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A B S T R A C T

The Co1−xMnx (9.1≤ x≤ 15.2) alloy nanowires with uniform size and high density have been prepared by AC electrodeposition method into the anodized aluminum
oxide AAO templates by using the different AC potential from 9 V to 13 V. A systematic study has been done about the voltage dependent physical, dielectric and
magnetic properties of CoMn nanowires. The diameter and length of nanowires is found to be 95 nm and 15 μm respectively by getting the image from Secondary
Electron Microscope. The Energy Dispersive X-ray Spectroscopy gave the information which shows that the composition of Mn and Co increases and decreases
respectively with the increase of deposition voltage. It was observed from X-ray Diffraction data of all samples that CoMn alloy nanowires have the cubic structure
and crystallite size vary from∼39.6 nm to∼48.9 nm. The Fourier Transform Infrared Spectroscopy pattern shows the presence of other materials such as CoO, MnO,
and Al2O3 at different wavenumber range. The dielectric constant, dielectric loss, tangent loss and AC conductivity have been measured from LCR meter data at room
temperature. The aforementioned dielectric properties decrease with the increase of deposition voltage due to incorporation of Mn ions and deduction of Co ions. The
descending trend of AC conductivity against the increasing voltage is also due to the increase of grain boundary volume. The M-H loops of CoMn nanowires have been
measured by using the Vibrating Sample Magnetometer and show the anisotropic and ferromagnetic behavior. From hysteresis loops, it is also found that magne-
tization reversal has nucleation mode and squareness decreases with increase of angle. The effective anisotropy is found to be along the nanowires. This study is
useful to modify the physical, structural, dielectric and magnetic properties of the metallic materials according to desire devices.

1. Introduction

Nanostructure materials have fascinating and tremendous scientific
and technological attention because of their numerous beneficial
properties such as high strength, high surface to volume ratio, low mass
density and enriched thermal, electrical, catalytic and optical behavior.
Applications of metallic elements with nanostructure morphology in-
clude sensors, capacitors, magnetic storage media, batteries, water
purification devices and light weight structures [1,2]. The size depen-
dent reactivity and enriched surface area of nanostructure metallic
components also make them a promising and interesting area of study
for the numerous applications. Over the last decade, devotions have
been paid to change the physical performance of zero-dimensional
(0D), one-dimensional (1D), and two-dimensional (2D) nanostructure
materials due to the numerous range of applications in the field of
microelectronic devices, optical coatings, data storage media, wear
resistant coatings, flat panel displays, biological implants, sensor de-
vices, photovoltaic cells, photodiodes, photodetectors and many more
[3–9]. Furthermore in the field of biomedicine magnetic nanomaterials

have implementation to prevent, diagnose and treatment of a wide
range of diseases at molecular and cellular scale [10]. Comparison to
other techniques of nanostructure growth such as electroplating, ball
milling and sputtering, template based techniques have been con-
sidered to versatile approach of different nanostructure materials under
the control environment at low cost [11–15]. Template base techniques
have the advantage to deposit the metals with spatial separation and
consist of two steps: fabrication of the porous matrix and filling of
porous matrix with necessary materials. The most common approaches
are anodizing, ion-track technology, track membrane and lithography
to fabricate the nano porous templates on the base of polymer film,
silicon, as well as different oxide materials such as SiO2, TiO2, and
Al2O3 [16–19]. Among all aforesaid template’s fabrication techniques,
the anodization is an efficient and feasible technique to fabricate the
metal oxide nanostructure layer on the surface of metal [20]. Anodizing
technique has the unique characteristic to fabricate the AAO templates.
It is low cost, easy approach, highly controllable process and gives the
well-organized and regular arrangement of the templates. Now a days,
among the all kind of nanostructured materials, cylindrical magnetic
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nanowires fabricated by controlled electrodeposition method constitute
excellent strategic candidate to next generation data storage devices
and engineering magnetic domain configuration [21,22]. Nanos-
tructure of magnetic materials especially the ferromagnetic materials
have the much importance in the different fields. Fundamental interest
in ferromagnetic nanostructures (nanoparticles, nanowires, nanotubes,
thin film) lies in appearance of incredible magnetic and transport
properties as the dimensions proceed toward the length scale of few
nanometer to few ten nanometer [23]. Nanostructure ferromagnetic
materials, such as nickel (Ni), cobalt (Co) and iron (Fe) have been fo-
cused on research due to unique and wide range of magnetic properties
[24]. Nanowires of ferromagnetic materials within single magnetic
domain size exhibit an extraordinarily enhanced coercivity and high
remanence ratio. These magnetic changes at nanoscale make the
magnetic materials for the use of magnetic recording media and high
sensitive GMR [25,26]. Different chemical composition of alloys cor-
responds to different crystal structure and crystallite size which results
the different physical, dielectric and magnetic properties [27,28]. The
understanding of such relation is very useful to investigate the different
physical, electrical and magnetic properties for desired applications.
The Mn based alloys have great interest because of their use in magnetic
recording media industry among the 3d transition element [29–31].
The very interesting physical, chemical, structural and magnetic prop-
erties are obtained when Co and Mn makes the alloy with each other
[32–34]. The combination of Co and Mn with different composition
gives the different physical, dielectric and magnetic properties and
helps us to understand the physics behind such properties [35].

