
Vol. 136 (2019) ACTA PHYSICA POLONICA A No. 3

Asymmetric ∆E Effect and its Use as a Magnetic Field Sensor
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The ∆E effect was studied using Fe77B16Si5Cr2 amorphous ribbon, and asymmetry in the ∆E curves was
created using micro magnets placed on the surface of the ribbon. Asymmetry was also observed in the vibration am-
plitude versus the magnetic field, and magnetization loops of amorphous ribbons with micro magnets were observed.
The results show that the asymmetries in the ∆E curves and magnetisation loops are in agreement with each other.
A linear change in vibration amplitude as a function of the applied magnetic field in the ±100 A/m region was
observed, which is important for sensor applications.
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1. Introduction

The ∆ E effect can be defined as a variation of Young’s
modulus as a function of the magnetic field, and has
been intensively studied in amorphous ribbons [1–4],
wires [5–7], and films [8], since changes in modulus
or resonant frequency have many technological applica-
tions [9–13]. The ∆ E effect in amorphous alloys is much
larger than that in crystalline materials. Due to the lack
of crystal anisotropy in amorphous alloys, the change
in the Young’s modulus as a function of the magnetic
field can reach nearly 80% [6].

Berry and Prichet [14], Spano et al. [15], Living-
ston [16], Squire [17], Kouzoudis and Nikolais [18] and
Dapino et al. [19] have tried to model the ∆E effect. Liv-
ingston proposed a simple model based on the rotation of
magnetic moments. This model considers an amorphous
ribbon which is annealed in a magnetic field parallel to
the ribbon width, producing a magnetic easy axis that
is perpendicular to the ribbon length. In this model,
the magnetic field dependence of Young’s modulus is
given by the expression:
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where H is the applied magnetic field, λS is the satu-
ration magnetization, ES is the modulus at saturation,
Hk is the anisotropy field given by 2K

µ0MS
,MS is the satu-

ration magnetization, and K is the total anisotropy con-
stant. According to Livingston’s model, a large ∆E ef-
fect can be obtained with high λS and MS and low K.
All these parameters vary with the composition of the al-
loy, and in particular, the value of K is very sensitive to
annealing temperature and time.

The Young’s modulus of value around zero changes
gradually, and the vibration amplitude also goes to zero
in a field of value H ≈ 0 A/m, leading to problems in
terms of practical applications.
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Similar problems in sensor design have been reported
based on different measurement techniques. For exam-
ple, the magnetoimpedance sensor output changes grad-
ually in a field of value H ≈ 0 A/m, and the magne-
toimpedance curve is symmetric for both positive and
negative magnetic field values [20]. A sharp, linear
variation in output is desirable for sensor applications.
An asymmetric curve has been proposed as a possible
solution for obtaining a sharp, linear change in a mag-
netic field of value around zero [20]. In this study, we
report an asymmetric ∆E curve for the first time in
the literature.

2. Experimental

It has been reported that 2605S3A (Fe77B16Si5Cr2)
amorphous ribbon shows a good magnetoelastic response,
because it has a high magnetostriction of 20 × 10−6.
Amorphous ferromagnetic 2605S3A ribbons were there-
fore used in our measurements of the ∆E effect. Samples
with a thickness of 25 µm were cut to 40 mm in length
and 1 mm in width, and were then annealed at 450 ◦C
in air for various periods. The samples were cleaned with
acetone and alcohol before measurements of ∆E were
carried out.

The magnetic field dependence of the Young’s modu-
lus was measured using a resonance/antiresonance tech-
nique. The measurement system used was similar to pre-
vious studies [21, 22]. An AC magnetic field of 10 A/m
was applied along the sample length by the driver coil,
leading to longitudinal vibration of the ribbon and induc-
ing voltages in the pick-up coil. Details of the measure-
ment system are given in [23]. The variation in signal
amplitude as a function of frequency at a magnetic field
of 280 A/m is presented in Fig. 1. The resonance fre-
quency, f , was taken to be the maximum of this curve.
Since E is proportional to f2 and the ratio of the squares
of resonant frequencies is equal to the ratio of the moduli
under different applied fields [7, 14]:

