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Abstract
(FeCo)1−xCrx nanowires (NWs) were grown by a pulsed AC electrodeposition technique into aluminum oxide nanoporous 
templates with good consistency. The structural features and morphologies of the NWs array were examined by X-ray dif-
fraction (XRD) and field emission scanning electron microscopy (FESEM). A vibrating sample magnetometer equipped 
with the first-order reversal curve (FORC) diagram was then used to find the magnetic properties. The formation of NW 
with the (110) texture was also confirmed for the whole series samples. With increasing the Cr addition on the FeCo NW 
arrays, the corresponding diffraction peak in the XRD patterns was shifted to the lower angles and the lattice constant was 
increased. FE-SEM analysis also revealed that (FeCo)1−xCrx NWs with the length of 10 µm were grown above the Cu pre-
plating layer into aluminum oxide with the pore diameter of 30 nm. Further, the hysteresis loops showed that the coercivity 
were decreased from 2265 to 1388 Oe, respectively, with an increase in the Cr content from the concentration of 0 to 0.03 M. 
FORC diagrams proved a decrease of the magnetostatic interaction with Cr content and a non-interacting single domain 
structure for the maximum Cr addition. Local magnetic interactions were also found to prevail in the presence of the Cr 
element beside the magnetic phase.
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1  Introduction

The magnetic NWs are appropriate potential candidates 
for application in nanotechnology, spintronics, microwave 
devices [1], recording media [2], biotechnology or biomedi-
cine [3], and giant magnetoresistance sensors (GMR) [4–6]. 
Magnetic features of NWs are dominantly controlled by the 
competition of shape anisotropy, inter-wire magnetostatic 
interaction and magnetocrystalline anisotropy. The varia-
tion of such anisotropies is based on effective parameters 
including the dimension, composition and annealing of NWs 
[7–9].

NWs have been fabricated with different methods such as 
chemical vapour deposition [10], lithography [11], sol–gel 
synthesis [12], and electrodeposition process [13]. The AC 
pulsed electrodeposition could serve as a reliable method 
to produce a uniform nanowire growth within the anodized 
aluminum oxide template [14–16].

FeCo binary alloys with a bcc structure are a soft mag-
netic phase material with high saturation magnetization, low 
coercivity and a high Curie temperature. The tendency for 
the development of the high coercivity system based on 3d 
transition metals is a novel approach. For this purpose, FeCo 
with a prolate spheroid feature including NW was fabricated 
with high saturation magnetization and large shape anisot-
ropy and the very large coercivity of 10 kOe [8]. The value 
of coercivity in the single domain NWs array was almost 
three times smaller than the anisotropy field correlated to 
the magnetostatic interaction between wires. The nature of 
magnetostatic interaction is strongly influenced by the vol-
ume fraction of the ferromagnet in the template [17, 18].

Electrodeposition conditions including current density, 
deposition frequency, pH value and temperature of the elec-
trolyte could influence the structural characteristics of NWs. 
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A preferential growth along the easy axis could be achieved 
by modifying these parameters that could enhance the mag-
netic properties of FeCo NWs. The variation in the reductive-
oxidative voltage increases the growth rate of NWs and coer-
civity [19]. However, the saturation magnetization of FeCo is 
independent of the sample morphology; the high aspect ratio 
NWs have higher coercivity in comparison to the other mor-
phologies due to shape anisotropy [20]. The effect of shape 
anisotropy is the same for NWs with an aspect ratio higher 
than 10. On the other hand, the magnetic properties can be 
tuned through changing geometrical features such as NWs 
diameter, inter-wire distance, length, and diameter modula-
tion. In this regard, a decrease in the NWs diameter increases 
the coercivity, which can be related to the magnetostatic inter-
action between the NWs and the transition between reversal 
modes [21].

