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In this study, FesoNizgMosBis (2826MB) amorphous ferromagnetic ribbons were used as a magne-
toelastic sensor. The variation in resonance frequency and quality (Q) factor values of samples with
a 30 mm length and different widths is investigated as a function of a magnetic field. It is observed
that as the sample width increases, the change in resonance frequency and the @ factor both decrease.
The parameter @ x amplitude/M is defined to understand the effect of a ribbon width on the resonance
curve. According to this parameter, samples with 1 and 2 mm widths are found to have a better mag-

netoelastic effect.
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1. Introduction

The change in sample magnetisation under the
influence of torque or stress applied to a ferromag-
netic material is expressed as a magnetoelastic ef-
fect. Amorphous ferromagnetic magnetoelastic ma-
terials typically exhibit an extension or shrinkage of
the order of 10~® when exposed to an external mag-
netic field. This effect is known as magnetostric-
tion [1]. Magnetostrictive materials convert mag-
netic energy into mechanical energy and vice versa.
Accordingly, such materials are used in many ap-
plication areas as magnetoelastic sensors (MESs).
In general, magnetic materials with high magne-
tostriction values have been used as magnetoelastic
sensors [2-5].

When magnetoelastic materials are exposed to
a time-varying alternating current (AC) magnetic
field, they begin to vibrate along the applied field
direction, that is, their length oscillates between
shorter and longer. This vibration generates elas-
tic waves and also leads to a change in the sam-
ple magnetisation. The signal produced by sam-
ple vibration can be detected by optical, acoustic,
or magnetic techniques [2, 3]. The sample vibra-
tion reaches a maximum when the field frequency
of the applied AC magnetic field is equal to the rib-
bon’s resonant frequency. The resonant frequency
of such samples varies depending on the geometry,
elastic coefficient, and mass (density) of the sample.
Therefore, magnetoelastic sensors have been used as
pressure [6], humidity [7, 8], temperature [9], liquid
viscosity and density [10-12], chemical gasses [13],
pH [14, 15] and environmental parameters [16-22].
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MESs are low-cost materials that can be easily
shaped and produced in a variety of sizes. MESs
also work wirelessly. These features make them at-
tractive in a wide range of applications [2-5, 23].

The sensitivity of a MES is determined by a min-
imum frequency change that it can detect. This
depends on the measurement system and the sharp-
ness of the resonance curve, i.e., the quality factor
(@ factor). So far, the effect of sample shapes and
sizes on MESs has only been partially investigated.
However, since there has been no detailed study of
the effect of sample sizes on the magnetic field de-
pendence of the @ factor, in this article, the opti-
mum sample sizes are determined by measuring the
Q factor values as a function of the magnetic field.

2. Experimental

We used a FeyoNizgMoyBig (2826MB) amor-
phous ferromagnetic ribbon as a MES and ribbons
with a 30 mm length and 1, 2, 4, 7, and 10 mm
widths were cut using a dice-sawing system for mag-
netoelastic measurements. Selected parameters of
the 2826MB ribbon are given in Table L.

The magnetoelastic resonance measurement sys-
tem is shown in Fig. 1. The amorphous ribbon is
free to vibrate, with no clamp used to hold the sen-
sor. The sensor was placed on the surface of the
polished Al;O3 substrate and it was assumed that
the friction is very small between the ribbon and
the substrate. An AC magnetic field with a magni-
tude of 10 A/m was applied along the ribbon length
by the driver coil which leads to the vibration of
the ribbon longitudinally and induces small voltages
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TABLE I

Selected parameters of a 2826MB ribbon [24].

Parameter Value
saturation magnetostriction, As 12 ppm
magnetic permeability, > 50000
saturation induction, Bs 0.88 T
electrical resistivity, Re 138 p€2 cm
density, p 7.90 g/cm®
elastic modulus, £ 100-110 GPa
Curie temperature, Tc 353°C
coupling factor, k 0.98

in the pick-up coil. The pick-up coil was placed
perpendicular to the AC magnetic field direction
(see Fig. 1). In addition, the base signal formed in
the coil without the sample was recorded by the
software and during the measurement performed
with the sample, this base signal was extracted by
the software, i.e., the measured signal is the signal
originating from the sample. The pick-up coil has
the dimensions of 6 x 6 cm? and 330 turns of a cop-
per wire. A Stanford 345 AC function generator
was used to produce an AC magnetic field and the
signal was amplified using an Accel TS200 amplifier.
The system was fully computer controlled. The fre-
quency of the signal generator was swept by the
software. At each frequency value, the induced sig-
nal amplitude was read from a Keithley 2000 mul-
timeter which was connected to the pick-up coil.
The software determined the resonance frequency
by finding the frequency where the amplitude is at
a maximum. An external direct current magnetic
field was applied using a bipolar Kepco power sup-
ply using Helmholtz coils. Earth’s magnetic field
was cancelled out using the Helmholtz coil system.

