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Abstract. Effects of current annealing on magnetic hysteresis properties and magnetoimpedance (MI) of 
glass-coated amorphous microwires with nominal composition of Co71Fe5B11Si10Cr3 and small positive 
magnetostriction were investigated with the purpose to control the magnetic anisotropy. We have 
demonstrated that current annealing can produce a controllable change in the easy anisotropy direction from 
almost axial to circular, depending on the annealing time. The induced magnetization configuration is very 
sensitive to the applied tensile stress. The combination of positive magnetostriction and helical anisotropy 
makes it possible to realise large stress-magnetoimpedance (S-MI) effect without use of any dc bias fields 
owing to the directional change in magnetization. This is especially important for microwave frequency S-MI 
effect and can be very interesting for developing stress-sensors operating at the high frequency region. 

1 Introduction  
In recent years, a considerable interest has been 

devoted to studying the magnetization processes and 
magnetoimpedance (MI) in Co-Fe based amorphous 
glass-coated microwires (diameter is between 1 to 100 
µm), which is related to their technical applications in 
miniature sensor devices [1-4]. Owing to the absence of a 
crystalline structure the magnetoelastic interactions play 
the main role in determining the magnetic anisotropy in 
amorphous microwires. The easy anisotropy axes are 
therefore affected by the value of the saturation 
magnetostriction and the distribution and values of 
internal stresses both of which may strongly depend on 
temperature. This could be useful to modify the magnetic 
anisotropy by various heat treatments partially releasing 
the internal stress occurring during fast solidification [5-
7]. Among thermal treatments annealing in the presence 
of magnetic field has a special importance since it is 
possible to form easy anisotropy direction along the field 
due to short-range pair ordering [8-9]. 

Co-Fe alloys on Co-rich side possess a near-zero 
magnetostriction and excellent soft magnetic properties. 
In these systems, it is possible to control the magnetic 
anisotropy by current annealing which combines the Joule 
heating and circular magnetic field [10-12]. This 
technique also helps to avoid the deviations in the easy 
anisotropy due to inhomogeneous distribution of internal 
stresses. In microwires with a small negative 
magnetostriction where the magnetoelastic anisotropy is 
predominantly circumferential the current annealing helps 

to improve this anisotropy and to enhance the relative 
change in impedance up to 600% [10]. 

 In the present work, we report on the influence of dc 
current annealing on the magnetic anisotropy in Co-rich 
amorphous microwires having a small positive 
magnetostriction. We have demonstrated that the current 
annealing produces a controllable change in the easy 
anisotropy direction from almost axial to helical 
accompanied by corresponding changes in the magnetic 
hysteresis and MI. The induced helical anisotropy not 
only increases the relative change in impedance (MI ratio) 
up to 200% (from 10% in as-prepared state) in the low-
field region, but makes it possible to realize highly stress-
sensitive MI. This has a potential for applications in 
miniature stress sensors, in particular, for embedded 
sensing techniques [13-15]. 

2 Analysis of induced anisotropies 
In amorphous alloys, the effective magnetocrystalline 

anisotropy is low due to the averaging effect of exchange 
interaction. The additional contribution to the anisotropy 
before annealing comes from magnetoelastic interactions. 
In glass-coated amorphous wires the internal stress 𝜎𝜎𝑖𝑖 
originated from quenching and drawing processes is 
predominantly tensile and directed along the wire [15-18]. 

The combination of a negative magnetostriction and 
tensile stress produces a circumferential easy anisotropy. 
Then, the external tensile stress strengthens this 
anisotropy, but the character of magnetization loops does 
not change. This could present a problem when realizing 
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stress-sensitive MI, since the highest sensitivity of the 
impedance change is caused by the directional change in 
magnetization [19-20].  

For positive magnetostriction the tensile stress sets the 
axial easy anisotropy. Heat treatments produce easy 
anisotropies along the direction of local magnetization. 
The presence of a magnetic field during annealing aligns 
the magnetization and induces a uniform anisotropy with 
the easy axis along the field, that is, along circumference. 
In this case, the applied tensile stress changes the direction 
of the easy axis which is needed for large changes in 
impedance, especially at microwave frequencies [13]. 

