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Abstract—In glass-coated Co71Fe5B11Si10Cr3 amorphous ferromagnetic microwires subjected to current
annealing, a record sensitivity of the magnetoimpedance (MI) to mechanical tensile stresses (stress MI) up
to 100% at 100 MPa in the absence of additional magnetic bias fields is achieved. The current annealing, com-
bining the effect of Joule heating and a circular magnetic field, induces a specific helicoidal/circular-type
magnetic anisotropy and, thus, allows one to control the behavior of the MI and stress MI, making the wires
more suitable for use in sensor devices. As a result of changing the direction of the easy anisotropy axis, exter-
nal mechanical stresses lead to a change in the direction of the static magnetization, which causes an increase
in the sensitivity of stress MI.
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1. INTRODUCTION
The physical properties of amorphous alloys pro-

duced by rapid quenching are significantly changed
during heat treatment below the crystallization tem-
perature and transition to the paramagnetic state
(Curie point), since it is accompanied by the relax-
ation of internal mechanical stresses [1–3] induced in
the process of manufacturing; the short-range order
parameters also change. Therefore, in amorphous fer-
romagnetic alloys, using heat treatment, it is possible
to control the direction of magnetic anisotropy axes,
the magnetostriction constant, the internal stress dis-
tribution, and the Curie temperature [4–7].

Amorphous alloys are good soft magnetic materi-
als, since their effective magnetocrystalline anisotropy
is low due to the averaging effect of the exchange inter-
action. Upon heating below the crystallization tem-
perature, the magnetoelastic anisotropy decreases due
to the relaxation of internal stresses. Since the magne-
tocrystalline and magnetoelastic anisotropies in such a
material are sufficiently reduced, the behavior of the
magnetization can be controlled by uniaxial anisot-
ropy induced during heat treatment in the presence of
a magnetic field or mechanical stress. Thus, induced
magnetic anisotropy is of great practical importance,

making it possible to control the magnetic structure in
accordance with specific practical requirements.

In this work, the helicoidal magnetic anisotropy
induced by current annealing in glass-coated
Co71Fe5B11Si10Cr3 amorphous microwires makes it
possible to obtain a high sensitivity of the shape of the
hysteresis loop and the magnetoimpedance to tensile
mechanical stresses. Amorphous microwires with a
high cobalt content are known as materials very suit-
able for obtaining large and giant values of MI [3, 8–
10]. With a proper choice of the composition, it is pos-
sible to produce microwires with a very small negative
magnetostriction, in which the internal tensile stresses
create a dominantly circular anisotropy. This creates
the conditions for achieving a high sensitivity of the
MI effect to changes in the external axial magnetic
field. In order to further enhance circular anisotropy
(by reducing the spread of the anisotropy axes), in [11,
12], various methods of heat treatment by current
annealing (using both alternating and direct currents)
were proposed, which made it possible to increase the
sensitivity to several hundred percent in the region of
low magnetic fields on the order of several oersteds,
which are typical of the manifestation of the MI effect.
On the other hand, traditional annealing, which
1409
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reduces quenching stresses, often leads to a decrease in
MI sensitivity, which can be associated with a large
scatter of the directions of the light anisotropy axes
[13, 14].

The direction of easy magnetization, associated
with field-induced anisotropy, is determined by the
pairwise ordering of transition metal atoms, which
occurs during annealing due to changes in the short-
range order microstructure. This was confirmed by a
direct observation using HRTEM analysis [15]. An
increase in the degree of ordering can even lead to an
increase in the saturation magnetization and the Curie
temperature. In the case of a cylindrical geometry of
the conductor during current annealing, thermal and
magnetic factors act simultaneously and the magnetic
field favors the magnetic ordering in the circular direc-
tion. For example, current annealing and annealing
under tensile stresses were used in [16, 17] to change
the easy anisotropy axis in Fe-based wires with posi-
tive magnetostriction in order to enhance the MI
effect in these inexpensive materials.