3. Results and discussion

Figure 2 shows the resonance curves of the MES
with a 7 mm width obtained at different mag-
netic field values. Resonance frequency measure-
ments were made at four different magnetic field
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Fig. 3. Change of the resonance frequency and
amplitude of a ribbon with a 7 mm width as a func-
tion of the applied magnetic field.

values to show the resonance curve behaviour in
the whole range of the magnetic field change. The
first and second curves were measured at low mag-
netic field values of H =200 A/m and 550 A/m,
respectively, and the maximum change in the am-
plitude was observed at 550 A/m. The third and
fourth curves were obtained at high magnetic field
values of H = 750 A/m and 1000 A /m, respectively.
It can be seen that the magnetic field has a signifi-
cant influence on the resonance frequency value and
resonance curve shape.

The resonance frequency and vibration amplitude
change as a function of the magnetic field are given
in Fig. 3 for the ribbon with a 7 mm width. Young’s
modulus E of the ribbon is related to the resonance
frequency of ribbon by E = 4(Lf)?p [25], where p is
the sample density and L is the sample length of the
ribbon.

Figure 4 shows the normalised Young modulus
of ribbons with widths of 1, 2, 4, 7 and 10 mm.
The E/E; curves were obtained based on the re-
lation E(H)/Es = (f(H)/fs)?, where f(H) is the
resonance frequency at an H value of magnetic
field, fs is the resonance frequency at satura-
tion (= 1500 A/m in our measurements), F(H) is
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with different sample widths.

Young’s modulus at H and E; is Young’s modu-
lus at saturation. Figure 4 shows that the mag-
nitude of Eunin/Es decreases with increasing rib-
bon width and it changes from 0.843, 0.856, 0.890,
0.893 and 0.903 for samples widths of 1, 2, 4, 7
and 10 mm, respectively.

The magnetic field dependence of E, or in
other words, the AFE effect, was discussed by Liv-
ingston [26] who proposed a simple model of the
rotation of magnetic moments. The model consid-
ers an amorphous ribbon that is annealed in a mag-
netic field parallel to the ribbon width to produce
a magnetic easy axis in this direction. The model
assumes that the magnetisation process is only due
to the magnetic moment rotation, where a longi-
tudinal magnetic field would rotate the magnetic
moments from the width direction towards the lon-
gitudinal direction. The magnetic field dependence
of Young’s modulus is given by the expression

2 2\ 1
E(H) (1 . 9/\SE5H3 ) 7 (1)
Es ,UO]\Is]{/C

where H is the applied magnetic field, M, is the
saturation magnetisation, A, is the saturation mag-
netostriction and Hj is the anisotropy field given
by 2K /(M) with the total anisotropy constant K.
Considering the Livingston model and the V shape
of the F/FE versus the magnetic field curve, it can
be concluded that the amorphous ribbon has a mag-
netic easy axis that is perpendicular to the rib-
bon length. Moreover, according to the Livingston
model, the magnitude of E/FE; is determined by
Mg, A\s and K. Since we use the same ribbon and
no annealing treatments were performed, M, and A4
are not changed in our case. The parameter that is
changed is the total anisotropy energy. Now, keep-
ing all the other parameters for our ribbon the same,
it turns out that only the shape anisotropy change
affects the total K. The variation of K was also con-
firmed by the variation in Hj which is determined
in the minimum of the E/FE, curve. The measure-
ments of Hy, showed 385, 450, 510, 650 and 700 A /m
for ribbons with widths of 1, 2, 4, 7 and 10 mm,
respectively. As has been reported [25]|, the main
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Fig. 5. Magnetic field dependence of @ factor.

reason for the change in shape anisotropy is the de-
magnetisation factor which increases with increas-
ing ribbon width, leading to a decrease in the mag-
nitude of E/FEj.

The sharpness of the resonance curves can be de-
termined by the @ factor. In Fig. 5, the typical
resonance curves with low and high @ factor values
are shown. A sharper curve means a high @ factor
and a broad resonance curve means a low @ factor.
Therefore, to basically measure the minimum fre-
quency change, we need a sample with a high @ fac-

tor. Generally, the @ factor is determined from
2
N )
where f, is the peak value of the resonance curve,
between the two frequencies where the observed sig-
nal’s power is half the size of the maximum power at
ski [27] proposed a slightly different approach to the
calculation of the @ factor
TR

where f;, is the minimum and f}, is the maximum
at resonance frequency. A detailed study regarding
by Lopes et al. [28]. They calculated the @ factor
using (2) and (3) and also from numerical fitting to
tor determined from (2) is slightly higher than the
Q factor obtained from (3) and numerical fitting.
from (3) and numerical fitting are nearly the same.
Numerical fitting is a long process and requires sig-
@ factor using (3) is much easier and we therefore
adopted this approach. The magnetic field depen-
is given in Fig. 5. The magnetic field dependence
of the ) factor of all samples shows similar curves.
to decrease and then increased again after reach-
ing a minimum value. After reaching high mag-

o I
as shown in Fig. 5, and Af is the frequency range
the resonance frequency. Kaczkowski and Malkin-

