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Abstract The structure and magnetic properties of CuCo

alloys electrodeposited in aqueous solution on n-type

Si(100) substrates were investigated as a function of the

trisodium citrate concentration in the electrolyte. The

compositional analysis show that percentage of Co has a

non-monotonic dependence on the increase in concentra-

tion of sodium citrate, with a maximum at 300 mM fol-

lowed by a significant decrease The magnetic

measurements in similar samples in terms of composition

and thickness show that the coercive field value it differs

greatly, from 87 to 20 Oe without and with added citrate,

respectivelly, owing to the improved morphological quality

and change in crystalline structure induced by the citrate.

For electrodeposited films without citrate in the electrolyte,

the X-ray diffraction pattern shows two peaks at

2h = 43.298 and 44.217 typical of fcc (111) planes for

copper and cobalt, respectively, while in the presence of

citrate only one peak characteristic of fcc of the CuCo alloy

was observed.

1 Introduction

CuCo alloys are promising for data storage systems and

sensing [1, 2], owing to their giant magneto resistance

[3–6] through which a large change in electrical resis-

tance is induced by an external magnetic field. These

alloys may be produced via electrodeposition, which is

advantageous for being inexpensive compared to other

complex, sophisticated methods such as magnetron

sputtering [7]. Depending on the preparation conditions,

i.e. electrolyte composition, pH, temperature, current

density and additives, films can be obtained with varied

morphological and structural properties [8, 9]. The

atomic arrangement of alloys can be modified by

incorporation of elements with a different crystalline

symmetry. Since Cu tends to crystallize in an fcc

structure, its incorporation into the Co structure is

expected to favor formation of CuCo alloys with a cubic

structure. The control of the crystal structure is essential

for tuning the magnetic properties of CuCo alloys [10–

12]. Indeed, a slight difference in preparation may cause

large changes in the electrodeposited film properties [11–

15].

Understanding the deposition mechanism is crucial to

control the properties of alloy deposits, especially because

additives, such as the complexing agent trisodium citrate,

may inhibit crystal growth and catalysis, leading to bright

deposits and decreasing the over potential of metal elec-

trodeposition. Trisodium citrate in the electrolyte leads to a

series of soluble complex species [16–18], with CuCit-

and CoCit-, in addition to the non-complexed Co2? and

Cu2?, being the most prominent. Therefore, CuCo alloys

can be obtained by electrodeposition of either the com-

plexed and non-complexed species simultaneously as

follows:
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Cu2þ þ 2e� $ Cu

Coþ2 þ 2e� $ Co

Cu cit� þ 2e� $ Cuþ cit3�

Co cit� þ 2e� $ Coþ cit3�

In this study, we analyze the effects of trisodium citrate

concentration on the dynamics of electrodeposition and on

the magnetic and structural properties of CuCo alloys. We

show that an optimum citrate concentration exists for

which the electrodeposited films display superior magnetic

properties compared to the films without citrate.

2 Experimental section

Film electrodeposition was carried out at room temperature in

a dark chamber, using a three electrode cell with a gal-

vanostat/potentiostat AUTOLAB PGSTAT302 N. An n-type

silicon (100) with resistivity of 5–10 X was used as working

electrode with electroactive area of 0.496 cm2. A platinum

foil was used as counter electrode and the reference was a

saturated calomel electrode (SCE). For film electrodeposition,

an aqueous solution of 300 mM CoSO4.7H2O and 3 mM

CuSO4.5H2O was used, at a deposition potential of-0.95 and

-1.0 V versus SCE (potential measured vs. saturated calomel

electrode). Trisodium citrate (Na3C6H5O7) was used as

complexing agent, with varying concentration from 0 to

600 mM. The estimated thickness (by Coulometry) is 140 nm

for all samples. Cyclic voltammetry was performed with a

scan rate of 10 mVs-1, sweeping initially the negative

potential. The crystalline structure was analyzed by X-ray

diffraction (XRD) on a diffractometer model X’Pert Pro

Multi-Purpose, PanAnalytical, where the X-ray source was

Cu Ka1 radiation (k = 1.540562 Å), powered at 40 kV and

30 mA. Measurements were performed in 2h configuration

with the incident beam fixed at 12�, and 2h between 20� and
100�. In order to increase the signal–noise ratio, each measure

