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The microstructural and magnetic properties of Fe-Cu films were studied in terms of Cu content
in the films. The results of energy dispersive X-ray spectroscopy showed that the Cu content in
the films increases as the Cu concentration in the electrolyte is increased. The increase of the Cu
content in the films makes the film morphology seem cauliflower-like structure and the films with Cu
have rougher surface than pure Fe films. The X-ray diffraction revealed that the films have body-
centered cubic structure of �-Fe, and the Fe film has the (100) preferential texture whereas the
Fe-Cu film containing 9.5 wt% Cu has the (110) preferential texture. The magnetic analysis carried
out by vibrating sample magnetometer showed that the increase of the Cu content in the film results
in the decrease of the saturation magnetization and the increase of the coercivity, and the easy-axis
direction of the magnetization is parallel to the film plane. It is seen that the microstructural and
magnetic properties of the Fe-Cu films changes depending on the film content.
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1. INTRODUCTION

In the recent years, magnetic films have become focus of
comprehensive investigations. This is due to meeting all
of the requirements of data storage technology and their
potential applications in sensors and actuators. Electroplat-
ing has been a process of major significance in the produc-
tion of magnetic films, which are important in computer
drivers and other magnetic storage devices. Electrodeposi-
tion, compared to vacuum processes, offers some advan-
tages to produce magnetic materials and has also proved
to be a useful technique for preparation of certain kinds of
alloys and superlattices.1–5

Compositional and Structural properties of the films are
known to be highly dependent on the production methods.4

For Fe-Cu films, high Fe concentration leads to a bcc
phase and a low Fe concentration to an fcc phase. How-
ever, the phase may be mixed bcc and fcc phase depending
on Fe content in films. This case appears at 27–30% Fe
for films made by electrodeposition.4�6 Also, the deposi-
tion parameters have a major effect on the properties of
the films produced by the electrodeposition. One of these
parameters is the concentration of the electrolyte, which
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considerably affects the film content. Therefore, the aim
of the present study is to investigate the effect of Cu con-
tent on the microstructure and magnetic properties of the
Fe-Cu films. The films were deposited on polycrystalline
Ti (hcp) substrate by the electrodeposition technique and
their structural and magnetic properties were studied. It is
revealed that the properties of the films are influenced by
the composition of the films.

2. EXPERIMENTAL DETAILS

The Fe and the Fe-Cu films with different Cu content were
deposited in a three-electrode cell from a sulphate bath
using a platinum (Pt) plate as the anode and a titanium (Ti)
plate as the cathode. Saturated calomel electrode (SCE)
was used to fix the potential between anode and cathode
as a reference electrode. The surface area of the anode was
chosen more extensive comparing to the cathode, the sep-
aration between them was 7 cm. Fe films were electrode-
posited from an electrolyte containing FeSO4 (1 M) only,
and Fe-Cu films from electrolytes containing FeSO4 (1 M)
with CuSO4 (0.01–0.02 M). The pH value of electrolytes
was 3�0±0�2. All films were deposited at a cathode poten-
tial of −1.8 V with respect to SCE. The nominal thick-
nesses of the films were fixed at 6 �m. All depositions
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Fig. 1. Current–time transients for Fe and Fe-Cu films deposited from
different electrolytes.

were carried out at room temperature (20±1 �C) without
stirring of the electrolyte.

Compositional analysis and morphological observations
of the films were done by the energy dispersive X-ray
spectroscopy (EDX) and the scanning electron microscope
(SEM, Zeiss Supra 50 Vp), respectively. The microstruc-
tural analysis of the films was made with the X-ray diffrac-
tion technique (XRD, Rigaku–rint 2200) using CuK�

radiation (� = 1�5406 Å) by changing diffraction angle
(2�) between 40�–100�. The magnetic measurements were
made with a vibrating sample magnetometer (VSM, ADE
Technologies EV9) by scanning magnetic field between
±20 kOe as parallel and perpendicular to the film plane.