Incorporation of a tiny amount of non-magnetic elements 
could be very influential on the magnetic behavior of the NW 
arrays. The additional elements such as copper [22–25], boron 
[26], lead [27] and nickel [28, 29] were added to FeCo NWs 
to change the microstructure and magnetically characterize 
the synthesized NWs. Magnetic and structural properties of 
CoFe and CoFeB NWs were also investigated by Sharif and 
colleagues [26]. They found that the amorphous phase of 
Co94Fe6 and Co91Fe6B3 was obtained. They also recognized 
that induced magnetic anisotropy with preferred crystalline 
orientations was achieved by magnetic field annealing and 
re-annealing at 600 °C. In one other research, the magnetic 
properties of CoFe with Cu addition were fully evaluated using 
the FORC analysis [30]. It was found that a hard magnetic 
phase was formed by annealing NWs. The high level of the 
Cu substitution led to the appearance of the soft phase. Bran 
and colleagues demonstrated that adding the Cu atoms to FeCo 
enhanced the process of magnetic hardening [31]. Maximum 
coercivity of 4700 Oe and squareness of 0.98, as measured at 
10 k, were obtained for FeCoCu NWs with the diameter of 
18 nm by annealing at 500 °C. Thermal annealing of FeCoCu 
and the effect of the Cu addition to FeCo NWs array have also 
been studied, indicating that magnetic hardening could be pro-
moted by annealing [23, 32]. Therefore, the improvement of 
shape anisotropy through the high aspect ratio [20], the control 
of composition [33], the use of multi-step [34] and asymmetric 
[19] electrodeposition voltage for the microstructure modi-
fication, the substitution of different elements [22–29], and 
thermal annealing [23, 32, 33] have been considered to tune 
and reinforce the magnetic properties of FeCo NWs.

Previous studies have shown that by adding magnetic or 
non-magnetic elements to FeCo NWs, the structural and 

magnetic properties of single crystals are turned and the 
nature of matter could be tailored [23, 31, 32]. To the best of 
our knowledge, there is no prior work regarding on FeCoCr 
NWs.

Therefore, in the present work, the AAO templates were 
successfully prepared using two-step anodizing. Then, 
(FeCo)1−xCrx NWs with various chromium concentra-
tions were grown into templates. Subsequently, the mag-
netic analyses were carried out by the hysteresis curves and 
FORC diagrams were obtained for all of the samples. XRD 
patterns also confirmed the magnetic behavior of the NW 
arrays. These results indicated the structural dependence of 
the magnetic properties of (FeCo)1−xCrx NWs. The correla-
tion between structural features and magnetic analyses was 
investigated and the coercivity mechanism was interpreted 
by FORC analyses.

2 � Materials and methods

The AAO template was synthesized using the 99.997% 
pure aluminum disk as the precursor, as provided from Alfa 
Aesar. Starting materials were first ultrasonically washed 
and then electropolishing was carried out into a solution 
of ethanol and perchloric acid (1:4 in volume) with a cur-
rent density of 100 mAcm−2. The first step was anodizing, 
which was performed using 0.3 M oxalic acid for 6 h under 
the constant potential of 40 V at 17 °C. The oxide layer was 
then etched in 0.2 M chromic acid and 0.5 M phosphoric 
acid. The second step of anodization was carried out under 
the same conditions, as done for the first step, for 2 h. To 
reach the suitable barrier layer, the thinning second step of 
the anodizing potential was reduced to 10 V with a decreas-
ing rate of 0.001 V/sec.

To synthesize (FeCo)1-xCrx NWs array inside the alumina 
template, an electrolyte including 0.15 M FeSO4.7H2O, 
0.15 M CoSO4.7H2O, 0.7 M H3BO4 and 0.005 M ascorbic 
acid was prepared. Then, Cr2(SO4)3 with the concentrations 
of 0.001–0.03 M was also added to the electrolyte solution, 
according to Table 1.

The key effective parameters employed in the current 
research to get highly sufficient NWs are listed in Table 2. 
The deposition was performed at 30 °C and the acidity of the 
solution was kept constant at 3 using NaHCO3. To obtain uni-
form NWs during electrodeposition, Cu pre-plating was used 
to fill the branched pores. Electrodeposition was performed 
in a 0.3 M CuSO4.7H2O electrolyte. The temperature of the 
barrier layer was adjusted at 8 °C. The barrier layer served an 

Table 1   Identification of NW 
arrays according to the molar 
concentrations of chromium

0 0.001 0.002 0.003 0.006 0.01 0.03

Sample number Cr-0 Cr-1 Cr-2 Cr-3 Cr-6 Cr-10 Cr-30
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important role in current rectification as electrons were pro-
vided for cathodic reactions.