Most of the study and research about the properties, characteristics
and application of ferromagnetic materials have been investigated on
three dimensional materials, thin film and nanoparticles. Some research
also done on Co1−xMnx (x= 10) nanowires [36]. The variation in the
morphology, structural geometry and composition of material with the
help of different AC deposition potential has the significant effect to
alter the physical, electrical and magnetic properties of the materials.
To best of our awareness, it was the first time to fabricate Co1−xMnx
nanowires with the help of electrodeposition method at different AC
deposition potential and the effect of different AC deposition potential
on physical, electrical and magnetic properties have been studied in
detail.

2. Experimental setup

The CoMn nanowires were fabricated by AC electrodeposition
method in AAO templates [37–40]. The recipe for the solution to fab-
ricate the CoMn nanowires was prepared by using the CoSO4·7H2O
(0.1 M), MnSO4·H2O (0.1M) in 100ml distilled water. A small amount
of boric acid H3BO3 was also added as a homogenizing agent to enhance
the deposition rate and avoid from the hydroxide formation [41]. The
CoMn nanowires were fabricated at 9, 10, 11, 12 and 13 AC voltage by
keeping all other parameters constant for example temperature and pH
of the solution. The Al foil between the templates was used as an
electrode while other electrode was of the cupper. Nanowires growth
start from the bottom of AAO tubes. First metal ions Mn+ reduce on the
surface of aluminum and then metal atoms nucleate and fabricate on
the surface of aluminum [42]. The growth mechanism for electro-
deposited materials is given by the reaction;

+ → −IA SS FA SS

The growth mechanism is governed by the interaction energy be-
tween initial atoms and substrate surface (EIA−SS) and interaction en-
ergy between initial atoms and film atoms (EIA−FA). When (EIA−SS) is
greater than (EIA−FA), the deposition occurs by the Stranski-Krastanov
mechanism. When (EIA−SS) is less than (EIA−FA), the deposition occurs
by Volmer-Weber mechanism [43]. Nanowires cannot be seen without
removing the AAO templates. So AAO templates were removed by
putting the samples in the solution of 0.025M NaOH for two hours at

60 °C.
To study the surface morphology and composition of the samples,

SEM and EDX (6490 LA) was used. X-ray diffractometer of wavelength
CuKα (λ=1.5405 Å) was used to investigate the phase and crystal
structure of CoMn nanowires. FTIR Spectroscopy was used to in-
vestigate the existence of unknown materials and bonding between
them. LCR meter (Volnic U1300 LCR meter) was used to inspect the
dielectric properties of the specimen. The magnetic properties were
investigated by the VSM (Lakeshore VSM) at room temperature.

3. Results and discussions

3.1. Morphological Investigation

The morphology and size of nanostructure materials is characterized
by the SEM. Fig. 1 is the SEM images of the sample prepared at 11 V.
According to SEM image the morphology of the sample is found to be
nanowires and the diameter of nanowires is almost from 90 nm to
100 nm. The length of nanowires is 15 μm.