E(H)

ES
=

(
f(H)

fS

)2

, (2)

(531)

http://doi.org/10.12693/APhysPolA.136.531
mailto:selcuk.atalay@inonu.edu.tr


532 S. Atalay, V.S. Kolat, T. Izgi

where f(H) and fS are the resonant frequencies for an ap-
plied field H, and in the saturated state, respectively.
In this way, the relative ∆E was obtained with respect
to H using Eq.(2). The magnetic field was changed,
and the resonance frequency and its amplitude were mea-
sured for a series of field strengths H, as it cycled from
a maximum in one direction to a maximum in the oppo-
site direction. Hysteresis loops of samples were measured
at DC using a fully automatized experimental set-up.
The surface crystallization process was monitored using
a LEO EVO 40VP scanning electron microscope (SEM)
and energy dispersive X-ray (EDX).

Fig. 1. Variation in signal amplitude as a function of
frequency at 280 A/m for ribbon annealed for 120 min.
The inset shows sample dimensions and magnet posi-
tions.

∆ E and hysteresis loop measurements were made both
with and without micro magnets. NdFeB micro magnets
were obtained from China, and were 1 mm in length and
300 µm in diameter. The magnets were placed in the mid-
dle of the amorphous ribbon, as shown in the inset
of Fig.1.

Results and discussion

SEM investigation showed that samples annealed for
up to 10 min had a smooth surface and no trace of crys-
tallization. In samples annealed for a longer period, small
metal-oxide crystallites started to grow and increased
with annealing time. It was observed that the surface of
a sample annealed for 120 min was nearly full of metal-
oxide crystallites.

∆E curves and resonance frequency amplitude volt-
age versus magnetic field were measured for samples
annealed for 5, 10, 30, 45, 75, 90 and 120 min, and
some of these curves are presented in Figs. 2–5. It was
found that annealing for short periods (up to 10 min)

Fig. 2. (a) ∆E curves for ribbons annealed for 5 min
with two magnets and without magnets. (b) Depen-
dence of vibration amplitude on magnetic field.

Fig. 3. ∆E curves for ribbons annealed for 45 min with
no magnets and two magnets.

removed internal stress and therefore reduced magnetoe-
lastic anisotropy, leading to an increase in the magnitude
of the ∆E effect. Longer annealing times induced partial
crystallization, which in the case of amorphous ribbon
is generally nucleated initially at the surfaces. Slight
differences in the composition and density of the crys-
talline and amorphous phases cause stress fields to be
set up between the surfaces, thus inducing a macroscopic
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stress-induced anisotropy along the direction of the rib-
bon width. For a positively magnetostrictive ribbon,
an easy axis forms along the sample width via surface
crystallization. This behavior has been observed in many
previous studies [6, 24]. The shape of the ∆E curve
changes from a V -shape to a W -shape as the relative per-
centage of partial crystallization increases. This change is
due to the variation in the easy axis from the direction of
the ribbon length to the perpendicular direction. It was
also observed that the vibration amplitude of the sam-
ple (Va) reaches a maximum at around Hk, and Va de-
creases with increasing H. Most importantly, Va be-
comes zero in all ribbon samples annealed for a short
time, and is nearly zero at H ≈ 0 A/m for ribbons an-
nealed for longer times, meaning that the measurement
of amplitude and therefore Young’s modulus becomes al-
most impossible. Additionally, it was observed that in all
∆E curves, the modulus changes gradually at a magnetic
field of value around zero. In order to solve this problem,
an asymmetry was created in the ∆E curves by placing
two micro magnets in the middle of the ribbon.

Fig. 4. Effect of the number of magnets on
(a) ∆E curves and (b) Va–H curves for sample
annealed for 75 min.

The asymmetric ∆E and vibration amplitude versus
magnetic field (Va–H) curves are presented in Figs. 2–5.
Two magnets were placed in the middle of the ribbon,
as shown in the inset of Fig. 1. These results show that

Fig. 5. (a) ∆E curves for ribbons annealed for 120 min
with two magnets and without magnets. (b) Depen-
dence of the vibration amplitude on magnetic field.

the ∆E and Va–H curves are not the same in the nega-
tive and positive magnetic field regions, and therefore an
asymmetry forms in both the ∆E and Va–H curves.