To analyze the change in the magnetic anisotropy due 
to current annealing and application of external stresses 
𝜎𝜎𝑒𝑒𝑒𝑒 it is assumed that the wire has also a frozen-in torsion 
stress 𝜎𝜎𝑡𝑡, that corresponds to the effects of tension and 
compression ±𝜎𝜎𝑡𝑡 directed at 90° to each other and at 45° 
with respect to the wire axis. The presence of torsion will 
allow us to introduce a generalized helical magnetic 
anisotropy and to describe a gradual transition from axial 
to circular anisotropy due to annealing and from circular 
to axial anisotropy after annealing upon the application of 
an external tensile stress. The current annealing induces a 
circumferential easy anisotropy the value of which 𝐾𝐾𝑎𝑎 
depends on the annealing conditions. The magnetic 
energy 𝑈𝑈𝑚𝑚 can be then written in the form:  

𝑈𝑈𝑚𝑚 = −(𝐾𝐾 − 𝐾𝐾𝑎𝑎) 𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃 − 3
2 𝜆𝜆(𝜎𝜎𝑖𝑖 + 𝜎𝜎𝑒𝑒𝑒𝑒)𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃 − 

3
2 𝜆𝜆𝜎𝜎𝑡𝑡[𝑐𝑐𝑐𝑐𝑐𝑐2 (𝜃𝜃 − 𝜋𝜋

4) − 𝑐𝑐𝑐𝑐𝑐𝑐2 (𝜃𝜃 + 𝜋𝜋
4)]                  (1) 

 
Here 𝐾𝐾 is the uniaxial anisotropy constant, which is not 
related to the magnetostriction interactions, 𝜃𝜃 is the angle 
between the magnetization and the wire axis, and 𝜆𝜆 > 0 is 
the magnetostriction coefficient. Equation (1) can be 
converted into the form typical of a uniaxial anisotropy 
with the easy anisotropy axis defined by angle 𝛼𝛼  with 
respect to the wire axis: 
 

𝑈𝑈𝑚𝑚 = −|𝐾𝐾|𝑐𝑐𝑐𝑐𝑐𝑐2(𝛼𝛼 − 𝜃𝜃)                                      (2) 
 
The equivalent constant of uniaxial anisotropy 𝐾𝐾  is 
defined as : 

𝐾𝐾 = [𝐾𝐾 − 𝐾𝐾𝑎𝑎 + (3
2) 𝜆𝜆(𝜎𝜎𝑖𝑖 + 𝜎𝜎𝑒𝑒𝑒𝑒)] cos 2�̃�𝛼⁄              (3) 

�̃�𝛼 = 1
2 𝑡𝑡𝑡𝑡𝑡𝑡

−1 3|𝜆𝜆𝜎𝜎𝑡𝑡|
|𝐾𝐾 − 𝐾𝐾𝑎𝑎 + (3/2)𝜆𝜆(𝜎𝜎𝑖𝑖 + 𝜎𝜎𝑒𝑒𝑒𝑒)|           (4) 

 
The easy angle 𝛼𝛼 in equation (2) depends on the sign of 
𝐾𝐾: 𝛼𝛼 = �̃�𝛼 for 𝐾𝐾 ≥ 0 and 𝛼𝛼 = 90° − �̃�𝛼 for 𝐾𝐾 < 0.   

In the case of 𝐾𝐾 > 0 and a positive magnetostriction 
𝜆𝜆 > 0, before annealing the angle 𝛼𝛼 < 45° and the easy 
anisotropy axis is close to the wire axis, if 𝜎𝜎𝑖𝑖 ≫ 𝜎𝜎𝑡𝑡. Upon 
annealing, there is an increasing contribution of 𝐾𝐾𝑎𝑎 so the 
sign of 𝐾𝐾 becomes negative which allignes the anisotropy 
closer to circumference (𝛼𝛼 > 45°). This will change the 
character of the magnetization curves: the rectangular 
loop is transformed into an inclined flat loop, and the 
hysteresis region decreases significantly. Upon the 
application of external tensile stresses, the effective 
anisotropy constant 𝐾𝐾 becomes positive and the 

anisotropy direction tends towards the wire axis (𝛼𝛼 <
45°).  

3 Experimental details 

Amorphous glass-coated microwires with the nominal 
composition of Co71Fe5B11Si10Cr3 produced by the 
Taylor–Ulitovski technique [21] were kindly supplied by 
MFTI Ltd. (Republic of Moldova). The total diameter was 
29.5 µm and the metal core diameter was about 23.9 µm. 
The insulating glass was of Pyrex type. The wires have a 
small positive magnetostriction in the order of 10-7.  