3.2. Composition Investigation

The composition was analyzed by EDX Spectroscopy. Fig. 2 (a)
shows the EDX spectrum and composition of the sample.

As from Fig. 2 (a) oxygen, aluminum, silicon, phosphorous, man-
ganese and cobalt are present in the sample. The first four are due to
substrate and impurities but we have concern with cobalt and manga-
nese because both are the deposited materials which make the nano-
wires. Fig. 2 (b) is graphical representation of Co and Mn atomic and
weight percentage against the voltage. The graph shows the decreasing
trend of cobalt content and increasing trend of manganese content. This
effect of different percentage variation is due to the reduction potential
of Co2+ and Mn2+ ions. The standard reduction potential of Co2+ +
2e→ Co and Mn2+ + 2e→Mn are −0.28 V and −1.18 V respectively
with respect to standard hydrogen electrode, which means Co has
higher standard electrode potential than Mn. The elements at higher
slandered electrode potential are suppressed at higher deposition po-
tential [44,45]. The applied potential determine the reduction rate of
Co2+ and Mn2+. Increase of deposition potential causes the better
condition for reduction of Mn2+ than Co2+. So the rate of Mn deposi-
tion occurs high at more negative potentials (higher deposition poten-
tial) than the rate of Co deposition, which results the increase of Mn
content percentage and decrease of Co content percentage in nano-
wires.

Fig. 1. SEM Image of CoMn Nanowires.
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3.3. Structural analysis

The XRD pattern of synthesized CoMn nanowires by electro-
deposition method at different voltage (9, 10, 11, 12 and 13) are shown
in Fig. 3 (a). The range of angle 2θ is from 10° to 80°. In all five samples
the presence of very sharp peak illustrates a perfect crystal. The relative
intensity of different samples has a small variation in it. This small
variation in the intensity of different samples is may be due to number
of reasons. These reasons include variation of the density of nanos-
tructure on substrate, phase concentration, effect of the instrument,
crystalline size and orientation of sample etc. CoMn XRD pattern has
three diffraction peaks and are detected at 2θ=44.92°, 65.41° and
78.55°. The peaks at 44.92° and 65.41° refer to cubic crystal structure of
CoMn (ICSD IDs 187981) [46] with miller indices (1 1 0) and (2 0 0)
respectively while the peaks at 78.55 refer to Al FCC structure (ICSD IDs
53774) with miller indices (3 1 1) [47]. The Interplanar spacing is
calculated by Bragg’s law and has the value of 2 Å for (1 1 0) peak and
1.4 Å for (2 0 0) peak. The unit cell parameter is 2.8 Å, Volume is
23.1 Å3 and the radius is 1.4 Å.

Harris formula was used to investigate the texture coefficient;

=
∑

TC hkl I hkl I kkl
I hkl I kkl

( ) ( )/ ( )
( )/ ( )

o

n o
1

(1)

Where, I(hkl) is experimentally measured relative intensity, Io(hkl) is
the stander relative intensity according to the JCPDS or ICSD database,

and n is the number of planes or total number of reflections. The cal-
culated data are summarized in Table 1. The values of texture coeffi-
cient that exceeded unity refer to the preferred orientation of crystal-
lites in the corresponding planes. The acquired values of texture
coefficient confirm that the (1 1 0) direction is dominant in the struc-
ture of CoMn nanowires. These values also show that with the increase
of deposition voltage, the degree of texturing of nanowires increases.
This indicates the increasing number of grain along the planes [48,49].

Debye Scherer formula was used to calculate the crystallite size of
most intense peak CoMn (1 1 0) for all samples.

= λ β θD k / cos (2)

Where K is the shape constant and has the value of 0.9, λ represent
the wavelength value of X-rays which is 1.54 Å and β is the value of full
width at half maximum. Fig. 3 (b) shows that the crystallite size is in-
creasing with the increase of voltage. The primary reasons of increasing

Fig. 2. (a) EDX Spectrum of CoMn Nanowires (b) Composition Variation Due to Potential.

Fig. 3. (a) XRD Pattern of CoMn Nanowires (b) Crystallite Size at different Voltage.

Table 1
Values of Texturing Coefficient.