Finally, the samples were mounted and the aluminum sub-
strate was dissolved by immersing it in a solution of CuCl2. 
The crystalline structure of NWs was studied based on the 
XRD analysis, using Philips X’Pert Pro; this was done using 
Cu kα radiation, λ = 0.145 nm, which was run at a voltage at 
40 kV and 30 mA (with the step size of 0.05 and the time 
per step of 0.5 s). To eliminate alumina and identify NWs 
for the morphological investigation, the samples were etched 
in a solution of NaOH at the room temperature. Field emis-
sion scanning electron microscope (FESEM-MIRA3SCAN) 
equipped with energy dispersed X-ray spectrometer (EDS) 
analysis operating at 15 kV was employed. FE-SEM was also 
conducted to investigate the morphology and identify the 
dimensions of the NWs arrays. The hysteresis loop and angu-
lar dependence of magnetization were measured at the room 
temperature by applying the vibrating sample magnetometer. 
To thoroughly interpret the magnetic interaction and the trend 
of magnetic domains, first-order reversal curve analysis was 
recorded. To follow this approach, the specimen was first satu-
rated to HS and this was followed by the reduction to rever-
sal field (Hr). Then, the magnetic field was increased in the 
minus direction to reach the saturation field and the saturation 
value M (H,Hr) was measured in each single step. This proce-
dure was repeated by considering the boundary condition of 
Hr ≥ − Hs. The details of the procedure could be found in the 
literature [35–37]. The distribution of FORC is defined by:

To obtain a counter plot of the FORC diagram, the coer-
cive field (Hc) and interaction field (Hu) axes are expressed 
by [35–37]:

3 � Results and discussion

3.1 � Electrochemical consideration

Figure 1 represents the time dependence of the potential 
during the electro-deposition process for whole series of Cr 

(1)�
(
H,Hr

)
= −

1

2

�2M(H,Hr)

�H�Hr

(2)Hc =
H − Hr

2
,Hu =

H + Hr

2

concentrations. To stabilize the deposition current density 
at 50 mAcm−2, the deposition potential was varied from 11 
to a maximum value of 16.3 V for Cr-0. With an increase in 
the Cr content, the final voltage was declined, reaching the 
minimum of about 14 V for the high level of the Cr substitu-
tion in the last stage of the process.

The molar concentration of metal ions had a consider-
able influence on the electro-deposition current density. To 
reach the uniform filling of the pores, the current density 
was kept at the stable value of 50 mAcm−2. It was found that 
the addition of Cr could meet the requirement at the lower 
applied potential.

It was revealed that with increasing the Cr 
content ,  the  cor responding potent ia l  was as 
ECr-0 > ECr-2 > ECr-1 > ECr-3 > ECr-6 > ECr-30 > ECr-10. The 
potential for the samples Cr-10 and Cr-30 had an ascend-
ing trend without any stabilization up to 5000 s. The vari-
ation of potential could be interpreted by the ohm’s law. It 
should be noted that the impedance could originate from 
the electrolyte solution resistance, the barrier layer solution 
interface or the impedance of the nonporous alumina mem-
brane, and the dielectric constant of the oxide barrier layer 
[38]. In the current research, as the resistivity of the barrier 
layer remained constant, the voltage value was remarkably 
affected by the solution resistance and the solution ions 

Table 2   Electrodeposition 
conditions for (FeCo) (1-x)Crx 
NW and Cu pre-plating

Composition Reduction/oxida-
tion voltage (V)

Pulse time 
(ms)

Off- time
(ms)

Current density
(mAcm−2)

Deposition 
charge (C)

(FeCo) (1−x)Crx 12/11 2.5 50 50 1
Cu 12/11 2.5 50 60 0.1

Fig. 1   Deposition profiles recorded for different Cr concentrations 
during electrodeposition to reach the current density of 50 mAmcm−2 
at 30 °C
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conductivity determined the required potential to reach the 
current constant.