High MI sensitivity is usually associated with the
reorientation of the direction of magnetization under
external actions. In this sense, the induced circular
anisotropy is optimal for obtaining a highly sensitive
MI response to a change in the axial component of
weak magnetic fields. If the external action is a
mechanical stress (leading to the stress MI effect), the
type of anisotropy depends on the sign of magneto-
striction. From the viewpoint of the effect of a tensile
stress on MI for use in sensors, it is preferable to use
wires with axial anisotropy in the case of a negative
magnetostriction constant and wires with circular
anisotropy in the case of a positive magnetostriction
constant. This creates the conditions for rotating the
orientation of the magnetization in the wire under the
action of a tensile stress. Thus, to implement a stress
MI without using a magnetization bias field, a neces-
sary type of anisotropy must be formed, which can be
accomplished by appropriate heat treatment in the
presence of a magnetic field.

In this work, we propose to use current annealing
in order to create a specific magnetic anisotropy of the
circular type in amorphous Co71Fe5B11Si10Cr3
microwires with an almost zero positive magnetostric-
tion coefficient. This is important for increasing the
MI sensitivity [18] and makes it possible to expand the
applicability of MI, including stress-sensitive MI at
microwave frequencies [19] and pulsed MI for mag-
netic random access memory (MRAM) [20–22].

2. MATERIALS
AND MEASURING TECHNIQUES

In this work, we studied the effect of current
annealing, in particular, the amplitude and time of
current f low, on magnetic anisotropy, hysteresis
loops, and magnetoimpedance (MI) in amorphous
PHY
Co71Fe5B11Si10Cr3 microwires with an almost zero
positive magnetostriction (μs ~ 10–7), produced by the
Taylor–Ulitovskii method [23]. An amorphous
microwire (with a total diameter of 29.5 μm and a
metal core diameter of 23.9 μm) with a length of 15 cm
was annealed with a current of 50 mA for 5–60 min.
To create a reliable electrical connection at the ends of
the wires, the glass sheath was removed and the wires
were soldered to the contact pads. All current proce-
dures were performed under the same conditions. The
current magnitude was chosen so as to achieve a mod-
erate heating effect in the temperature range of 490–
540 K, which lies below the Curie temperature
(TC = 637 K) and crystallization temperature (Tcr =
736 K) of the wires.

Differential scanning calorimetry (DSC) analyses
were carried out in an Ar atmosphere at a heating rate
of 10 K/min using a highly sensitive Netzsch DSC 204
F1 Phoenix calorimeter. The Curie (TC = 637 K) and
crystallization (Tcr = 736 K) temperatures of the wires
were determined from the DSC graph using standard
applications.

The magnetization of wires under the action of ten-
sile stress up to 1000 MPa was studied by the induction
method using two miniature differential coils with an
inner diameter of 3 mm. The frequency of the current
in the magnetizing coils was 500 Hz, and the maxi-
mum amplitude of the magnetizing field was
1000 A/m. To plot a hysteresis loop, the induced elec-
trical signal was digitized and integrated as a function
of the magnetic field. The applied stress σex in the
metal core was estimated as

(1)

where P is the applied load, Sm and Sgl are the areas of
the metal core and the glass sheath, respectively, tak-
ing into account Young’s modulus of the metal
(Em ∼ 130 GPa) and the glass sheath (Egl ∼ 70 GPa)
[24].

The dependence of high-frequency impedance on
the magnetic field was studied in the frequency range
1–100 MHz using a vector network analyzer (Hew-
lett-Packard 8753E) by measuring the parameter S21
(transmission coefficient) in a circuit containing a
microwire in a specially designed microwave strip cell
[25]. The length of the wire for impedance measure-
ments was 11 mm. The sample in a horizontal position
was placed inside a Helmholtz coil, creating a slowly
varying magnetic field of up to 3000 A/m. A tensile
load was applied at the center of the wire using a sus-
pended load on a diamagnetic thread.

3. RESULTS AND DISCUSSION
The study of the structural parameters of microw-

ires before and after current annealing at 50 mA for

σ =
+ex

gl gl

,m

m m

PE
E S E S
SICS OF THE SOLID STATE  Vol. 61  No. 8  2019



MAGNETIC ANISOTROPY AND SUPER-SENSITIVE STRESS-MAGNETOIMPEDANCE 1411

Fig. 1. (a) Hysteresis loops and (b) the real part of the impedance vs. magnetic field for different times of annealing by a current
of 50 mA in an amorphous Co71Fe5B11Si10Cr3 microwire. (Inset) (a) Residual magnetization Mr/Ms and (b) the effective circular
anisotropy field HK vs. annealing time. Ms is the saturation magnetization.
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60 min was carried out using X-ray diffraction and
DSC methods. The X-ray diffraction pattern exhibited
a continuous wide halo typical of the amorphous state
[26]. It was found that even long-term annealing does
not lead to partial crystallization of the samples.