3. RESULTS AND DISCUSSION

Both Fe and Fe-Cu alloy films were electrodeposited on
hcp polycrystalline Ti substrates under potentiostatic con-
ditions. Small amount of CuSO4 at each time were added
to the FeSO4 electrolyte to deposit the proper Fe-Cu films
and comparatively study the properties of Fe and Fe-
Cu films. Therefore, three different electrolytes with the
proper CuSO4 concentration were prepared for the depo-
sition of the Fe-Cu films.

The current–time transients were recorded to study the
deposition processes of the films. Figure 1 illustrates
the current–time transients for the Fe and Fe-Cu films.

Table I. Microstructural, compositional and magnetic data obtained from XRD, EDX and VSM

XRD EDX VSM
(wt% ± 0.1)

CuSO4 Lattice Grain size Relative Intg. P.O.∗

Sample Content Parameter (± 0.1 nm) Peak Int. Fe Cu Ms Hc

(M) a ± 	a(nm) I110/I200/I211/I220 emu/cm3 Oe

Fe Film 0.00 0.28656 ± 0.00012 21.9 100/23.2/29.8/4.7 (100) 100 0.0 170.0 19.6
Fe-Cu 0.01 — — — — 97.0 3.0 141.6 23.1
Films 0.02 0.28656 ± 0.00012 25.5 100/7.3/25.5/4.6 (110) 90.5 9.5 122.7 26.3
Bulk Fe∗∗ — 0.2866 — 100/20/30/10 — — — — —

∗Preferential Orientation
∗∗JCPDS 006-0696 XRD data for Fe

In the figure, as the Cu concentration in the electrolyte
is increased from 0 M to 0.01 M and 0.02 M in the
order, the cathodic current passed through the electrodes
increases. This is most probably caused by the rise of the
Cu ions in the electrolyte. Also from current–time tran-
sients, it is clearly seen that the films deposited from the
electrolytes with different Cu concentrations have the same
type of deposition processes and besides understood that
films were deposited orderly on the cathode. As expected,
a little hydrogen liberation was seen from the cathode sur-
face during the deposition, as in Ref. [7]. All films were
slightly spotted and black color in appearance. The study
on Fe films8 indicated that the films grown from the elec-
trolyte containing FeSO4 are also black or dull silver color
depending on the experimental parameters.

Compositional measurements showed that Fe-Cu films
deposited from the electrolytes (1 M FeSO4 and 0.01 M
CuSO4) and (1 M FeSO4 and 0.02 M CuSO4) contain,
on average, 3�0±0�1 and 9�5±0�1 wt% Cu, respectively,
see Table I. The analysis of surface morphology of the
films indicated that the Fe-Cu films have dense dendritic
(cauliflower—like) structure, and rougher surface than the
pure Fe films as presented in Figures 2(a) and (b). Fur-
ther, EDX analysis revealed that the Fe-Cu films have Fe
rich base part and Cu rich cauliflower-like structure. The
reason that affects the surface morphology may be the dif-
fusive growth of Cu occurred in the Fe rich base part.
Also in the micrograph of the pure Fe film, there was
much smoother surface. As parallel to this, SEM studies of
other researchers9 have also revealed that the films grown
from the electrolytes containing two different metal ions
have different surface morphology and dendritic structures.
According to these results, it was noted that the surface
morphology is considerably influenced by the amount of
Cu in the film.

To understand the effect of Cu content on the crystal
structure of the Fe and the Fe-Cu film containing 9.5 wt%
Cu, XRD measurements of the films were done and pre-
sented in Figure 3. The results revealed that the peaks
appeared on the XRD patterns belong to body-centered
cubic (bcc) of �-Fe since our films contain high Fe con-
centration, as pointed in Ref. [4]. The XRD patterns of
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(a)

(b) 1 µm

1 µm

Fig. 2. SEM images of the electrodeposited films (a) The pure Fe film
(b) The Fe-Cu film containing 9.5 wt% Cu and 90.5 wt% Fe.