The Curie temperature (Tc = 637 K) and the 
crystallization temperature (Tcr = 736 K) were estimated 
from DSC curves (by using the DSC 204 F1 Netzsch 
instrumentation) with the help of standard IT application. 
The DSC curves were also measured after annealing 
confirming that the amorphous structure did not undergo 
noticeable changes.  

The wire samples of 15 cm long were annealed by 
passing a dc current (𝐼𝐼) of 50 mA during 1 - 3 hours in 
air. All current treatments were performed in the same 
ambient conditions. The current magnitude was chosen in 
order to realize a moderate heating effect in the range of 
temperatures 470 - 530 K, which are considerably lower 
than Tc and Tcr. The electrical contacts were made by 
standard soldering technique removing the glass coat at 
the ends.  The current (𝐼𝐼) produces a circular magnetic 
field 𝐻𝐻𝑎𝑎 the value of which at the sutface 𝐻𝐻𝑎𝑎 = 𝐼𝐼/2𝜋𝜋𝑡𝑡 
was about 400 A/m which is sufficient to align the local 
magnetization. 

The hysteresis loops under the effect of applied load 
up to 340 MPa were obtained by using induction method 
with two differential detection/magnetization coils having 
an inner diameter of 3 mm. The magnetization coil was 
driven by a current of a frequency of 500 Hz, which 
produced a magnetizing field with the amplitude of up to 
1000 A/m. Such magnitude is sufficient for re-
magnetizing the wires. The load was hang at one end of 
the microwires whilst the other was kept fixed. The 
magneto-impedance was measured using a Hewlett-
Packard 8753E Vector Network Analyzer in the 
frequency range between 1 and 100 MHz at room 
temperature. Two-port measuring scheme (𝑆𝑆21) was used. 
The sample was placed inside of a solenoid coil that 
produced a slowly varying magnetic field up to 600 A/m. 
In order to introduce a tensile stress during 𝑆𝑆21 
measurement, stripes of paper of equal thickness were 
inserted under the middle part of the wire. It is difficult to 
evaluate an exact value of the applied stress but it is 
possible to continuously increase its magnitude by 
increasing the number of stripes.  

4 Results and discussion  

The longitudinal hysteresis loops for as-cast and 
current annealed wires are shown in Figure 1. Obviously, 
the current annealing produced a change in the direction 
of the easy anisotropy as discussed above. For sufficiently 
long annealing times (about 2 hours or longer) the current 
induced anisotropy dominates over the residual 
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contributions from the magnetocrystalline and magneto-
elastic anisotropies, so the analysis based on equations (1) 
- (4) can be applied. Accordingly, a near rectangular loop 
transforms into a flat-type loop and for the annealing time 
of 2 hours the remanence-to-saturation ratio reduces to 
about 0.15. This corresponds to almost a circular easy 
anisotropy. For longer annealing times the type of 
magnetic hysteresis does not change but the effective 
anisotropy continuous to grow. This further increase in 
the anisotropy field is unfavorable for various sensing 
applications and an optimal annealing time should be 
used. 
 

 

Fig. 1. Hysteresis loops of amorphous Co71Fe5B11Si10Cr3 

microwires: a) as-prepared and b) after annealing by current of 
50 mA for 2 hours. 
 

 

Fig. 2. Real part of the impedance vs. magnetic field at 50 MHz 
for amorphous Co71Fe5B11Si10Cr3 microwires: a) as-prepared 
and b) after annealing by current of 50 mA for 2 hours. 
 

The coercivity value continuously decreases with 
increasing annealing time. For as-prepared wires, 𝐻𝐻𝑐𝑐  is 
about 25 A/m whereas it decreases down to 13 A/m for 
annealing time of 2 hours. The coercivity decrease after 
annealing is associated firstly with a different 
magnetization configuration: the driving field becomes 
almost orthogonal with respect to the easy anisotropy 
axis.  