presented is the sum of 30 scans. The film composition was

obtained by Energy Dispersive X-ray Microanalysis (EDX)

and surface morphology images were obtained in the sec-

ondary (SE) acquisition mode with a Phillips XL30 scanning

electron microscope (SEM). Magnetic characterization was

carried out at room temperature in a vibrating sample mag-

netometer (VSM model EV9 Microsense) in the field range

of ±10 kOe.

3 Results and discussion

The effect of trisodium citrate complexing agent on the

film properties was studied for the range between 0 and

600 mM in the electrolyte, with the concentrations of Cu

and Co ions fixed at 3 and 300 mM, respectively. The

cyclic voltammograms in Fig. 1a display an increase in

current in two regions in the cathodic scan. The increases

in regions I and II are ascribed to deposition of Cu and

onset of Co deposition, respectively. For both regions, the

potential shifts to more negative values with increasing

concentrations of trisodium citrate. The reduction of copper

(cobalt) begins at -0.35 (-0.75) V versus SCE in a

solution containing only sulphates (squares). Adding tri-

sodium citrate (circles and triangles) shifts the reduction

potential of the metal species to more negative values. This

is explained by complex formation between Cu2? (Co2?)

ions and trisodium citrate, such as CuCit- (CoCit-), which

cannot be reduced as easily as the free metal ions, requiring

more negative potentials [19–21]. The addition of triso-

dium citrate also affected the potentiostatic transient

deposition for the CuCo alloy at V = -0.95 V versus

SCE, as indicated in Fig. 1b. The deposited charge in the

three situations was 200 mC, with a reduction in growth

kinetics upon increasing the trisodium citrate concentra-

tion, as shown in the inset. Therefore, we expect to obtain

higher quality, homogeneous deposits. The same behavior

was observed for V = -1.00 V versus SCE, but the satu-

ration currents were -11.0 and -2.2 mA for the elec-

trolytes with no citrate and with 300 mM, respectively. The

expectation of more homogeneous films in the presence of

the citrate complexing agent was fulfilled, according to the

SEM images in Fig. 1c through 1e. Without citrate, a

submicrometer granularity is observed in the highly mag-

nified SEM image in Fig. 1c. In contrast, a finer granularity

is seen with the complexing agent; even with only 10 mM

there is a smoothing effect (Fig. 1d). Visually, the samples

in Fig. 1d, e have a highly reflective surface, while the one

manufactured without citrate (Fig. 1c) exhibits an opaque

surface.

Film composition is known to be affected by the depo-

sition potential [15, 19, 22], and the ratio of the two metals

in the film should be different from that in the electrolyte,

since it depends on other factors, such as the overpotential

that varied with the concentration of the complexing agent

(Fig. 1a). Figure 2a shows the variation of Co content

(wt%) in the electrodeposited samples due to the citrate

concentration added to the electrolyte for the deposition

potentials of -0.95 V versus SCE (circles) and -1.00 V

versus SCE (squares). In particular, the samples produced

at -1.00 V versus SCE with no citrate had 77.5 wt% of

cobalt, while the addition of only 2 mM citrate in the

electrolyte decreased the cobalt percentage to 25 wt%.

Furthermore, the percentage of Co has a non-monotonic

dependence on the increase in concentration of sodium

citrate, with a maximum at 300 mM followed by a sig-

nificant decrease at higher concentrations. In addition to

changing film composition, varying the citrate
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concentration also affected film thickness, which could be

inferred from the EDX analysis by determining the Si

fraction because the measurements were carried out

sequentially, with the same energy (12 keV) and spot size

for the electron beam.