The magnetization and MI processes in amor-
phous microwires are largely determined by magnetic
anisotropy; therefore, current annealing, which causes
a change in the character of magnetic anisotropy for
λs > 0, leads to a change in the behavior of the hyster-
esis loop and the MI curve [24, 27]. The inset in Fig. 1
shows the dependences of the residual magnetization
(Mr) and the effective circular anisotropy field (HK),
determined from the magnetization and magneto-
impedance curves, on the annealing time at a current
of 50 mA. As can be seen from Fig. 1a, the hysteresis
loop of the original wires has a rectangular shape,
which is typical of samples with axial anisotropy and
positive magnetostriction λs > 0, and the MI curves of
these wires (in the original form) are characterized by
one central peak (Fig. 1b) [28]. After current anneal-
ing, the behavior of hysteresis loops changes from
rectangular to inclined and the corresponding change
in the behavior of the MI from a curve with one peak
to a curve with two symmetric peaks (Fig. 1b), corre-
sponding to a change in the easy anisotropy axis,
which approaches the circular direction. With increas-
ing annealing time, the slope of the hysteresis loops
increases and reaches its maximum at an annealing
time of 40 min. The magnitude of the effective mag-
netic anisotropy field, equal to the field strength at
which the MI reaches a maximum, also increases with
increasing annealing time. Annealing for 60 min and
more leads to an increase in the coercive force, expan-
PHYSICS OF THE SOLID STATE  Vol. 61  No. 8  2019
sion of the MI peaks, and a simultaneous reduction in
the sensitivity to a magnetic field.

The change in the behavior of the hysteresis loops
and the MI of the wires after current annealing may be
caused by the induction of circular magnetic anisot-
ropy due to the ordering of pairs of short-range order
atoms upon heat treatment at temperatures below the
Curie point in the presence of a circular magnetic
field. The magnetic field created by the direct current
in the microwire corresponds to 665 A/m at the
periphery of the wire. In any case, circular anisotropy
cannot be induced in the entire volume of the wire;
therefore, near the wire axis, a certain region with axial
anisotropy remains, as evidenced by the behavior of
the magnetization curves.

It was found that annealing for more than 40 min
leads to an increase in the coercive force and a reduc-
tion in the MI sensitivity to the magnetic field. As a
rule, after a certain time (determined by the activation
energy), the kinetic processes are completed and an
equilibrium state of the amorphous phase is reached;
therefore, a further increase in the annealing time does
not change the main magnetic parameters, but crys-
tallization centers may appear, at which domain
boundaries can be fixed. To explain the behavior of
magnetization, we should also take into account into
account the factors such as changes in the microstruc-
ture and magnetostriction of samples. The effect of
annealing on magnetostriction does not always cor-
relate with a change in magnetic anisotropy. This can
be explained in terms of the relaxation of stresses
caused by the manufacturing process and changes in
the amorphous state of the core material, which reach
equilibrium for a longer time. Internal stresses can
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Fig. 2. Effect of tensile stress on the behavior of the hyster-
esis loop in as-prepared amorphous Co71Fe5B11Si10Cr3
microwire. (Inset) Residual magnetization (Mr/Ms) vs.
tensile stress.
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Fig. 3. Effect of tensile stress on the behavior of the hyster-
esis loop in an amorphous Co71Fe5B11Si10Cr3 microwire
after current annealing at 50 mA for 60min: (solid curves)
σex ≤ 500 MPa and (dotted curves) σex > 500MPa. (Inset)
Residual magnetization (Mr/Ms) vs. tensile stress.
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strongly influence the magnetostriction of amorphous
wires if its constant λs is on the level of 10–7. The
dependence of magnetostriction on mechanical
stresses is determined by the formula

(2)

where λs0 is the magnetostriction constant in the absence
of mechanical stresses (positive for these wires), B is a
coefficient having the value of ~(1–6) × 10–10 MPa–1

[29]), σi are the internal stresses arising in the process
of fast hardening of the amorphous alloy, and σex are
external tensile stresses. It can be assumed that, with
decreasing σin due to the relaxation of internal stresses,
the magnetostriction constant increases along with its
contribution to the axial magnetic anisotropy.

