Review Paper

Functional magnetoelectric composites with magnetostrictive
microwires

L.V.Panina'?3® . D. P. Makhnovskiy*® - A.V. Beklemisheva'?- M. Salem' - N. A. Yudanov'

© Springer Nature Switzerland AG 2019

Abstract

This paper discusses the electric polarization properties of ferromagnetic microwires at microwave frequencies. At the
vicinity of the antenna resonance, a strong magnetic control of the wire polarization is possible owing to the magneto-
impedance (MI) effect. In order to realize efficient tunable properties, magnetic microwires of Co-rich compositions in
amorphous state are considered. The absence of the crystalline structure is an important condition to establish well-
defined magnetic anisotropies of small magnitudes, which results in the magnetization processes sensitive to the external
parameters such as a magnetic field and a mechanical stress. Tunable soft magnetic properties of amorphous microwires
are responsible for the Ml effect, which can be observed at high frequencies (1-10 GHz). Here we demonstrate that the
electric polarization of a microwire depends on its impedance and, hence, can be modulated changing the wire mag-
netization state in response to the application of a magnetic field and a mechanical stress. The polarization problem is
treated theoretically by solving the scattering problem from a cylindrical ferromagnetic wire with the impedance bound-
ary conditions. The modelling results agree well with the available experimental data.

Keywords Magnetoelectric effects - Ferromagnetic microwire - Microwave electric polarization - Magnetic control of the
electric polarization - Magnetoimpedance

1 Introduction Dzyaloshinskii-Moriya mechanism [1, 2]. A large change

in magnetization caused by an electric field was recently

Competitive technological developments require func-
tional materials that combine several properties which
may be tuned by external stimuli. Considering materi-
als with magnetic and (or) electric orders, it is natural to
control the magnetization M and permeability 4 with a
magnetic field H, and the electric polarization P and per-
mittivity £ with an electric field E. The realization of cross-
dependences P(H) and M(E) is of considerable practical
interest which requires strong magnetoelectric coupling.
Thus, in magnetically induced ferroelectrics P sensitively
changes with H since the origin of electric polarization is
ascribed to a complex magnetic order due to the inverse

observed in hexaferrites with a conical spin structure [3,
4] and also in M-type hexaferrites with a co-linear mag-
netic structure [5, 6]. In the latter case the mechanism of
spontaneous electric polarization can be still related to
the magnetic order due to symmetrical exchange stric-
tion stimulating the crystal distortions.

The magnetoelectric effects are also realized in compos-
ites that combine coupled electric and magnetic dipoles
[7]. The coupling mechanism typically involves piezo-
electric and magnetostrictive interactions. In the present
work we are dealing with the electrical dipoles induced in
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ferromagnetic wires by a high-frequency electric current
generated by the electromagnetic field.

The use of metal inclusions to engineer electric dipoles
allows achieving large polarizability in comparison with
dielectrics. The inclusion shape significantly determines
the polarization properties. A wide variety of polarization
effects have been observed in conducting wires with dif-
ferent spatial configurations such as a simple needle or
more complex spiral shapes [8, 9]. The dielectric properties
of composites with conducting elongated inclusions are
formed by the dipole response of the inclusions, which
may have a resonance-type frequency dispersion [10-13].
Similar to the Lorentz oscillator, the electric polarization of
a wire inclusion in the vicinity of resonance has the form:

An
F= ; w?,n - w? _jwrel,nw (1)
where the summation is carried out over the resonance
modes with frequencies , , which mainly depend on the
inclusion shape and w is the excitation frequency. The
parameter A, represents the resonance mode strength,
and o, , are the relaxation frequencies. In the case of fer-
romagnetic wires, each w, , includes the internal losses
of resistive and magnetic origin; therefore, P may depend
on the inclusion magnetization: P(M). In the present paper
we discuss a large change in the electric polarization of
ferromagnetic amorphous wires at microwave frequen-
cies in response to a magnetic field H,, and a mechanical
stress o,

The underlying mechanism of magnetic control of P
is the high-frequency magnetoimpedance (Ml) effect
which is observed in amorphous microwires of Co-based
compositions [14-16]. Theoretically, this is explained by
solving the scattering problem at a finite length ferro-
magnetic wire with the impedance boundary conditions
imposed at the wire surface [8, 17]. It is demonstrated
that the relaxation frequencies w,, , depend on the wire
surface impedance ¢ and in the vicinity of resonance the
wire polarization also strongly depends on ¢. At certain
conditions the variations in the wire magnetic structure
caused by the external stimuli H,, and o, lead to large
high-frequency impedance changes. This requires a well-
defined magnetic anisotropy of a small magnitude which
can be established by various annealing treatments [18].
In the case of amorphous alloys with a near-zero magne-
tostriction the induced anisotropy can be tuned through
the magnetoelastic interactions [19-22] to achieve large
stress-MlI.