Fe-Cu films do not contain the reflections from the planes
of face-centered cubic of Cu phase, which indicates that
Fe-Cu films under study form a solid solution. The data of
X-ray diffraction patterns were also used to calculate the
lattice parameters, the grain sizes and the film textures for
Fe film and Fe-Cu film containing 9.5 wt% Cu. The lattice
parameter which calculated using the least squares tech-
nique to fit experimental data to a straight line was found
to be 0.28656 (±0.00012) nm. Although there is a slightly
difference between the lattice parameters, it is in the error
limits. The grain sizes were calculated from the Scherrer
formula10 using the full width at half maxima (FWHM) of
the observed peaks. They were noted as 21�9±0�1 nm and
25�5±0�1 nm for the Fe film and the Fe-Cu film, respec-
tively. The grain sizes of the films are slightly affected by
the variation of Cu content in the films. The preferential
orientation of the films was found from relative peak inten-
sities of the observed peaks in the XRD patterns using the
relation indicated in Ref. [11]. While the crystal planes of
Fe film are oriented in (100) direction, the (110) direction
of bcc structure is predominant in the Fe-Cu film. It has
been understood that the Cu content in the films affected
the crystallographic structure of the films.

VSM measurements were performed to examine the
relationship between the Cu content and magnetic
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Fig. 3. XRD patterns of the films (a) The pure Fe film (b) The Fe-Cu
film containing 9.5 wt% Cu and 90.5 wt% Fe.

properties of the films. Figure 4 shows the hysteresis
loops of Fe-Cu films. In the in-plane hysteresis loops,
the coercivity is 19.6 Oe, 23.1 Oe and 26.3 Oe, the sat-
uration magnetization is 170.0 emu/cm3, 141.6 emu/cm3

and 122.7 emu /cm3 for Fe film and Fe-Cu films con-
taining 3.0 wt% Cu and 9.5 wt% Cu, respectively, see
Table I. According to the results it was understood that
the coercivity increases and the saturation magnetization
decreases as the Cu content in the films increases. The
films become magnetically harder due to the increase of
non-magnetic Cu content in the films, as indicated in Ref.
[12, 13]. To find the magnetization easy-axis, perpendicu-
lar hysteresis loops of the films were also measured. As an
example to the perpendicular measurements, the hysteresis
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Fig. 4. The hysteresis loops of Fe-Cu films.
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loop of the Fe-Cu film with 9.5 wt% Cu was presented
in Figure 4. Since in-plane hysteresis loops have a higher
remanent magnetization and lower coercivity than perpen-
dicular loop, it was clearly understood that the easy-axis
direction of the magnetization is parallel to the film plane.

4. CONCLUSIONS

The structural and magnetic properties of the Fe-Cu films
were investigated as a function of Cu content in the films.
In the results of the SEM images, it was seen that the Fe-
Cu films with higher amount of Cu have cauliflower–like
structure and rougher surface than Fe films. According to
the microstructural analysis, the observed peaks belong to
bcc phase of �-Fe due to the fact that low ratio of Cu
(9.5 wt%) with respect to Fe films. However, the Cu con-
tent in the films affects the texture formation of the films
because the (110) direction of bcc structure is predomi-
nant in the Fe-Cu film while Fe film has the orientation
in (100) direction. In the magnetic point of view, VSM
measurements showed that the higher amount of Cu con-
tent in films caused the harder magnetic properties. Fur-
thermore, the easy-axis direction of the magnetization in
the films is parallel to the film plane. Thus, it should be
noted that the characteristics of electrodeposited Fe-Cu
films can be changed by the Cu content in the films, and it
is feasible to produce Fe-Cu films with desired properties,
hence paving the way to produce magnetic films for sensor
applications.
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