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a b s t r a c t

Co rich CoNiFe thin films of varying thickness were electrodeposited onto 100 �m diameter copper wires.
The microstructure, magnetic properties and magnetoimpedance effect of the samples have been inves-
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tigated as a function of deposition time. All samples show ferromagnetic behavior with no significant
change in coercivity values. The samples are found to exhibit higher magnetoimpedance values (80%)
at a frequency of 1 MHz. Detailed analysis of high frequency magnetoimpedance and permeability data
suggest a strong correlation between soft magnetic and magnetoimpedance behavior. Following these
trends a phenomenological model has also been developed to explain the variation of magnetoimpedance
as a function of film thickness.
hickness

. Introduction

Giant magnetoimpedance (GMI), that refers to the change in
mpedance of a magnetic element supplied with an a.c. input sig-
al as a function of applied longitudinal d.c. magnetic field, has
ttracted considerable attention recently [1–3]. Studies on GMI
henomenon at lower applied magnetic field is of particular impor-
ance for application as magnetic sensor [4,5]. As a consequence,
MI in softmagnetic materials with shapes, such as, ribbons, thin
lms, multilayer and glass coated amorphous wires [6–11] has been
tudied for scientific understanding [12,13] and applications [4,5].
mong them, thin magnetic film coated on thin wires appears to be
uite promising for the industrial application as they produce large
agnetoimpedance (MI) at low applied fields.
The origin of GMI in soft magnetic thin films coated on a non-

agnetic wire lies in change of skin depth which in turn depends on
actors such as permeability and directionality of applied external

agnetic field in conjunction with high frequency a.c. circum-
erential field created by a current flowing along the sample. So,
pplication of even a small external magnetic field may be expected
o tune the skin depth of the sample resulting in large change in it’s
mpedance in accordance with the relation (valid for intermediate

requencies typically from 10 kHz to 10 MHz) [14].

∝ 1
ı

≈ √
�t�ω (1)
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Where Z is a.c. impedance of the sample, ı is skin depth, �t is trans-
verse permeability, � is d.c. conductivity of the sample and ω is
frequency of a.c. applied signal.

Several methods such as thermal evaporation, sputtering and
electron beam evaporation are well known method for deposi-
tion of thin films. However, electrodeposition method has been
extensively used for thin film deposition on substrates of cylindri-
cal geometry (wires) as this method has a special significance in
achieving homogeneity of the film on cylindrical substrates in sharp
contrast to other methods of film deposition. Also, the effective
control of film quality is achieved in electrodeposition by vary-
ing deposition parameters and using d.c. and pulse method of
deposition. Accordingly, electrodeposition has been widely used
for coating of magnetically soft alloy film on highly conducting
wire. GMI effect was observed on these composite wires [15,16].
One of the critical factors affecting the performance of such sens-
ing wires is the thickness of the magnetic coating layer. MI effects
have been investigated theoretically for composite wires. An opti-
mum value of film thickness was found for a given value of total
thickness of wire at a particular frequency so that the magne-
toimpedance effect is maximum [17]. Experimentally Seet et al.
verified and reported optimum NiFe film thickness to get maxi-
mum value of MI [18]. On the other hand, Atalay and Atalay [11]
showed that higher values of MI can be obtained at larger thick-
nesses of NiFe film. Jantaratana and Sirisathitkul also have reported

effect of coating thickness variation of electrodeposited Co/Cu on
magnetoimpedance phenomenon quite beautifully [19]. Effect of
other deposition parameters, such as, pH of deposition bath and
composition of the bath on MI has also been studied on CoNiFe/Cu
wire [20–22]. However, film thickness dependence on MI of CoNiFe
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http://www.elsevier.com/locate/jallcom
mailto:amar@phy.iitkgp.ernet.in
dx.doi.org/10.1016/j.jallcom.2009.02.054


772 A.C. Mishra et al. / Journal of Alloys and

F
v

c
b
d
e
e
l

h

Z
d

ig. 1. Schematic diagram of CoNiFe/Cu electrodeposited wire. (a) three dimensional
iew (b) planner view.

oated on Copper wire has not been investigated. Such studies could
e possible if only the thickness of the coated magnetic film is
etermined. But quite often these measurements are prone to large
rrors. Alternative approach to determine film thickness, in case of
lectrodeposited films, appears to be feasible as per the Faraday’s
aw which states that thickness of deposited film varies as
= ZEITdep

�A
(2)

E is electrochemical equivalent of film material, I is current during
eposition, Tdep is time of deposition, � is density of film mate-

Fig. 2. FESEM micrographs of electrodeposited CoNiFe/Cu wires with
Compounds 480 (2009) 771–776

rial and A is area of wire substrate exposed for deposition. In the
present work, we have deposited Co rich CoNiFe film on 100 �m Cu
wire with varying deposition times. The magnetic and MI proper-
ties of the as deposited samples have been investigated. On the basis
of present experimental results we propose a phenomenological
model to account for the changes observed in MI behavior.