Since the wire polarization depends on a magnetic field
the scattering of electromagnetic waves by such wires can
be modulated with a low-frequency magnetic field. Then,
the scattered signal from a single microwire may be easily
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detected with lock-in techniques. This was proposed for
embedded wireless sensing applications [9, 23, 24]. At
certain conditions the amplitude of the modulated signal
sensitively depends on the measured parameters such as
an applied magnetic field and a mechanical stress.

The other range of applications is related to composite
materials containing MI-wires. The effective permittivity of
composites also depends on the wire magnetic configura-
tion. Such composites are of interest as tunable electro-
magnetic materials [25, 26].

2 Electric polarization of a ferromagnetic
wire

We consider the polarization properties of a ferromagnetic
wire interrogated by a microwave field. The wire of a finite
length / is placed in the dielectric medium with the permit-
tivity 4. The electric field e, along the wire (z-axis) induces
the current i which must be zero at the wire ends:

i(x1/2)=0 (2)

This condition implies that there exists some distribu-
tion of the current along the wire and the electric charges
concentrate at the wire ends generating a dipole moment
P, which is determined using the continuity equation:
0i(z)/0z = jwp(2) (pis charge density per unit length, i(z) is
the linear current density, j2 = —1). The value of P is found
by integrating the current along the wire

j 172
pP== / i(2)dz 3)

@ J_12

In order to find the current distribution, we need to
solve the scattering problem which is simplified for a
thin wire (I > a, a is the wire radius) with the use of the
antenna approximation. Typically, this problem is con-
sidered with the zero-impedance boundary conditions.
However, this approach ignores completely the effect
of internal losses. There are a number of approximations
developed to include the resistive losses considering
the wire impedance, which results in integro-differential
equations for the current distribution [27, 28]. A similar
approach was used for a ferromagnetic wire character-
ized by a scalar permeability independent of frequency
[19]. It is not clear if the proposed numerical method could
be extended to a general case. We summarize here the
approach developed in [8, 17] which is based on find-
ing the scattered electromagnetic field from a cylindrical
wire with the use of the impedance boundary conditions
imposed at the wire surface:

e =¢(h,xn,)
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Here ¢ is the surface impedance tensor which relates the
tangential components of electric & and magnetic h, fields
at the wire surface, and n, is the unit radial vector directed
inside the wire. The electric field e is composed of the inci-
dent wave field e, and scattered field e,. The magnetic field
his induced by the current i. In general, the surface imped-
ance ¢ is of a tensor form which may result in some other
interesting magnetoelectric properties, for example, induc-
ing the electric polarization by a magnetic field h, of the
electromagnetic field. In the case of a diagonal tensor ¢ the
boundary condition simplifies:

€, = gzzh(p (4)
The diagonal component ¢,, relates the longitudinal elec-
tric field &, and circular magnetic field Frq,.
The fields e and h are expressed in terms of the scalar ¢
and vector A potentials:

47 0A

e=-V ,
¢ c? ot

h="2(vxA) (5)

where c is the velocity of light. Using the Lorentz calibra-
tion, the Helmholtz equation can be obtained for A:

AA+ KA =i, k= (w/)\/eq 6)

The Green function approach is used for solving Eq. (6)
which involves convolutions:

A(r)= (G i) = / i)G(r')dv, 7)

v

G(r) = exp (jkr)/4nr

In (7) the integration is done over the wire volume and
r' = |r — z|is the distance between the point r and the inte-
gration point z. The circular magnetic field induced by cur-
rent is found with the help of Egs. (5) and (7):

h(r) = é / (i) xr')G,(ndV, @

v

=

a?(1 — jkr") exp (jkr')

G (r)=
o 20

Using the cylindrical geometry, the surface value of the
circular magnetic field is expressed as

172
h, (@) = é / G,mids, r=v/c-92+a ()
_ip2

This can be compared with the static case when
I_v(p = 2/ /cawhere | is the total current. The difference is due
to the retarding effects.