In the analysis of the magnetic properties, we chose to

normalize the hysteresis loops because we did not deter-

mine the mass of magnetic material in the samples, on

which properties such as saturation magnetization depend.

And we know that varying the concentration of citrate

affects the amount of Co in the film (Fig. 2a) and the film

growth process (Fig. 2b). The skewed hysteresis loop for

the film without citrate in Fig. 3a indicates that the easy

axis of magnetization is out of plane and that the in-plane

magnetization occurs by spin rotation. The addition of

citrate leads to a square hysteresis and lower coercive field,

thus pointing to the progressive formation of a film with an

in-plane magnetization. A summary of the results is shown

in Table 1. We should also mention the specific behavior of

two samples with percentages of Co 77 % (no citrate) and

77 % (30 mM citrate), which also have similar thicknesses

Fig. 1 Above; a Cyclic voltammetry of CuCo electrolyte in the

absence (square) and with addition of 10 mM trisodium citrate

(triangle) and 300 mM (circle). b Current transients recorded during

electroplating. Inset: dependence of the deposition time to achieve

charge of the 200 mC with the amount of sodium citrate present in the

electrolyte. Below; SEM images obtained at acquisition modes of

secondary electrons (SE) for c without, d, e with the addition of 10

and 300 mM trisodium citrate, respectively

Fig. 2 a Variation of Co in the electrodeposited thin films due to the

citrate concentration contained in the electrolyte for potential

deposition values of -0.95 V versus SCE (circles) and -1.00 V

versus SCE (squares). The circle (square) on the axis Co (wt%)

represents the amount of cobalt obtained for the sample produced

from free citrate electrolyte to -0.95 V versus SCE and -1.00 V

versus SCE, respectively. b Detected percentage of Si with the

increase of the citrate contents
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as indicated by the amount of Si detected, with 42 and

41 % Si, respectively. In spite of these similarities in Co

content and thickness, these samples differ largely with

regard to the measured coercive field owing to the

improved film quality (see Fig. 1c–e) and change in crys-

talline structure induced by the citrate.

While the saturation magnetization depends primarily

on the quantity and magnetic species in the sample, the

coercive field, which in general gives information about

the process of magnetization inversion, depends on

structural factors. There are basically two possible

mechanisms for the reversal to occur: (1) nucleation and

growth of magnetic domain in the direction of the

external field applied or (2) rotation of the domain in the

direction of the external field. In thin films, the domain

rotation is generally predominant. Structural defects act as

pinning points for the rotation, and therefore higher

external fields are necessary to overcome pinning. A good

example of this phenomenon is the influence of surface

roughness of Co thin films on the Hc [23]. On the other

hand, the magnetocrystalline anisotropy depends on the

material crystal structure and affects the Hc. Co may

exhibit a cubic crystal structure with smaller Hc than

those obtained for the hexagonal crystal structure [24],

since the axis of easy magnetization is defined by the

symmetry of each structure.

Fig. 3 a In-pane hysteresis loops for the samples electrodeposited at

-1.0 V versus SCE in the absence (triangle) and with the addition of

10 mM (circle) and 300 mM (square) trisodium citrate. b Coercive

field as function of Co contained in the samples electrodeposited at

-1.0 V versus SCE

Table 1 Ratio of Co, Si wt% and Hc values obtained with changing the amount of citrate added to the electrolyte

Citrate (mM) Co wt% (EDX)* Si wt% (EDX) Hc (Oe)