2θ° (hkl) TC (hkl)

9 V 10 V 11 V 12 V 13 V

44.92 (1 1 0) 1.4725 1.4953 1.5032 1.5238 1.5369
78.55 (2 0 0) 0.5274 0.5047 0.4968 0.4761 0.4631
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the crystallite size is the increasing value of the texturing coefficient
with the increase of deposition voltage, which leads to grow the more
grains along the plane. When the deposition potential increases, crys-
tallites stretch along the nanowire axis due to increase in growth rate
[50]. The other reasons may be the agglomeration or the addition of Mn
and reduction of Co composition in nanowires. The Mn and Co has the
atomic radius of 204 pm and 200 pm respectively. The Mn atomic ra-
dius is greater than the Co. So increasing trend of Mn and decreasing
trend of Co results the increase of crystallite size.

3.4. Fourier transform infrared spectroscopy

FTIR was used to detect the molecular bonding and identification of
unknown materials in samples. In FTIR spectroscopy when IR radiations
fall on a specimen, some of IR radiations are transmitted and some of
them are absorbed. As a result a spectrum is obtained which is a mo-
lecular fingerprint and determine the molecular absorption and trans-
mission. Fig. 4 shows the IR spectra of CoMn nanowires prepared in
AAO templates on the aluminum substrate. The spectra were taken
from wavenumber range 500 cm−1 to 4000 cm−1 as shown in Fig. 4 (a)
while Fig. 4 (b) is the zoomed image of Fig. 4 (a) from wavelength
range 500 cm−1 to 1200 cm−1.

The Band observed at 575 cm−1 represents the bending mode of
vibration of manganese oxide. The wavenumber around the 668 cm−1

is corresponded to vibrational bending mode of Cobalt oxide bonding
[51]. The Al2O3 is observed at 980 cm−1. The stretching bond between
carbon and oxygen exists at wavenumber of 1150 cm−1. The peak
ranging from 1570 cm−1 to 1619 cm−1 is corresponded for hydroxyl
(OH) group [52]. The peaks ranging from 2330 cm−1 to 2360 cm−1 are
assigned for carbon dioxide. The stretching vibrational band in H2O is
observed at the range of 3400 cm−1 to 3672 cm−1.

3.5. Dielectric results

LCR meter was used to study the dielectric properties of Co1−xMnx
nanowires deposited on the aluminum substrate. The LCR meter gave
the results of capacitance and D-factor under the frequency range of
100 Hz to 5MHz. The values of dielectric constant were calculated with
the help of the relation;

=ε Cd
ε Ao

'

(3)

Where ε′ is the dielectric constant or the real part of dielectrics, C is the
capacitance value in farad, d is the thickness of sample in meter, εo is
permittivity of free space and A is the area of surface cross-section.

Fig. 5 (a) shows the dielectric constant graph as a function of log of
frequencies. The dielectric constant reduces as the applied frequency
increases and becomes constant at higher frequencies. This is ordinary
because of fact that any class of species contributing to polarizability is
found to show lagging behind the applied field at higher and higher
frequencies. The values of dielectric constant also decreases with the
increase of the voltage as shown in inset graph of Fig. 5 (a). This de-
crease with the voltage is due to incorporation of Mn ions and deduc-
tion of Co ions with the increase of voltage. Basically dielectric term is
special for insulators. Co and Mn both are metals and have extremely
low dielectric constant. Mn has more metallic character than Co. in-
creasing Mn and decreasing Co contents results the increasing trend of
metallic character. So the dielectric constant decreases. The inset graph
is plotted between the maximum value of dielectric constant at initial
frequency and voltage.

The dielectric loss factor ε″, which is the imaginary part of di-
electrics was also calculated with the help of the relation;

″ = ′ ×ε ε δtan( ) (4)

Where ε″ is the dielectric loss or imaginary part of dielectrics, ε′ is the
dielectric constant or the real part of the dielectrics and tan (δ) is the
tangent loss or dissipation factor (D-factor) used to calculate the di-
electric loss. Fig. 5 (b) shows the graph of dielectric loss as a function of
log of frequencies. The dielectric loss decreases with increase of applied
frequency. The values become constant at higher frequencies. The re-
duction of dielectric loss due to increase of frequency is attributed to
decline in polarization of the specimen because the dipole cannot
follow up the field variation. The dielectric loss also decreases with
increase of voltage. The inset graph of Fig. 5 (b) is between the max-
imum values of dielectric loss at initial frequency and voltage.