We further investigated the magnetoimpedance 
characteristics in the frequency range of 1 - 100 MHz.  It 
is interesting to compare the MI behavior in microwires 
before and after current annealing, which confirms a 
drastic change in the anisotropy by current annealing. The 

MI plots are presented in Figure 2. For the as-prepared 
wires, the impedance has a maximum in the zero field, 
which is typical of the systems with the easy anisotropy 
axis parallel to the high-frequency current and dc external 
magnetic field. After current annealing, the impedance 
behavior has changed showing two symmetrical peaks, 
which is consistent with the transverse anisotropy with 
respect to the high frequency current and dc magnetic 
field [19-20].  

It is also seen that the MI ratio after current annealing 
increased: in the low field region (<400 A/m), it is about 
200%. For as prepared wires, the sensitivity is much 
lower, about 10% in the same field region. This indicates 
that the induced anisotropy constant 𝐾𝐾𝑎𝑎 can be tailored to 
remain small enough and the anisotropy axis can be 
uniformly oriented in order to achieve high permeability 
and high sensitivity of MI [19, 22]. The value of the 
effective circular anisotropy after current annealing 
estimated from the impedance plot is about 400 A/m 
which is about twice as large comparing to that found 
from the hysteresis loops. This suggests that the induced 
anisotropy may depend on the wire radius: MI reflects the 
anisotropy in the surface layer whereas the hysteresis is 
associated with the averaged anisotropy.  

The induced anisotropy may be referred to as a 
reverse anisotropy with respect to the sign of 
magnetostriction. Customarily, amorphous wires have an 
axial or circular anisotropy for positive and negative 
magnetostriction, respectively. In those cases, in order to 
observe the tensile stress effect on either the 
magnetization or MI it is necessary to apply a bias current 
or a bias field, which is not desirable for many 
applications. Inducing a circular anisotropy in positive 
magnetostriction wires makes it possible to realize strong 
influence of the applied tensile stress 𝜎𝜎𝑒𝑒𝑒𝑒   on both the 
magnetization behavior and MI. Figure 3 shows the 
transformation of the hysteresis loop under the effect of  
𝜎𝜎𝑒𝑒𝑒𝑒: for sufficiently large 𝜎𝜎𝑒𝑒𝑒𝑒 a perfect rectangular loop is 
observed. Therefore, the effective anisotropy has the axial 
easy axis as a result of the magnetoelastic contribution 
which is consistent with equations (2) - (4).   

The MI behavior in the presence of 𝜎𝜎𝑒𝑒𝑒𝑒 shown in 
Figure 4 follows the change in the magnetization. As 𝜎𝜎𝑒𝑒𝑒𝑒 
is increasing the two MI peaks gradually merge and 
finally the MI plot with a single peak at zero field is 
observed. This happens since the external stress is capable 
of changing the direction of the static magnetization 
rotating it towards the axis. The change in impedance by 
𝜎𝜎𝑒𝑒𝑒𝑒 at zero external field is more than 250% for the 
highest stress which is estimated to be in the range of 350 
MPa. The observed effect can be referred to as a giant 
stress-magnetoimpedance effect (S-MI). 

Conclusion  

The obtained experimental results on Co-based 
amorphous glass-coated microwires subjected to current 
annealing and tensile stress indicate the possibility to 
control the magnetic anisotropy, that is, to establish well-
defined easy anisotropy axes in a desirable way whilst 
keeping the anisotropy value low, so the wires preserve 
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soft magnetic properties. This makes it possible to tailor 
the magnetic hysteresis and magnetoimpedance by small 
external stimuli. Thus, inducing a circumferential easy 
anisotropy in positive magnetostriction wires creates the 
condition for very large impedance change by applying a 
tensile stress which could be named as giant stress-
magnetoimpedance effect (S-MI). The latter has a 
potential for developing stress-sensitive elements 
especially for wireless operation at microwave 
frequencies.  

 

 
 

Fig. 3. Effect of tensile stress on the axial hysteresis loops of 
amorphous Co71Fe5B11Si10Cr3 microwires after current 
annealing (50 mA, 2 hours). The load was attached at the free 
end of the wire. 
 

 
 

Fig. 4. Effect of tensile stress on the real part of the impedance 
vs. magnetic field at 50 MHz in amorphous Co71Fe5B11Si10Cr3 

microwires after current annealing (50 mA, 2 hours). The stress 
is applied by inserting paper-stripes underneath the microwire 
the both ends of which are soldered at the microstrip cell. 
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