The dependence of the magnetization curves on
the tensile stress for the wires in the original form and
after current annealing is shown in Figs. 2 and 3,
respectively. The hysteresis loops of unannealed wires
remain rectangular up to a load of σex < 500 MPa; in
this case, the coercive force (Hc) increases. A further
increase in the load leads to a change in the type of
hysteresis loop from rectangular to inclined; in this
case, Hc decreases. This behavior is caused by a change
in the sign of λs from positive to negative, as follows
from Eq. (2). A change in the sign of magnetostriction
under the action of external stresses in similar amor-
phous alloys was earlier observed in [30]. Indeed, the
magnetic anisotropy energy Ema has the form

(3)

λ = λ − σ σ = σ + σ0 in ex, ,s s a aB

= − + θ = λ σ + σ2
ma me me in ex

3( )cos , ( ),
2 sE K K K
PHY
where K is the anisotropy constant and θ is the angle
between the magnetization and wire axes. As follows
from formulas (2) and (3), in the presence of a tensile
stress σex, the magnetoelastic anisotropy constant Kme
increases, reaching its maximum when σex = (λs0 –
Bσin/2B), and can become negative when σex = (λs0 –
Bσin)/B. If K is negligibly small, the easy direction of
easy magnetization of the wire has a circular direction.

The shape of the hysteresis loops of the annealed
wires under the action of the load up to σex < 500 MPa
transforms from inclined to rectangular (Fig. 3). In
this case, the induced anisotropy constant K is nega-
tive (K < 0), while Kme increases (λs > 0), and the ten-
sile stress leads to an increase in the contribution of the
axial anisotropy. A further increase in the load (above
500 MPa) leads to a reverse change in the magnetiza-
tion processes, and the hysteresis loops transform
from a rectangular to inclined.

It should be noted that a moderate tensile stress
applied to annealed microwires almost completely
restores the hysteresis loop observed in untreated wires
without load (compare with Fig. 2). Consequently, in
wires with positive magnetostriction, current anneal-
ing and a tensile stress have opposite effects on the for-
mation of the direction of easy magnetization of the
wire.

Thus, the resulting anisotropy is a consequence of
both factors (current-induced anisotropy and
mechanical stresses). These observations are consis-
tent with previous results demonstrating that current
heating significantly enhances circular anisotropy in
wires with a negative magnetostriction [31], but, at the
SICS OF THE SOLID STATE  Vol. 61  No. 8  2019
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Fig. 4. The real part of the impedance in an amorphous Co71Fe5B11Si10Cr3 microwire vs. external magnetic field strength for dif-
ferent values of the tensile stress: (a) in as-prepared state and (b) after current annealing at 50 mA for 60 min. (Insets) The corre-
sponding changes in the effective circular anisotropy field.
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same time, leads to partial relaxation of internal
stresses [32]. The importance of the results obtained is
associated with the possibility of the formation of an
almost circular anisotropy in wires with a positive
magnetostriction, since external tensile stresses
restore the axial anisotropy in them. This opens up a
way to obtain microconductor materials with a highly
stress-sensitive MI effect.

The main objective of this work is to achieve a
highly sensitive stress-MI. The dependence of the
effective circular anisotropy field on the tensile stress
in untreated wires and in wires after current annealing
is shown in Fig. 4. The same figure also shows the
magnetoimpedance curves. In unannealed wires
under the action of a tensile stress, a noticeable change
in the behavior of MI is observed at σex = 300 MPa,
when the central peak splits into two small symmetric
peaks. Very large changes are observed at stresses
above 500 MPa due to a change in the sign of the mag-
netostriction constant and a corresponding change in
the orientation of the easy anisotropy axis from axial to
circular.