The z-component of A describes the scattered electric
field from a straight wire and is found from Egs. (5) and (7).
With the use of boundary condition (4) the generalized
antenna equation is obtained for the current density in the
ferromagnetic wire which has a form of an integro-differen-
tial equation:

2 i i
0°(G i) +k2(G w7 +IC‘2’€dGZZ (G

N Joegy
i) ="——e 10
0z2 mac ¥ ) 4z O (10)

4

Equation (10) involving the second derivatives with
respect to z is completed with boundary condition (2) which
requires zero current at the ends. The wire surface imped-
ance ¢,, and the real part of convolution (G(ﬂ * i) determine
the internal losses. The radiation losses are described by
the imaginary parts of (G * i)and (G,, * /). In the case of a
moderate skin effect, the radiation losses are small. Then,
the solution of Eq. (10) is represented as a series over a small
parameter involving the imaginary parts of G and G,,. The
zero approximation corresponds to neglecting the radiation
losses (putting the imaginary parts to zero). In this case, a
simplified analytical solution can be obtained which gives
a reasonable approximation if the skin effect is not very
strong. Moreover, a moderate skin effect (a ~ 6, 6, is the
magnetic skin depth) is needed for the manipulation of elec-
tric polarization by changing the wire magnetization.

The calculation of the surface impedance tensor ¢ in a
ferromagnetic wire with a helical anisotropy and arbitrary
frequencies is rather complicated and involves asymptotic
expansions of the Maxwell equations [30, 31]. It was demon-
strated that the approximation of a strong skin effect gives
reasonable results even for a ~ §,, and is used here. For a
uniform magnetization M, directed at a constant angle 6
with respect to the wire axis the component ¢,, is defined as:

1
gzz:c( j)(\/ﬁc052€+sin20>, 5= —= 11

4rod \2row

Equation (11) contains the permeability parameter /i
which is expressed via the diagonal and off-diagonal com-
ponents of the internal permeability tensor. It has a meaning
of a circular permeability in the cylindrical coordinate system
with the dc magnetization M directed along the z’ axis; o is
the wire electric conductivity.
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3 Tunable magnetic configuration
in an amorphous wire

As it follows from Egs. (3), (10) and (11), the current dis-
tribution and polarization depend on the surface imped-
ance¢,, and, hence, depend on both the dc magnetization
angle 6 and dynamic permeability fi. Then, the magnetic
control of P with the help of an external magnetic field
H., and/or a stress o, is mediated by the corresponding
dependences of O(H,,, o.,) and ji(H,,, ., ) (see Fig. 1). How-
ever, at microwave frequencies and moderate values of H,,
the frequency dispersion of permeability ji is described by
the tail of the ferromagnetic resonance where ji weakly
depends on the dc quantities [32]. Therefore, large vari-
ations in P require a tunable magnetic configuration in
combination with relatively large magnitudes of | fi| > 1.

The equilibrium position of M is decided by minimiza-
tion of the magnetostatic energy U,,;:

U :—K("k""’O)2 3 M,

—_— - MyH
m 2 0" Tex
Mg 2

(12)

Here n, and K are the direction and strength of the aver-
aged short-range anisotropy, ¢ is the total stress tensor
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Fig. 1 Magnetic structure and tuning parameters for amorphous
wires with a helical anisotropy
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Fig.2 Influence of the external tensile stress on hysteresis loops of
amorphous glass-coated microwires. a: Wires of the composition
Cogg.5Mng 5SijoBy5 having the total diameter of 14.5 pm, the metal-
lic core diameter of 10.2 um and A, = —2 - 1077 The external stress
contributes towards the circular anisotropy. b: Wires of the compo-
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including the internal macroscopic stresses 6;, and exter-
nal tensile stress o,,, and 4, is the linear saturation magne-
tostriction which is uniform in the amorphous state. Typi-
cally, the main contribution to the magnetic anisotropy
comes from the magnetoelastic interactions. The short-
range anisotropy may be enhanced or modified by anneal-
ing in the presence of a magnetic field or stress [21, 22].
A near-circumferential anisotropy is required to change
sensitively the magnetization direction with the field H,,
applied along the wire. Such anisotropy naturally exists in
wires having a negative magnetostriction coupled with a
tensile internal stress. Amorphous alloys of Co-rich com-
positions with small addition of Fe or Min possess a small
negative magnetostriction of the order of —10~7. The wires
of such compositions produced by Taylor-Ulitovsky tech-
nique in glass-coat [33] have a relatively large internal ten-
sile stress, hence a near-circumferential anisotropy. Typical
magnetic hysteresis curves for the case of near-circum-
ferential anisotropy in the presence of 6., are shown in
Fig. 2a. The field H,, rotates the magnetization towards the
wire axis causing fast increase in cos 0. The application of
0 Strengthens the circumferential anisotropy for A, < 0,
and therefore, its impact on the magnetization direction
is seen only in the presence of H,,. The bias-field effect on
the stress dependence of the magnetization angle could
be of high practical importance. On the other hand, the
use of a dc bias field may not be desirable and a“reversed
anisotropy” should be established: circumferential for
positive magnetostriction and axial for negative magneto-
striction. Various annealing treatments are used to modify
magnetic anisotropy in amorphous alloys. For example,
current annealing induces a circumferential anisotropy in
wires with a positive magnetostriction. The corresponding
hysteresis loops are shown in Fig. 2b: the application of o,