Fig. 5 (c) is the graphical representation between tangent loss and
log of frequencies. The values of dielectric tangent loss also decrease
with the increase of frequencies. The decrease in tangent loss with the
increase of frequencies may be attributed to Maxwell-Wagner polar-
ization. The decrease in tangent loss with the increase of voltage is may
be due to incorporation of Mn ions and deduction of Co ions into the
lattice.

The AC conductivity is calculated by using the relation;

=σ πfε ε δ2 tan( )ac o
' (5)

Where f is the applied frequency, εo is the permittivity of free space, ε′ is
the dielectric constant and tan (δ) is the tangent loss or dissipation
factor (D-factor). Fig. 5 (d) is the illustration of AC Conductivity as a
function of log of frequencies. The graph shows that at low frequencies
the value of AC Conductivity is small and constant, and at higher

Fig 4. FTIR Spectra of CoMn Nanowires (a) Spectra from 500 cm−1 to 4000 cm−1 Wavenumber (b) Spectra from 500 cm−1 1200 cm−1 Wavenumber.
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frequencies it increases suddenly and reaches its maximum value. The
inset graph of Fig. 5 (d) shows that conductivity of samples is de-
creasing with increase of voltage. This decrease of conductivity may be
due to the increasing of manganese and decreasing of cobalt composi-
tion. The AC Conductivity of cobalt and manganese is 1.7× 107 S/m
and 6.2×105 S/m. If composition of less conductivity material in-
creases and composition of higher conductivity material decreases, ul-
timately the conductivity will decrease. The grain boundaries also affect
the AC Conductivity and from XRD data the crystallite size increases
with the increase of voltage so as a result grain size and the volume of
the grain boundaries increases. Any increase in the volume of grain
boundaries will always reduce the total value of conductivity [53]. In
our case with the increase of voltage Mn composition increases and Co
composition decreases. As a result grain size and grain boundaries are
increases, so AC Conductivity decreases with increase of voltage.

3.6. Magnetic measurements

VSM was used to investigate the magnetic properties of the spe-
cimen which were synthesized at 9, 10, 11, 12 and 13 V.

The MH loops of all CoMn samples are shown in Fig. 6. Figure ex-
hibits that CoMn nanowires with rich cobalt concentration shows the
ferromagnetic behavior. Loops were taken at 0° and 90° and sharp
difference at two angles shows the anisotropic behavior of magnetiza-
tion and coercivity. The voltage dependent saturation magnetization
and coercivity graph are shown in Fig. 7 (a) and (b). The value of sa-
turation magnetization and coercivity decreases with the increase of
voltage. This decreasing behavior of saturation magnetization and
coercivity against the voltage is due to the addition of nonmagnetic ions
and reduction of magnetic ions with the increase of voltage.

The variation of coercivity as a function of angle between nanowire

axis and externally applied magnetic field is described by the magne-
tization reversal mechanism. The magnetization reversal mechanism is
a very important phenomena in magnetic nanowires for the application
of magnetic recording media. When any magnetic material is placed in
externally applied magnetic field, the magnetic moments inside the
materials try to align themselves in the direction of applied magnetic
field. In literature, there are various possible reversal mechanism such
as curling, buckling, coherent and nucleation. The coercivity as func-
tion of angle between applied magnetic field and nanowire axis pro-
vides an easy approach to define exact reversal mechanism. Fig. 7 (c)
shows the reversal mechanism or angular dependence of coercivity. The
curling mechanism of magnetization reversal in an infinite cylinder is
define by the relation;

=
+

+
H a a

a a Cos θ
H(1 )

(1 2 )
c k2 2 (6)

Where a=−1.08(dc/d)2. This equation predicts that if the angular
dependent coercivity increases with the increase of angle, it represents
the curling mode of reversal mechanism [54,55]. If angular dependent
coercivity decreases with the increase of angle, it shows the coherent
mode of reversal mechanism and calculated by the Stoner-Wohlfarth
model and is given by the formula;

