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The very high (up to 820% of the magnetoimpedance ratio) and sensitive nonlinear giant magnetoimpedance effect
has been studied in the FeCoNi magnetic tubes electroplated onto Cu(3%)Be nonmagnetic wire for frequencies
from 1-10 MHz. Special annealing was carried out in order to induce the magnetic anisotropy. The high harmonic
generation was observed and the harmonics show larger variations with the external magnetic field than the
fundamental frequency. The super high sensitivity of the harmonics is promising as regards the increase of the

sensitivity of magnetoimpedance sensors.

The magnetoimpedance (MI) effect is promising
for technological applications in micro magnetic field
detectors and magnetic recording heads. The phe-
nomenon is classical in nature and for uniform mate-
rials results from the penetration depth dependence
on the transverse magnetic permeability. The gen-
eral theory of this effect in a magnetic wire was
written by Landau et all'l long ago. The discov-
ery by Beach et al.l?l and Panina et al.[¥! of the very
large magnetoimpedance of 100% order in amorphous
wires has supported the scientific community’s inter-
est in the giant magnetoimpedance (GMI). It has
been shown experimentally!*~7 and theoretically®—*]
that the GMI value depends on the magnetic prop-
erties, in particular magnetic anisotropy because the
anisotropy determines the magnetic permeability. The
permeability is sensitive to special treatments, so that
there are possibilities to modify the GMI responses.
Another way to increase the GMI is based on the
theoretical1?1! and experimentall!?12:13] results for
multilayered systems with non-uniform conductivity.
There are a number of publications on GMI in elec-
troplated FeNi,2l FeNiCo, 1314 and CoP[%! wires. It
remains however unclear whether the achieving value
of the order of 200 — 400% of the GMI ratio is the ab-
solute maximum for those compositions and geometry
or whether it is possible to increase the effect. Most
of the GMI studies were performed in the classical lin-
ear regime. There are, however, publications, 216! in
which interesting nonlinear effects have been reported.

In this letter, we investigate the extraordinary

high and sensitive magnetoimpedance effect and the
high harmonic generation in the FeCoNi magnetic

tubes electroplated onto CuBe nonmagnetic wire in
order to understand how the nonlinearity modifies the
impedance of the wires.

Our sample is 100 umdiameter nonmagnetic
Cu(3%)Be wire electroplated with a 1 um FegqCogNizy
layer. The resistivity of the conductive wire was
about 3.9 uQ2- cm and that of the magnetic layer about
15 u2- cm. A current flowing in the wire during
the electrodeposition causes the circumferential com-
ponent of the magnetization due to the presence of
the circular magnetic field. The length of the sam-
ples was 60 mm. The longitudinal hysteresis loops of
the samples were measured by the conventional in-
ductive method at a frequency of 50 Hz. Field an-
nealing was carried out in the Ar protective atmo-
sphere in a magnetic field applied along the axis of the
wire for one hour at the temperature of 320°C. The
thermal treatment induced a longitudinal magnetic
anisotropy with a magnetization component along
the wire axis. The changes of the total impedance
were measured through the voltage drop across the
sample. The maximum magnetic field was Hyax =
+2.6kA/m. At every magnetic field, the exciting cur-
rent amplitude was measured and maintained con-
stant regardless of the voltage variations. The mag-
netoimpedance was measured in the frequency region
of 1 — 10 MHz, for ac sinusoidal currents of I, = 36
and 10mA in both increasing and decreasing exter-
nal fields. The magnetoimpedance ratio is defined
as AZ/Z(H) =100[Z(H) — Z(Hmax)]/Z(Hmax) With
Hpox = £2.6 kA /m as the maximum axial field. Term
“impedance” belongs to the linear response theory.!!
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Fig.1. (a) Longitudinal hysteresis loops and (b) induced voltages with the
increasing field at various frequencies of the as-prepared and field annealed

FeCoNi electroplated wires.

Nevertheless, following the tradition of the GMI stud-
ies we shall use this term for the voltage/current ratio
regardless of the degree of nonlinearity. The measur-
ing system allowed us to make a Fourier analysis of
the output voltage. We have measured the depen-
dence of the Fourier components at the fundamental
F (frequency fis equal to the exciting frequency fex),
the first G1 (f = 2fex) and second G2 (f = 3fcx) har-
monics in the external magnetic field applied parallel
to the wire axis.

