, this is, 
the average diameter of most of the clusters for the lowest 
−820 mV potential formation grow from 140 to 370 nm 
for the largest potential value at −920 mV. On the other 
hand, the height decreases as the potential augments 
as seen in Fig.  4b. The average height for the clusters 
formed at −820 mV is 8 nm while this number decreases 
to 3.8  nm for the −920  mV formation value. During 
absorption, a nucleation is achieved in different substrate 

Fig. 3   a AFM and b MFM 
images of the ITO surface, 
where the presence of magnetic 
material is clearly observed. 
The magnetic images also 
shows a cluster with multimag-
netic regions. Image sizes are 
10 x 10 µm

Fig. 4   Frequency histogram of the a diameter and b height of the 
clusters at different formation potentials
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positions. As the potential increases, the cobalt nuclei 
absorb preferentially to the ITO surface and then migrate 
to the already formed clusters increasing their diameter. 
Since this is an instantaneous nucleation phenomena, the 
higher the formation potential, the larger the amount of 
nuclei and size of the clusters. The roughness analysis of 
the surface in Fig. 5 shows that as the potential formation 
increases, the number of nuclei or islands increases too, 
and therefore, the roughness becomes higher. At higher 
potential values, as more atoms are absorbed on the elec-
trode surface the diameter of the islands augments due to 
cobalt diffusion in the direction parallel to the electrode 
surface. In addition, there is an absorption and coales-
cence of atoms, which form a monolayer, decreasing the 
apparent height of the clusters, and therefore, the rough-
ness value. For much higher potential values, the next 
stage would be the growth of new islands on top of the 
newly formed layer. This growth behavior is typical of an 
instantaneous nucleation phenomenon.

In Fig. 6, the plot of the diameter versus height for the 
clusters at −820 mV potential formation is shown. Here, 
different individual clusters where analyzed in terms of 
its size and magnetic state as seen from MFM. It is clear 
that single domain states remain in the lower left side of 
the graph, while the multi domain states are more ran-
domly distributed above certain height. The same behav-
ior was observed for all other potential values and even 
the critical height was nearly the same. From the exper-
imental plots, the critical height for the single to multi 
domain transition was in average 6  nm. It is interesting 
to notice that this critical height for the single to multi 
domain transition is lower than the one observed for the 
same electrodeposition bath but using a different sub-
strate (HOPG) [18]. This suggests that the interaction of 
the ITO substrate with the cobalt aggregates is slightly 
weaker in comparison with the graphite surface.

In order to find the best fitting plot for each of the 
formation potential, Eq.  2 was employed by using the 
exchange constant value as a fitting parameter. In Table 1, 
the fitted exchange constant value for each potential is 
shown.

The exchange constant value of bulk cobalt is 
1.0 × 10−11  J/m [24]. As we can see from Table  1, the 
largest exchange constant is nearly 3 times smaller than 
the cobalt bulk value. By looking at the general trend 
of the exchange constant as a function of the potential 
formation, it is clear that A decreases as the diameter 
of the cluster increases. In a previous work by Dumas 
et  al., they found that cobalt clusters assembled as thin 
films on Si(100) substrates, exhibited a similar exchange 
constant value, A = 2.3 × 10−12  J/m [25], for cobalt clus-
ter diameters of 9.3 nm. They suggest that this reduction 
may be attributed to the reduce density of the cluster film 
or changes in the exchange energy due to alterations of 
the structural properties at boundaries between clusters 
[23]. An additional aspect derived from the variation 
of A is the diminishing of the Curie temperature Tc for 
decreasing A, since T

c
∝ A within the frame of mean field 

Fig. 5   Roughness analysis of the ITO surface at different formation 
potentials

Fig. 6   Experimental magnetic states observed by MFM as a function 
of the height and the diameter of the clusters. Dots represent single 
domains while stars represent multi domains. The solid line repre-
sents the theoretical lower boundary for the magnetic transition from 
the theoretical model

Table 1   Electrodeposition potential voltage with the corresponding 
exchange constant A fitted value from Eq. (2)

Potential formation value (mV) Exchange con-
stant A [J/m] × 
10−12

−820 2.87
−840 2.41
−860 2.59
−880 2.38
−900 2.16
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approximation [25]. In other words, as the Co clusters 
become smaller, their Curie temperature enhances over 
their bulk counterpart reference value.