The sample annealed for 5 min shows a nearly
V -shaped ∆ E curve, and the Va–H curve has an in-
verted W -shape. It was found that the general shape of
the ∆E curve remained the same while the ∆E curve
shifted to the negative magnetic field region at about
200 A/m. Additionally, in this sample we could not
measure the Young’s modulus at around −200 A/m, al-
though the Young’s modulus was measured at around
H = 0 A/m without difficulty (Fig. 2a). The Va–H curve
with magnets shows an interesting asymmetry whereby
the amplitude goes almost to zero for values of magnetic
field lower than −100 A/m. The change in Va as a func-
tion of magnetic field is nearly linear in the ±100 A/m
region (Fig. 2b).

The effect of the magnet direction with respect to
the direction of the applied field was also investigated
(Fig. 3). The asymmetric shape of the ∆ E curve was re-
versed when the magnetic poles were reversed. The mag-
netic field was also swept from (−Hmax) to (+Hmax) and
back to (−Hmax) for this sample, and we observed almost
zero hysteresis in the ∆E curves.

Figures 4 and 5 show the ∆E and Va–H curves for rib-
bons annealed for 75 and 120 min, respectively. The ∆E
and Va–H curves were also measured with magnets for
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wire annealed for 75 min, to investigate the effect of
the number of magnets. It should be noted that the direc-
tions of the magnets are the opposite of those in the mea-
surements shown in Fig. 2. The ∆E curves show that
Hk shifts by about 120 A/m towards the positive H
direction, and with an increasing number of magnets,
this shift reaches a value of about 200 A/m. The magni-
tudes of the ∆E effect and Va also decrease with increas-
ing magnet number.

Figure 6 shows magnetization loops for amorphous
ribbons without and with magnets. The results show
that the magnets affect the shape of the magnetiza-
tion loops and that asymmetry also forms in the M–
H loop. These results can be explained on the ba-
sis of a non-uniform field created by the micro mag-
nets. It was found that magnets have three different
effects on the M–H, ∆E, and Va–H curves. A shift
in the magnetization and a decrease in the magnitude
of the ∆E and Va–H curves occur depending on the di-
rection of the magnets. The shift in the magnetization
axis is probably due to the contribution to magnetiza-
tion from the magnets. The shift in the magnetic field
axis is due to the bias field effect from the magnets, and
the magnets induce larger anisotropy along one half of
the M–H, ∆E, and Va–H curves depending on the ori-
entation of the magnet. According to Eq.(1), the magni-
tude of the ∆E effect is inversely proportional to the to-
tal anisotropy constant. The M–H loops clearly show
that the sample with magnets also has an asymmetric K
on the positive and negative sides of H, and therefore
the magnitude of the ∆E effect is higher on one side.

Fig. 6. Magnetization loops for ribbons annealed for
5 min with no magnets (and with two magnets as shown
in the inset of Fig. 1) and with reversed magnets (as
shown in the inset of Fig. 1).

4. Conclusions

A non-uniform field created by micro magnets gives
rise to a non-uniform anisotropy in amorphous ferro-
magnetic 2605S3A (Fe77B16Si5Cr2) ribbon. As a result,

a non-uniformM–H loop, ∆ E and Va–H curves were ob-
tained. The anisotropy and therefore the asymmetry can
be controlled by the number of magnets, i.e., the mag-
nitude of a non-uniform magnetic field. It can be as-
sumed that through the formation of a non-uniform mag-
netic field, asymmetry can be created in many other
magnetic parameters such as magnetostriction, magne-
toimpedance, and the magnetoresistance effect.

One of the main problems of magnetoelastic sensors
is that the resonance frequency amplitude goes to zero.
Our results also show that this can be easily solved
by placing micro magnets on top of the sample sur-
face. Moreover, a linear amplitude change as a func-
tion of the applied magnetic field in the ±100 A/m re-
gion was observed for nearly all of the annealed samples.
So the sensor can be used to measure magnetic field value
for low magnetic field regions.
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