Although mechanical stirring could help metal ions to 
move in solution, due to the limited diffusion, as previously 
reported [13, 39], ions are transported inside the pores con-
trolled by the diffusion; this can be expressed by the Fick’s 
law. The current density of electro-deposition is followed 
by the number of charges, the diffusion coefficient of the 
electroactive spies, the bulk concentration of this species 
and the diffusion layer [39]. Hence, the diffusion coefficient 
and concentration of Cr ions were influential in determining 
the value of current density and reaching different potential 
levels.

In this work, the deposition temperature was kept constant 
at 30 °C, leading to the uniform growth of NWs. Higher tem-
perature forced the iron ions to be oxidized and H2 bubbles 
formation made an obstacle for the deposition of metals.

3.2 � Structural and morphological study

XRD patterns of the NWs embedded into AAO templates 
with different Cr concentrations are presented in Fig. 2a. 
The Cr-0 sample with the BCC structure was grown along 
the < 110 > direction. Based on the previous works, the 
high intensity diffracted peak was at 2θ = 44.7°, confirm-
ing the formation of FeCo [40, 41]. The peak intensity of 
(110) was increased from Cr-0 to Cr-3; it was decreased 
with increasing the Cr content. The alumina template could 
appear according to background in the XRD patterns. The 
Cr phase also appeared for the samples Cr-10 and Cr-30 with 
a higher concentration.

With an increase in the Cr concentration, the (110) peak 
was slightly shifted to the lower angles, as shown in Fig. 2b. 
Cr atoms were dissolved in the FeCo structure and the shift 
was a sequence of the variation of d-spacing and the lattice 
constant. The lattice constant was calculated using the 
Bragg’s law and the equation d =

a√
h2+k2+l2

 (d is the interpla-
nar spacing, a is the lattice constant, and h, k, and l are the 
values of the Miller indices of the diffraction peak) accord-
ing to the results obtained for the (110) diffraction peak, as 
shown in Fig. 2c. The trend was well consistent with the 
previous report [40].

Figure  2d shows the atomic percentage of Cr in the 
nanowires with Cr percentage in electrolyte and EDS spec-
tra. A typical cross-section view of NWs is also shown in 
Fig. 3a, displaying that alumina was dissolved and NWs with 
the length 10 µm were accumulated. Figure 3b shows the 
top-view micrograph of the porous alumina template. The 
pores had the average diameter of 30 nm and the inter-pore 
distance of 100 nm.

The branched dendrite at the bottom of pores was formed 
by exponentially reducing the anodization voltage at the last 

step of the anodization process. This dendrite structure was 
filled by copper using an electro-deposition stage (Fig. 3c). 
This Cu pre-plating would have resulted in the enhance-
ment of electro-deposition conditions, providing the mag-
netic properties.

3.3 � Magnetic measurement

The magnetic properties of the (FeCo)(1−x)Crx NW arrays 
in the perpendicular direction and at room temperature are 
presented in Fig. 4a. By adding non-magnetic Cr cations, MS 
was reduced from 37 to 17 memu.

The perpendicular coercivities of the whole series of 
specimens were lower than those for the in-plane measure-
ments. It was found that with an increase in the Cr substitu-
tions, the coercivity and squareness were reduced. Conse-
quently, the magnetic easy axis was along the NW direction. 
The branched structures filled by copper played an import 
role in the enhancement of coercivity and squareness for the 
whole series of the samples.

The variations of coercivity, squareness and saturation 
magnetization of the NW arrays with the Cr concentration 
are shown in Fig. 4b. The coercivity was decreased from 
2265 Oe for Cr-0 to 1388 Oe for the sample Cr-30. At the 
low level of the Cr substitution, the lattice parameter was 
increased, causing the alternation of the magnetocrystal-
line anisotropy constant, magnetostatic interaction and 
the exchange of energy. However, for Cr-10 and Cr-30, the 
existence of the non-magnetic Cr-base phase was proved 
by XRD; consequently, the saturation magnetization was 
declined. Similar variations in coercivity were observed by 
the addition of the diluted value of copper in iron cobalt 
Nws, as shown in the literature [41].