By using the cobalt saturation magnetization 
Ms=1.42 × 106  A/m3 and m = a/d with a the height and d 
the diameter of the cluster, the theoretical lower bound 
was obtained and plotted as a solid line in Fig.  6. This 
plot clearly agrees with the critical height for the transi-
tion and predicted ao = 6 nm in agreement with the experi-
mental results. Consistent results were obtained for all the 
electrodeposition voltages. The exchange constant values 
theoretically obtained for each potential were employed for 
the simulations. From these plots, we can clearly observed 
that the single domain magnetic clusters remained always 
below the theoretical critical size, while the multi magnetic 
domain aggregates were always above this value as seen in 
Fig.  6. A similar behavior was observed on cobalt nano-
clusters electrodeposited onto monocrystalline silicon [23].

In Fig.  7, the transition diagram for the single to the 
multi domain magnetic transition calculated with the 
micromagnetic program is shown. In order to construct this 
diagram, only the out-of-plane magnetization was analyzed 
to compare with MFM results. The single domain showed 
a uniform color while the multi domain state exhibited 
various contrast regions, as indicated also in Fig. 7 by two 
examples of simulated clusters above and below the criti-
cal height for single domain formation. The simulations 

were initially performed on spheroids with base diameters 
ranging from 50 to 600 nm and heights from 5 to 20 nm 
in order to simulate the experimental shapes at lower for-
mation potentials. Unfortunately, after a cluster diameter of 
300 nm, it was very difficult to reproduce the experimental 
transition diagram, so it was decided to modify the shape of 
the aggregates. So, for clusters with diameters higher than 
300 nm, elongate spheroids with a 2:1 ratio were employed. 
After this modification, the experimental transition dia-
gram was fully reproduced. This result is consistent with 
the experimental shapes found in the morphological analy-
sis, where small aggregates showed semicircular shapes, 
while large aggregates exhibited elongates figures.

For the micromagnetic calculations, it is worth to men-
tion that we used homogeneous (in-plane) and random ini-
tial magnetic states as starting configurations and the results 
were the same regardless of the initial state. On the other 
hand, we used the exchange constant values (A) obtained 
from the theoretical model as well as different crystalline 
structures in order to fit our experimental results. From 
our analysis, we found that the crystalline structure that 
fitted our experimental values corresponded to a faced-
centered cubic (fcc) phase with a magnetic anisotropy 
value of 2.17 × 105 J/m3. It is interesting to notice that the 
best fitted-magnetic anisotropy was closer to the bulk fcc 
Co rather than the most common bulk hcp Co value [26]. 
Other groups have observed that cobalt electrodeposited 
onto different substrates from sulfate solutions exhibit both 
hexagonal close-packed (hcp) and faced-centered cubic 
(fcc) structures [27, 28]. The preferential crystalline orien-
tation of the electrodeposited Co nanostructures seems to 
be related to the bath composition, electrodeposit param-
eters, temperature and type of substrate, among others.

5 � Conclusions

Isolated cobalt aggregates were obtained onto ITO surfaces 
by using cronoamperometric methods from sulfate solu-
tions at different formation potential values. The cobalt 
nucleation was instantaneous and the clusters exhibited dif-
ferent magnetic states depending on the cluster size. MFM 
results agree with theoretical predictions where the pres-
ence of a critical high determines the transition between 
single to multi magnetic domain aggregates. By analyz-
ing the clusters magnetic configuration with a theoretical 
model in terms of their size, the magnetic exchange con-
stant value was obtained. Although this value was lower 
that the bulk exchange constant, as the size of the clusters 
increased, the exchange constant decreased probably due to 
structural properties or defects within the clusters. By using 
micromagnetic simulations, it was possible to reproduce 

Fig. 7   Calculated magnetic diagram of the out-of-plane magnetic 
component obtained with OOMMF. Dots represent single domain 
states while stars represent multi domain states for different diame-
ters and heights. The theoretical curve was included for comparison 
with Fig.  6. In addition, the rectangle represents the clusters calcu-
lated with elongated shapes in contrast with circular forms. Two 
examples of simulated clusters are included, showing on one hand, a 
single domain state (without contrast) for a cluster with 100 nm diam-
eter and 5 nm height, and, on the other hand, a cluster with 100 nm 
diameter and 20 nm height showing inner contrast, which represent a 
multidomain configuration
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the experimental transition from single to multi domain 
aggregates, to infer the fcc crystal structure of the clusters, 
and to reproduce the shape of the aggregate at different 
potential values. Finally, by analyzing the local stray field 
of individual cobalt clusters, it was possible to infer intrin-
sic magnetic local properties of cobalt aggregates at vari-
ous growth stages onto ITO surfaces.
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