-0.95 -1.00 -0.95 -1.00 -0.95 -1.00

V versus SCE V versus SCE V versus SCE V versus SCE V versus SCE V versus SCE

Free 43.26 77.49 42.86 42.51 124.6 87.5

2 55.67 25.20 66.15 52.53 39.0 67.2

4 58.41 43.61 62.14 47.05 21.7 66.5

10 69.75 67.59 42.31 46.24 18.5 47.4

30 71.31 77.23 40.35 41.14 19.5 21.9

120 74.93 83.20 37.75 43.28 18.5 22.0

200 70.37 83.96 38.25 44.36 19.6 19.9

300 66.67 85.02 39.39 42.47 37.3 24.9

450 53.62 76.62 54.15 58.03 65.9 –

600 15.76 51.32 74.07 83.39 – –

* Relative percentages of Co and Cu were determined by making the detected amounts of the two metals equal to 100 % (Co wt% ? Cu

wt% = 100)
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The crystalline structure was analyzed by X-ray diffrac-

tion. Figure 4 shows the patterns for CuCo electrodeposited

at -0.95 V versus SCE (Fig. 4a) and -1.0 V versus SCE

(Fig. 4b) in the absence and presence of 300 mM trisodium

citrate. The equilibrium phase diagram in the CoCu system

indicates negligible solubility of two metals at room tem-

perature [25, 26]. The electrodeposition is a nonequilibrium

method and may be used to produce metastable solid solu-

tions. Results show that the electrodeposited film without

trisodium citrate has two distinct fcc crystalline structures,

characteristic of Cu and Co separately, which is clear from

the deconvolution of peak (111). The indexing of the peaks

as reference standards was the ICDD database (00-008-

0836) for Cu fcc and (00-015-0806) for Co fcc. The peak

(111) is the most intense in the fcc phase, located at

2h = 43.298 (for copper) and 2h = 44.217 (for cobalt). In

the results in Fig. 4 (without citrate), themajority phase is Cu

fcc for the sample produced at-0.95 Vversus SCE,whereas

it is Co fcc for the sample produced at -1.0 V versus SCE,

consistent with the composition of Cu and Co determined by

EDX. In both cases phase segregation is evident. When the

complexing agent trisodium citrate was used to promote

simultaneous codeposition of copper and cobalt, only one

symmetrical peak (111) was observed for the fcc phase for

both deposition potentials used. The experimental data could

not be fitted with two peaks; on the contrary, the position of

the fitted peak is consistent with the solid solution of CuCo

alloys.

Samples obtained without citrate consists of a hetero-

geneous system [25], with copper crystal grains dispersed

in a cobalt matrix. These grains act as non magnetic

impurities causing pinning in the rotation of the magnetic

domains of cobalt. With the addition of citrate, a homo-

geneous system is formed by copper atoms replacing some

of the cobalt atoms in the same crystal lattice. This may

cause distortion in the lattice parameters, but does not

hinder rotation of the domains.

4 Conclusions

The addition of trisodium citrate to the electrolyte turned

out to be necessary to obtain films of excellent quality, high

adhesion to the substrate and intense metallic sheen. An

optimized citrate concentration of 300 mM was found to

lead to the highest Co percentage in the films (for the

potential of -1.0 V vs. SCE). In addition, changes in the

electrolyte also reflected on the current efficiency. There-

fore, increased saturation and remanence magnetizations

and reduced coercive fields could be associated with stoi-

chiometric variation in the samples. Regarding the crys-

talline structure, the films exhibited an overlap of the fcc

phase for copper and cobalt when produced without the

complexing agent. Through deconvolution of the (111)

peak, two distinct structures, Co (111) and Cu (111), were

identified. However, for the films prepared with trisodium

citrate, only a fcc structure was identified which was

related to a solid solution structure. The correlation

between crystal structure and coercive field in the samples

with the same percentage of Co shows that the coercive

field of the solid solution was 20 Oe while for the sample

with two fcc structures it was 87 Oe. It should be remarked

that this high coercive field for the sample produced

without citrate is due not only to phase segregation but also

to a large film roughness. Taken together, the results pre-

sented here demonstrate that electroplating can yield good

quality films, whose structural and magnetic properties can

be controlled for tailored use in electronic devices such as

sensors and data storage systems.
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