Figure 1(a) shows the hysteresis loops of the sam-
ples. The annealing in the magnetic field reduces
the saturation field but does not change the rema-
nent magnetization. The magnetic field dependences
of the output voltages in increasing field are shown
in Fig.1(b). The maximum MI ratios are very high:
AZ|Z = 820% for the as-prepared and 490% for the
field annealed samples with the frequency of 1.5 MHz.
There is a rather broad maximum at H = —100 A/m
and a jump at H = +100A/m for the field annealed
sample. The hysteresis loop exhibits no visible pecu-
liarity at H = —100 A/m. The point is that the hys-
teresis loops are taken in longitudinal magnetic field
but the change of the output signal is due to the re-
sponse of the magnetic layer to the circumferential
magnetic field induced by the ac current. The max-
imum values of the GMI ratio of the electroplated
wires depend on the frequency of the driving cur-
rent (Fig.2). The as-prepared sample shows a very
high AZ/Z ratio of about 820% at 1.5 MHz, which is
higher than the AZ/Z ratio of the field annealed sam-
ple (maximum of about 500%). The GMI ratio of the
annealed wire increases up to 1 MHz and almost does
not depend on the frequency at the higher frequencies.
If f > 5MHz, the GMI of the field annealed sample
is higher than that of the as-prepared sample. The
weak dependence of the AZ/Z ratio of the field an-
nealed wire in the wide range of frequencies may be
important for applications.

The shape of the output signal is highly distorted
especially in the external field near the GMI maxi-
mum (Fig.3). This indicates the nonlinear behaviour

Fig. 2. Frequency dependence of the
maximum of the magnetoimpedance
ratio AZ/ Z of the as-prepared and field
annealed FeCoNi electroplated wires.

and the generation of high harmonics in our FeCoNi
electroplated wire and that the essential part in the
output voltage is due to their appearance. To un-
derstand the origin of such a high GMI effect, we
have made a Fourier analysis of the output voltage
at a frequency of 1.5 MHz where the highest GMI ef-
fect appears (Fig.4). In the saturated state, the G1
and G2 amplitudes are much smaller than the F1 am-
plitude for both samples. As the absolute value of
the magnetic field decreases, the harmonics grow up
to the GMI maximum (Fig.5). We define the rela-
tive changes of the induced voltage as AU/U(H) =
100[U (H) —U(Hmax)]/U Hmax. For each harmonic the
relative change was calculated for Hp.x = 1.5kA/m
(maximum field shown in Fig. 5). The relative changes
in this field were: 450% for F; 600% for G1; and about
30000% for G2.

The first and second harmonics are noticeable only
in the vicinity of the spin re-orientation transition
points. It follows that the rather large G1 and G2
intensities result from the high sensitivity of the mag-
netic system to the circumferential magnetic field in-
duced by the ac current near the transition points.
To make sure that this is correct, we have calcu-
lated the high-frequency transverse susceptibility x for
the thin magnetic layer that covers the nonmagnetic
wire. The details of the calculations will be published
elsewhere.['”] The magnetic field dependence of the
imaginary part of the component of y, Imyx-H curve,
is very similar to the U-H curve. This confirms our
interpretation. The simplest and direct evidence for
the nonlinearity is the dependence of Z on the elec-
tric current. Figure 5 shows the dependence of the
GMI ratio on the driving current value. The maxi-
mum GMI ratio for the current of 10mA is only 160%
at the frequency of 1.5 MHz in the as-prepared sam-
ple but the increase of the current intensity up to
35mA results in an 820% GMI ratio at the same fre-
quency. The origin of such a dramatic change is clear
from Fig.5 which shows the field dependence of the
second harmonics for the different current intensities.
The G2 variation at the current of 10 mA is negligible
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Fig. 3. Oscilloscope traces of the in-
duced voltage for 6 cm FeCoNi electro-
plated wire without treatment; in the
field of about (a) —2.6kA/m and (b)
—100A/m at a frequency of 1.5 MHz
[time axis is 1/6 (us/div)] and current
of Itms = 35mA. The top is the cur-
rent I(t) trace.
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Fig. 4. Fourier analysis of the voltage
U(t) induced across the FeCoNi elec-
troplated field annealed wire in two dif-
ferent fields. The frequency of the driv-
ing current was 1.5 MHz and the inten-
sity of the ac current of I;ms = 35 mA.
Three peaks at the fundamental (F),
first (G1) and second (G2) frequencies
are of interest to us.
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Fig.5. External field dependence of
the Fourier components of the voltage
of the FeCoNi electroplated wire for
the currents of 10 and 35 mA. The
fundamental F' (frequency is equal to
fex = 1.5 MHz of the exciting signal),
the first (G1) (at frequency 2fex =
3MHz) and the second (G2) (at fre-
quency 3fex = 4.5 MHz) harmonics are

while the huge change in the second harmonic is seen
at the current amplitude of 35 mA. The voltage re-
lated to the second harmonic at I, = 35mA is four
times greater than that related to the fundamental
response at I, = 10mA. The extraordinarily high
(up to 820% of the magnetoimpedance ratio) and sen-
sitive magnetoimpedance effect has been observed in
FeCoNi magnetic tubes electroplated onto the CuBe
nonmagnetic wire at frequency of about 1 MHz. The
strong nonlinear effect has been found and studied.
The high harmonics generation has been investigated.
The first and especially the second harmonics show a
much larger variation with the external magnetic field
than the fundamental harmonics. The super high sen-
sitivity of the harmonics is promising from an appli-
cation viewpoint. The strong dependence of the GMI
ratio on the intensity of the exiting current confirms
the role of the nonlinearity in the formation of the
very high GMI ratio.
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