2. Experimental details

All electrochemical experiments were performed in a three-electrode glass cell
with a volume of 80 ml, using an electrochemical Analyzer of CH Instruments. All
the chemical solutions were freshly prepared by dissolving the requisite amounts of
high purity metal sulfates and organic compounds in distilled water. The electrolytic
compositions that were used in all the electrodeposition experiments are 60 mM
CoSO4·7H2O, 0.1 M NiSO4·6H2O, 5 mM FeSO4·6H2O, 0.2 M H3BO3, 10 g/l sodium sac-
charin and the pH of resulting mixture of solutions was adjusted to 3.0. The working
electrode (substrate) was a copper wire of diameter 100 �m, prepared by chemical
etching with dilute hydrochloric acid and followed by rinsing in distilled water. Total
length of copper wire substrate was 6 cm out of which only 4 cm was exposed for
deposition of the magnetic layer. The schematic diagram of the composite wire is
shown in Fig. 1 (Fig. 1(a) shows the three dimensional view and Fig. 1(b) shows the
planner view). An Ag/AgCl electrode was used as a reference electrode. For all depo-
sitions current density (I/A) was fixed at 6 mA/cm2, Z and � being intrinsic property
of film material, thickness of film will depend linearly on time of deposition, which
was carried out in the range of 30 min to 3 h.

Surface microstructure of the samples has been studied using a Field emission
scanning electron microscope (FESEM) of CARL-ZEISS SMT limited, Germany. The
quantitative chemical analysis of the alloys were performed by energy dispersive
X-ray (EDX). The magnetic characterization of the samples has been done using com-
mercial vibrating sample magnetometer with applied magnetic fields upto 20 kOe,
while the frequency dependence of permeability was measured using turn coil
method. The impedance was measured in an axial DC magnetic field through the Hel-
mohelz coil, using an Agilent 4294A impedance analyzer with a 42941A impedance
probe. The MI data were obtained at a range of frequencies up to 10 MHz, with a con-
stant amplitude a.c. current of 18 mA. The magnetoimpedance percentage is defined

as

%MI = (
�Z

Z
)% =

[
Z(Hext) − Z(Hmax)

Z(Hmax)

]
× 100 (3)

where Hext is external magnetic field applied, Hmax is maximum applied magnetic
field.

deposition time (A) 30 min (B) 60 min (C) 90 min (D) 180 min.
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ig. 3. Field dependence of magnetization at 300 K of samples of three deposition
imes. Inset: Variation of coercivity with deposition time.

. Results and discussion

Fig. 2 shows the FESEM surface micrographs of the CoNiFe/Cu
ires with varying times of electrodeposition (Tdep) i.e, 30, 60, 90

nd 180 min. A clear morphological modification has been observed
n coated wires as a function of deposition time. It can be seen that
he grain sizes in the coated layer are small which develop over
he cracked surface in the 30 min deposited wire. Cauliflower-like
rain overgrowths were developed on the surface for prolonged
eposition times and these self-similar structures seem to increase
ith increasing in deposition time. The average composition of
oNiFe/Cu for 120 min deposition time was evaluated by EDX
icroanalysis. This result indicates that the sample has a composi-

ion of 75% Co, 5% Fe, and 20% Ni.
Fig. 3 shows magnetic isotherms taken at 300 K under the max-

mum field of 20 kOe for three typical cases i.e, Tdep 30, 60, 150
nd 180 min. It can be noticed that the magnetization process is
ifferent in 30 min and higher time deposited samples. The magne-
ization (M) increases sharply on application of low field in 30 min
eposited sample compared to others. In all the samples a complete
aturation in M could not be attained even at 20 kOe. This could be
ue to two reasons (i) development of crystalline anisotropy i.e, in
he initial stages of deposition it is possible that the Cobalt content
ould be less. However, at higher Tdep the Cobalt content attains
he average value determined from EDX, which in turn could lead
o higher anisotropy and non-saturation behavior. (ii) The surface
xidation on the thin layer can result in antiferromagnetic or para-
agnetic state and that can also result in non saturation M–H curve.

ince the HC values do not vary significantly the reason (i) may not
e correct. On the other hand if the oxidation were the main source
f these magnetic characteristics, the thin sample would require
igher field to saturate. But the results show otherwise.