This behavior is consistent with the magnetization
processes, as illustrated by the graphs shown in Fig. 2.
In the annealed wires, the reverse behavior of MI
under the action of a tensile stress is observed. Under
the action of a moderate stress (σex = 280 MPa), the
graphs of MI significantly change their shape from a
dependence with two symmetric peaks to a curve with
one peak, as shown in Fig. 4b. An increase in the ten-
sile stress causes a reverse trend in the behavior of the
MI. This is also consistent with changes in the nature
of anisotropy and the type of hysteresis loops.
PHYSICS OF THE SOLID STATE  Vol. 61  No. 8  2019
Since the studies of MI were performed at a fre-
quency of 50 MHz, due to the skin effect, they primar-
ily ref lect the processes occurring in a microwire’s sur-
face layer. In the original wires, the character of the
magnetic anisotropy of this layer is similar to that in
the rest of the wire, where the magnetization is ori-
ented in the axial direction. In the annealed wires, cir-
cular anisotropy is stronger in the surface layer, which
is mainly responsible for the MI effect. As a result,
mechanical stresses have a stronger effect on the
behavior of MI than on the course of the hysteresis
loop.

The discovered possibility of changing the direc-
tion of the easy anisotropy axis using current anneal-
ing in wires with a positive magnetostriction opens up
broad prospects for use in mechanical stress sensors
operating in the high-frequency range. Such induced
magnetic anisotropy is also of great interest for
increasing the MI sensitivity [33] and, even more
importantly, creates the conditions for the manifesta-
tion of the effect of ultrahigh stress-sensitive MI with-
out using additional bias magnetic fields (or currents).

The dependence of the impedance on the applied
tensile stress in the absence of a magnetic field (H = 0)
for wires in the original state and after current anneal-
ing at 50 mA for 60 min is shown in Fig. 5. As can be
seen from the graph, the MI of the original wires under
the action of a tensile stress of less than 250 MPa does
not show a significant change. When the load exceeds
340 MPa, a sharp decrease in the MI begins. This is
due to the change in the sign of the magnetostriction
constant under the action of tensile stress from posi-
tive to negative.



1414 NEMATOV et al.

Fig. 5. The real part of the impedance in an amorphous
Co71Fe5B11Si10Cr3 microwire vs. applied tensile stress in
the absence of a magnetic field (H = 0): (a) in as-prepared
state wire and (b) after current annealing at 50 mA for
60 min. The impedance is normalized to its maximum
value.
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Thus, the behavior of the MI in annealed wires in
the absence of a magnetic field (H = 0) under the
action of tensile stress exhibits two opposite trends,
caused by a circular magnetic anisotropy induced in
the surface layer of the wire and an axial-type magne-
toelastic anisotropy. The MI increases linearly at loads
σex < 250 MPa and reaches a maximum at σex <
300 MPa. A further increase in the load leads to a
decrease in both the MI and its sensitivity to changes
in the magnetic field. These trends can be explained
within the balance between the induced current and
the magnetoelastic anisotropy, taking into account the
behavior of the magnetostriction constant under the
action of a tensile stress. The sensitivity to external
mechanical stresses achieved in the absence of a mag-
netic field exceeds 260% under loads σex < 250 MPa;
this possibility is realized without using additional bias
magnetic fields (or currents).

4. CONCLUSIONS

The current-induced circular anisotropy in wires
with a positive magnetostriction creates conditions for
a significant change in the MI under the action of ten-
sile stress, which can be called the giant stress-magne-
toimpedance (stress-MI) effect. Stress-MI opens up
broad prospects for the creation of stress sensors oper-
ating in the microwave range. In particular, we have
demonstrated the feasibility of control over the direc-
tion of the easy anisotropy axis in current-annealed
amorphous ferromagnetic microwires by means of a
tensile stress. This makes it possible to manipulate the
behavior of the magnetoimpedance and the magneti-
zation of wires by external actions. Thus, the current
annealing of amorphous ferromagnetic microwires
PHY
makes it possible to produce sensor elements with the
required type of magnetic anisotropy. In addition,
wires with a positive magnetostriction and induced
circular anisotropy can be used to create smart con-
struction materials with a possibility of remote control
of mechanical stresses.
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