= −
+ − +

+
H θ K L K t t

M t
( ) 2[ ( ) ] 1

(1 )n
c sh nw mc

o

2 4

2 (7)

Where Ksh is shape anisotropy constant, Kmc is magnetocrystalline an-
isotropy, Lnw is the length of nanowire Mo is the saturation magneti-
zation and t= tan(θ)1/3, where θ is the angle between applied magnetic
field and long axis of nanowires [56,57]. For coherent mode of reversal
mechanism the domain wall width and coherent length should be
compatible to the length or diameter of the nanowires. To obey the

Fig. 5. (a) Dielectric Constant (b) Dielectric loss (c) Tangent loss (d) AC Conductivity as a Function of Log Frequency.
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Fig. 6. M-H Curves of CoMn Nanowires.

Fig. 7. (a) Magnetic Moment vs. Voltage (b) Coercivity vs. Voltage (c) Coercivity as a function of Angle (d) Squareness as a function of Angle.
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value of domain wall width and coherent length the diameter and
length of nanowires should be almost from 8 nm to 20 nm and from
200 nm to 500 nm respectively. From Fig. 7 (c) coercivity decreases
with increase of angle and it shows the nucleation mode of magneti-
zation reversal because the domain wall width and exchange length is
not compatible to coherent length and width and exist above the critical
parameter. In nucleation mode of reversal mechanism, first the domain
walls nucleate at some point in nanowires and then move from one
place to another.

The ratio of magnetic remanence Mr and saturation magnetization
Ms shows the remanent squareness. The remanent squareness as a
function of angle are shown in Fig. 7 (d). In the case of CoMn nanowires
squareness in the parallel geometry is larger than that of the perpen-
dicular geometry. The squareness is defined by effective anisotropy
governed by the equation;

= − +H πM πM r L D H2 6.3 /K S S ma
2 3 (8)

The 1st term shows the shape anisotropy. It is the tendency which
tries to align the magnetic moments along the nanowire axis (easy axis).
The 2nd term is magnetostatic interaction or dipole–dipole interaction.
It is the tendency which tries to align the magnetic moment perpen-
dicular to the nanowire axis. The 3rd term shows the magneto crys-
talline anisotropy and it is also behave in the shape anisotropy direction
but it has a negligible effect and depending upon the crystallinity of the
metal. In the nanowire case the shape anisotropy is dominant so that
the squareness is maximum along the easy axis, as a result the nano-
wires exhibit the maximum squareness along the nanowire axis (easy
axis) and minimum along the perpendicular of nanowire axis (hard
axis). So it shows the decreasing trend from easy axis to hard axis.
Decrease in squareness results the increase of sheerness.

4. Conclusion

The Co1−xMnx (9.1≤ x≤ 15.2) nanowires were fabricated at 9, 10,
11, 12 and 13 V by AC electrodeposition method in anodic aluminum
oxide (AAO) templates. The SEM study illustrates that morphology of
the deposited material is nanowires. The diameter and the length of the
nanowires was almost 95 nm and 15 μm respectively. The EDX analysis
shows that the Co and Mn composition have decreasing and increasing
trend respectively with the increase of deposition voltage due to effect
of reduction potential. From XRD, crystallite size of the nanowire is also
increasing from ∼39.6 nm to ∼48.9 nm with the increase of voltage.
FTIR spectra show the existence of different oxide in the samples. The
dielectric study presents that dielectric constant, dielectric loss, tangent
loss and AC conductivity decreases with increase of deposition voltage.
The MH loops indicate the ferromagnetic and anisotropic behavior.
Magnetization reversal demonstrates the nucleation mode of magneti-
zation and squareness shows that the easy axis is along the nanowires.
The angle dependent coercivity and squareness decreases with the in-
crease of angle and shows the maximum value at 00 and minimum
value at 90°. The net magnetic moments, coercivity, magnetization
reversal and squareness decreases with the increase of deposition vol-
tage. These variation in the structural, electrical and magnetic prop-
erties against the deposition voltage will help us to produce micro-
electronic devices, magnetic recording devices and high sensitive GMR.
Furthermore magnetic nanomaterials with tunable properties have
much importance in the field of biomedicine to transport medicine to
kill the damage tissues.
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