Magnetization reversal mechanism of NWs was deter-
mined by the angular dependence of coercivity, as shown 
in Fig. 5. It should be noted that, the coercivity values were 
normalized by the coercivity value at θ = 0°. It was found 
that the variation reflected the smooth reduction up to 
θ = 45° and further increase in the field orientation caused a 
sharp decrease in trend.

The non-monotonic behavior of HC in the large applied 
angles for the FeCo NWs array was comparable with a 
magnetization reversal model and could be attributed to the 
nucleation and movement of the domain walls [42–44].This 
state was preserved in the presence of Cr up to 0.01 M on the 
sample Cr-10. The diameter of NWs was sufficiently large 
to create the new domain wall. Bajales [45] also reported 
the mechanism of nucleation and propagation of a trans-
verse domain wall along the FeCo NWs length, based on the 
analytic calculation for the transverse domain wall (TDW) 
[46, 47].
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Fig. 2   a XRD patterns of the NW arrays, and (b) the patterns at (a) 
were re-plotted at 41- 49° for better phase identification. c Variation 
of the lattice constant with Cr+3 concentrations (mole) in electrolyte 

and (d) the Cr content in nanowires as a function of Cr+3 in the elec-
trolyte and the typical EDS spectra
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As it is clear, for the sample Cr-30, a decreasing slope 
was consistent with the increase of the angle up to 90°, while 
for other samples coercivity was sharply reduced at an angle 
higher than 60°.

Figure 6 shows chromium dependence of FORC diagrams 
as measured in the perpendicular direction of the NW arrays. 
This measurement could provide the distribution of the inter-
action and coercive field. FORC diagrams also, indicated the 
presence of a single domain phase for the samples. FORC 
analyses further confirmed the wide distribution in the FeCo 
NWs length that appeared as a narrow tail along the Hc axis. 
Based on the analytical and experimental methods, Dobrota 
and Stancu demonstrated that the non-uniform length distri-
bution of NWs caused a wide distribution along the Hc axis 
[48]. FORC diagrams for the FeCo nanowires also displayed 
that the tail was extended more than 4000 Oe, and it was  
changed with an increase in the Cr content.

Figure 7c show the variations of HC
FORC and HC

array with 
the Cr content. HC

FORC is defined by the peak of the coer-
cive field distribution of the NWs array (Fig. 7b) and HC

array 
refers to the coercivity values from the hysteresis loops. 

It was clear that with the addition of 0.002 M Cr, HC
array 

was decreased from 2265 to 2130 Oe, while HC
FORC was 

kept almost constant at 2056 Oe. Comparison of the FORC 
distribution width in the Hu direction (Fig. 7b) indicated 
an increase in the interaction, resulting in a decrease of the 
coercive field of the array.

HC
array and HC

FORC were sharply decreased with increas-
ing the Cr content from 0.002 to 0.01 M concentration. The 
variation could be attributed to the magnetic de-coupling of 
FeCo containing Cr along the NW length. The magnetostatic 
interactions as intra-wire interactions could be reduced due 
to the enhanced Cr.

Extension along the Hu axis reflected the existence of the 
magnetostatic interaction for FeCo NWs (Fig. 7b). The wide 
range distribution with the FWHM of ~ 1500 Oe for Cr-0 
is related to the magnetostatic interaction between NWs. It 
has been previously reported that for the NWs array with 
the length of 3 µm and diameter of 30 nm, FWHM is 2000 
Oe [50].