In electrodeposited samples, during deposition, a current flow
long the axis of the wire which produces a circumferential mag-
etic field and transverse permeability is enhanced, but anisotropy

s induced in the sample. The transverse permeability �t and
mpedance Z increase upto the anisotropy field HK and the decrease
s per Eq. (1)

∝ 1 ≈ √
�t�ω
ı

Fig. 4 shows the field dependence of the MI for electrodeposited
ires deposited for three representative times (30, 90 and 180 min)

nd different frequencies in the range of 100 kHz to 10 MHz. It
s observed that the �Z/Z(%) values initially increase and then
Fig. 4. Magnetoimpedance curves of electrodeposited CoNiFe/Cu wires with depo-
sition time (A) 30 min (B) 90 min (C) 180 min.

decrease on further application of magnetic field H. This dou-
ble peak behavior was observed in the �Z/Z(%) vs. H curves of
all samples. It is known that the a.c. current flowing across the

length of the wire produces a circumferential magnetic field that
results in generating a transverse permeability of the ferromag-
netic sample is developed.These results show some interesting
features:
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(i) In all the cases the MI increases in low fields (∼10 Oe) passes
through a maximum value MImax at a particular field and then
decreases at higher applied fields.

(ii) From Fig. 3(A) it can be seen that at lower frequency of 500 kHz
in the sample with lower coating thickness, MI appears to be
weak and noisy. However, at higher frequencies (>500 kHz) the
maximum MI ((�Z/Z)%max) increases to a value of 13%. This
could be attributed to the fact that at low frequency skin depth
is more and since magnetic film thickness is less in that partic-
ular sample, most of the current flows in Cu core so that change
in impedance is not appreciable. However, when the thickness
of the film or frequency of the exciting field is increased the
dominant contribution from the magnetic film can be seen.

iii) A (�Z/Z)%max value of 12% for 30 min deposited sample at
5 MHz frequency has been observed but increases to 80% for
90 min deposited sample at 1 MHz.

iv) With increase of thickness or Tdep, (�Z/Z)%max has been
observed at lower frequencies.

In order to bring out the finer features the (�Z/Z)%max as a func-
ion of thickness at different frequencies is shown in Fig. 5. At a
requency of 2 MHz, (�Z/Z)%max initially increases with increase
n time of deposition (and hence thickness of film increased) till

critical deposition time of 90 min and later decreases with fur-
her increase in time of deposition. These deposition times can be
onverted to respective thickness of films using Eq. (2). As a rough
stimation, since Co is majority content in alloy film, Z for Co is taken
1.0994 g/A h), I/A as 6 mA/cm2, density of cobalt as 8.86 g/cm3. Also,
ssuming current efficiency as 90%, we can relate thickness with
ime of deposition linearly as: t(�m) = 6.7Tdep(h). Thus when time
f deposition varies from 30 min to 3 h, thickness of films varies
pproximately from 3 to 20 �m.

The trend of maximum MI ratio was probably mainly due to the
oating thickness variation. In the absence of an externally applied
eld, the skin depth in the ferromagnetic layer is lower than its
hickness at sufficiently high frequencies [17]. Thus, the alternat-
ng current flow is restricted to the outer CoNiFe layer and the
esistance (and thus impedance) is sufficiently high. Due to the
nfluence of the externally applied field, the effective transverse

ermeability decreases, resulting in an increase in the skin depth

n the outer CoNiFe layer, which results in decrease of impedance.
hus, limiting the flow of alternating current in the inner Cu core,
hich results in decrease of resistance of the wire and the ratio

ig. 5. Maximum Magnetoimpedance vs. time of deposition at different testing
requencies.
Fig. 6. (A) Maximum Magnetoimpedance vs. testing frequency (B) fp vs. time of
deposition

increases. Thus, for a given frequency of the alternating current,
there is an optimum value of thickness at which the variation of
the effective wire impedance is the maximum. Outside this criti-
cal range, the (�Z/Z)%max reduces drastically. In the case of thicker
films, most of the alternating current flows in the outer CoNiFe shell
with or without the presence of an applied magnetic field. When
it is smaller then, most of the alternating current flows through
the inner core even when the maximum reference magnetic field
is applied. Both situations result in low (�Z/Z)%max ratios. The peak
value in (�Z/Z)%max is observed at Tdep 150 min at 300 kHz fre-
quency while the (�Z/Z)%max goes on increasing because in lower
frequencies (50 kHz), the skin depth is higher and so the maximum
MI is expected at higher thickness as explained above.

Fig. 6 shows the frequency dependence of (�Z/Z)% of all the
samples of present study. The results indicate that the frequency,
at which maximum value of MI occurs, fp, decreases from MHz to
kHz frequency range with increasing deposition time (film thick-
ness) which is consistent with the earlier report [11]. As we have
discussed, earlier, if skin depth of film material is equal to film thick-
ness then a maximum in (�Z/Z)% is observed. Since we know skin
depth of film material is given as
ı =
√

1
��t�f

(4)
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Where �t and � are transverse permeability and conductivity of
lm material respectively and f is testing frequency.