A )

/
the calculation method for the @ factor was given
the resonance curve. They found that the @Q fac-
They also found that the @ factor values obtained
nificant work. In contrast, the calculation of the
dence of the @ factor with different ribbon widths
It is observed that the @ factor values first started
netic field values, it was found that the @ factor
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Fig. 6. Effect of magnetic field on amplitude,

Q@ factor and @Q x amplitude for a sample with
a 2 mm width.

values did not significantly change. The @ factor
values were found to reach the minimum value more
quickly in samples with a width of 1 and 2 mm and
then began to increase at lower magnetic field val-
ues than samples with other larger widths. As the
width of the ribbon increases, it is observed that
the @ factor reaches lower values and the sample
with the lowest @ factor value is the ribbon with
a width of 10 mm. In addition, it was found that
the @ values did not change much in the magnetic
field region of 450 to 750 A /m in samples with large
widths, such as 7 and 10 mm. The results are
in agreement with the previously reported studies.
Sagasti et al. [25] also studied the effect of a sample
size and they found that the magnitude of E/E; in-
creases as the sample width decreases and the @ fac-
tor decreases as the sample width increases which
is fully in agreement with Figs. 4 and 5.

A high @ factor and amplitude are required for
a MES design. However, the results show that the
@ values are low when the signal amplitude is large
(see Figs. 2, 3 and 5). For this reason, we defined
a statement — the () x amplitude — to discover
which magnetic field of both the @ factor and the
resonance signal amplitude can obtain more suit-
able values (see Fig. 6). It is seen that in the mag-
netic ribbons with 1 and 2 mm widths, this mag-
netic field value is &~ 50 A/m and this value shifts
to larger values, such as 200-250 A/m in samples
with 7 and 10 mm widths.

It is well known that one of the important fac-
tors in magnetoelastic design is the sensor’s initial
mass M. According to Af = —(Am/M) x f, where
f is the resonance frequency, Af is the change in
the resonance frequency and Am is the change in
the mass of the sensor, the amount of mass col-
lected on the sample that is to be detected is pro-
portional to 1/M and a larger M means a less
sensitive magnetoelastic sensor. Therefore, we go
one step further to consider the effect of the ini-
tial masses of magnetoelastic sensors with different
widths. As shown in Fig. 7, we can redraw the re-
sults according to the statement @) x amplitude/M.
As can be seen, the sample with a 1 mm width has
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a large value of @ x amplitude/M that increases
with increasing magnetic field and reaches a maxi-
mum of 5789 V/g. The inset in Fig. 7 shows that
the max value of @ x amplitude/M decreases nearly
exponentially with increasing ribbon width. The re-
sults show that a sample width smaller than 2 mm
gives rise to a better () x amplitude/M value and
a ribbon width of less than 2 mm was considered
sufficient to obtain accurate magnetoelastic reso-
nance measurements.

4. Conclusions

The variation of resonance frequency and @ fac-
tor values of FeygNizgMosB1g amorphous ferromag-
netic ribbons with a 30 mm length and various
widths have been analysed extensively as a function
of the magnetic field. It was found that the mag-
nitude of Epnin/Es decreases with increasing rib-
bon width and it changes from 0.843, 0.856, 0.890,
0.893 and 0.903 for 1, 2, 4, 7 and 10 mm sample
widths, respectively. This variation in Fyi,/Es is
due to the change in the shape anisotropy and con-
sequently the change in the demagnetisation factor
which increases with increasing ribbon width, lead-
ing to a decrease in the magnitude of E/FEj.

It was observed that the @ factor values first
started to decrease and then increased again after
reaching a minimum value and they increased again
as a function of the magnetic field. The @ factor
values were found to reach the minimum value more
quickly in samples with a width of 1 or 2 mm and
then began to increase at lower magnetic field values
than samples with other larger widths. To under-
stand the effect of the sample mass and its width
in more detail, a parameter given with the expres-
sion @ x amplitude/M was defined. Since in our
measurements, the ribbon density and thickness are
the same, M is also the indication of the surface
area. According to this parameter, samples with 1
and 2 mm widths were found to have a better mag-
netoelastic effect.
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It has been shown that the sample width has
a significant influence on the magnetic field depen-
dence of the resonance frequency or Young’s mod-
ulus and @ factor. We deduce that samples with
a width smaller than 2 mm for a 30 mm length are
required for a good magnetic and magnetoelastic
material response which is also shown in our mea-
surements and previous studies.
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