The wide distribution along the Hu direction and the 
closed counter centered at the switching field for FeCo 
indicated the single domain behavior with the magnetostatic 
interaction between the NWs. As can be seen, increasing the 
Cr content led to a decrease in the spreading of distribution 
along the Hu axis and a decrease for the maximum peak 

Fig. 3   a Cross-sectional 
FESEM image of the NWs of 
the sample Cr-2, (b) a typical 
top view of the FESEM micro-
graph of the alumina template, 
and (c) the branched dendrite of 
Cu at the bottom of the enlarged 
micrograph of NWs
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along the HC axis. At the higher level of the Cr content, 
the non-magnetic element can be reduced the magneto-
static interactions. Consequently, the non-interacting single 
domain behavior was dominant for the 0.03 M concentration 
of Cr.

It is assumed from the moving Preisach model that the 
interaction between individual magnetic elements at the 
saturation state follows the relationship [51]:

where σint is the standard deviation of the distribution due 
to the local interaction and k denotes the mean interaction 
field in the saturation state. Simulation results have indicated 
that for the large values |k|∕�int , the distribution along the 
Hu axis is widening and the mean magnetostatic interac-
tions between NWs prevail. When the local magnetostatic 
interactions between magnetic segments are dominant, the 
peak of plot is sharply (σint»|k|). The FORC diagram for the 

(1)H
s

int
= 2�int − k,

Fig. 4   a Hysteresis loops of 
(FeCo) 1-xCrx NWs with dif-
ferent Cr contents. b Variation 
of coercivity, squareness and 
saturation magnetization of 
(FeCo)(1−x)Crx NWs as a func-
tion Cr+3 concentrations in the 
electrolyte
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high aspect ratio FeCo NWs array indicates an elongation 
along the Hu axis which is related to an antiparallel field of 
the inter-wire interaction [52].

A narrow distribution along the Hu axis and a decrease 
of the FWHM value appeared for Cr-10 and Cr-30. The 
presence of the dominant local interaction provides a sharp 
peak along the Hu axis (Fig. 7a). As confirmed by the XRD 
analysis, Cr related peak appeared at a higher concentra-
tion that might be substituted among the magnetic enti-
ties. Consequently, the local magnetic interactions were 
present in the presence of the Cr element beside the mag-
netic phase. Figure 8 shows the schematic of inter-wire 
and intra-wire interactions in the NW arrays.

Additionally, ΔHu
FORC is equal to the inter-wire magne-

tostatic field at saturation (HS
int) that could be correlated 

with the saturation magnetization and geometrical feature of 
NWs such as radius, length, and inter-wire distance [40, 49]. 
Since the dimension configuration is similar for the whole 
NWs seen, an increase in the non-magnetic Cr could cause 
a decrease in the saturation of magnetization and ΔHu

FORC.

4 � Conclusion

In this work, (FeCo)1−xCrx NWs with a uniform diameter 
and length were fabricated using the AC pulsed electrodepo-
sition technique in the anodic aluminum oxide template. The 
Cr addition increases the lattice constant of FeCo in low 
Cr content and it makes to appear the Cr phase in high Cr 
content. The increment of the Cr addition to the FeCo NWs 
array caused a decrease in the saturation magnetization, 
squareness and coercivity. Experimental results extracted 
from the angular dependence of coercivity suggested that the 
magnetization transverse domain wall mode was the domi-
nant mechanism. The FORC diagrams further confirmed 
the local magnetic interactions occurring in the NWs array 
for the high Cr content. The FORC diagrams also showed 
an almost symmetrical wide distribution along the HC axis 
with closed contours centered with the dominant interacting 
single domain for the FeCo NWs array. It was also found that 
the mean coercivity of the individual NWs was not differ-
ently varied by the low addition of Cr. The low Cr addition 
to FeCo NWs, also made no significant variation in MS.

Fig. 5   The angular dependence of coercivity for (FeCo)(1−x)Crx NWs
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Fig. 6   Out-of-plane FORC diagrams of (FeCo)1−xCrx NWs for the samples: (a) Cr-0, (b) Cr-1, (c) Cr-2 (d) Cr-3 (e) Cr-6, (f) Cr-10 and (g) Cr-30
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Fig. 7   a The cross-sectional view of FORC diagrams; along the Hu axis, (b) along the HC axis at Hu = 0 and (c) variation of HC
array and HC

FORC 
as a function of the Cr concentration
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