Following the above arguments we can estimate the value of f p

.e, the maximum in (�Z/Z)% is observed when the thickness (t)
f the film is equal to the skin depth (ı) (ı = t). If we insert this
ondition in the Eq. (3) then we can obtain, a relation between t, fp

p = 1
��t�t2

(5)

It follows that with increasing film thickness the peak frequency
p decreases as t−2. In Fig. 4(B) the thick line represents fitted curve
f fp vs. t which shows t−1.5 dependence whereas Eq. (5) predicts
t as t−2. This discrepancy can be explained in terms of the fre-
uency dependence of transverse permeability of the film as Eq. (5)
oes not take an account of it. Earlier Jantaratana and Sirisathitkul
ave reported t−0.81 dependence of fp for electrodeposited Co/Cu
amples. The electrodeposited CoNiFe/Cu samples in present work
hows better agreement with theoretical prediction.

Again it can be seen from Fig. 4(A) that as the time of deposi-
ion increases, the maximum MI% falls more rapidly with testing
requency. In other words, more the thickness of the magnetic film
igher the sensitivity of the sample towards high frequency ranges.
o explain this feature, we should note that the fall of MI with
requency is mainly dependent on effective permeability of the
ample. More the rate of fall of �eff with frequency, more rapidly
I will decrease with f.
Now we turn our attention to understand the variation of

eff with thickness and frequency and attempt to develop a phe-
omenological model to explain the variation of �eff with thickness
nd frequency. Let the uncoated copper wire has conductivity �c,
ermeability �0 and the film has conductivity �F, permeability �F.

Now to determine skin depth of the composite wire, we make a
implified assumption:

The current from top of conductor surface decays as I = I0e−ıx.
ut we assume that the current flow upto the skin depth ı, and is
ero afterwards.

Since, the magnetic film is on the top layer, the skin depth as

een by the electromagnetic wave of frequency f is ı =
√

1
��F�Ff . If

he film thickness t is larger than this value of ı for that frequency
, then the copper wire has no role to play. Skin depth of composite

ire is then ı =
√

1
��F�Ff and effective permeability is �F.

However, if t is less than ı =
√

1
��F�Ff , then extra depth

1
��F�Ff − t has to be covered in copper wire and since the copper

ire has different permeability and conductivity, the extra depth

enetrated in copper core is enhanced by
√

�F�F
�0�C

. Since the wave

as also penetrated a distance t in magnetic film before entering
opper core, total penetration depth is

=
(√

1
��F�Ff

− t

)√
�F�F

�0�C
+ t (6)

This is valid till radius of wire is larger than ı which is true in
ost of the coated wires.
If we assume that �eff to be the effective conductivity and �eff
s effective permeability of coated wire, then;

=
√

1
��eff�efff

(7)
Fig. 7. Longitudinal effective permeability of CoNiFe/Cu coated wires vs. frequency
for different thickness.

Equating the two Eqs. (6) and (7) and simplifying, we get;

�eff = (1/�f�eff)[√
1/��0�Cf + t

(
1 −

√
�F�F/�0�C

)]2
(8)

Taking partial derivative of �eff w.r.t. f we get,

∂�eff

∂f
=

(1/�f 2�eff)

[
4�2f (∂�F/∂f )

√
�F/�0�C�F − 1 +

√
�F�F/�0�C

]
[√

1/��0�Cf + t(1 −
√

�F�F/�0�C)

]3
(9)

Assuming ∂�F/∂f behavior remains fairly same for all thick-
nesses, since ferromagnetic materials have �F � 1, the second term
in denominator is negative and so with increasing film thickness t,
∂�eff/∂f will increase and this in turn makes the frequency variation
of (�Z/Z)% sharper. Fig. 7 shows the real part of normalized initial
permeability vs. frequency plot of all thicknesses where the varia-
tion of effective permeability is sharper as the thickness increases
which gives a direct evidence of the argument given through Eq.
(9).

4. Conclusion

Magnetic and magnetoimpedance bahavior has been investi-
gated on thin films of CoNiFe deposited on 100 �m thick copper
wire. These studies have been carried out on the films deposited at
various time durations. A maximum value in magnetoimpedance
has been observed at an optimum value of film thickness and fre-
quency. The rise and fall of magnetoimpedance with frequency is
observed to be much sharper for thicker films. These variations
which are strongly related to the permeability of the sample could
be understood on the basis of phenomenological model proposed
in this work.
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