1.25
(b)
0.75 ;
0.25 é
é 025 ——0MPa
=
X ——170 MPa
073 A ——596 MPa
125
2300 -200 -100 0 100 200 300
H (A/m)

sition Co,,FesB,;Si;oCr; annealed at 50 mA for 60 min, having the
total diameter of 29.5 um, the metallic core diameter of 23.9 um
and A, = (3 —5) - 10~7. The external stress contributes towards the
axial anisotropy
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increases the remanence magnetization (cos 6 increases
for H,, = 0).

4 Tuning the dynamics characteristics:
impedance, current distribution
and polarization

The change in the static magnetic configuration is reflected
in the impedance versus magnetic field or impedance ver-
sus external stress behaviours, as shown in Fig. 3, where the
experimental plots of Z = (2//ac)g,, are given. A complex-
valued impedance Z is found by measuring S,, parameter
(forward transmission coefficient) by means of a vector net-
work analyser technique with a specially designed microstrip
cell allowing the application of external load at the centre
of the wire sample. In the case of a circumferential anisot-
ropy the impedance shows strong variations in the range of
magnetic fields H,, applied along the wire when the static
magnetization changes its direction from circumferential
to axial (the magnetization angle 6 changes between 0 and
r/2).Itis also seen that the impedance sensitively changes
with application of the stress and most of the change occurs
when a moderate magnetic field is also present. Therefore,
in the case of a circumferential anisotropy, the bias mag-
netic field is favourable to enhance the stress sensitivity.
This tendency becomes more pronounced with increasing
frequency, as seen in Fig. 3b where the impedance plots ver-
sus tensile stress are given for a frequency of 500 MHz. If no
field is applied, the impedance does not change in response
to o, since there is no change in the magnetization direc-

anisotropy field H, (a characteristic field required to saturate
the wire along the axis).

The dependence of the impedance on the magnetic field
and tensile stress makes it possible to tune the scattering
from a single ferromagnetic wire as follows from Eq. (10).
Neglecting the radiation losses in (10), the equation for the
current distribution is reduced to the ordinary differential
equation which is easily solved. Figure 4 demonstrates the
effect of tensile stress on the current distribution near the
resonance frequency. The bias magnetic field H,, of about
the anisotropy field H, is needed to realize this stress effect
(compare with Fig. 3). A very large difference in the current
distribution is caused by the application of o, = 650MPaq,
which for the parameters used is sufficient to overcome the
effect of H,, and rotate the magnetization back to the cir-
cumferential direction. It should be noted that the antenna
resonance frequency defined by the half-wavelength con-
dition is chosen such that the skin effect is not very strong
(a/éy, ~ a\/ﬁ/é ~ 1) and the permeability parameter /i
substantially differs from unity. (For the parameters used
the real part of ji equals —4 at a frequency of 2 GHz [32].)
For a wire with a diameter of 10-20 micron the frequency
range is within few GHz. The antenna resonance frequency
fres = c/2l\/5 can be adjusted by varying the wire length
I and the permittivity of the surrounding medium ¢,. If
the proper conditions are realized, the induced electric
polarization of a ferromagnetic wire shows large variations
in response to the applied field and stress. Figure 5 dem-
onstrates the frequency dispersion of the polarizability
parameter

. . e P
tion. However, the impedance sensitivity with respecttos,, a = Ve (13)
increases greatly in the presence of a H,, of the order of the 0
— Z(Ohm) 4-
i ——0MPa
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Fig.3 Impedance characteristics of Cogg sMng5Si;oB;5 wires with a
near-circumferential anisotropy and effect of the tensile stress. a:

Impedance versus H,, for different o, frequency is 60 MHz; b: nor-

malized impedance ‘Z/Z(HeX =0,0e =0) ‘ versus o, for different

H,,, frequency is 500 MHz. The measurement was done with the
help of Hewlett-Packard 8753E vector network analyser
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Fig.4 Current distribution along the wire for a frequency
f = 1.9 GHz (near the resonance) calculated from the zero approxi-
mation of Eq. (10) with the use of Wolfram Mathematica. Imagi-
nary part is shown. The effect of external field and tensile stress is
demonstrated (H,, = 0.8H,, 0., = 0,650MPa) for a circumferential
magnetic anisotropy. Parameters for calculation: | = 4cm, 2a = 10
um, e, =4, 6 = 7.6 - 10'>s7, anisotropy field Hy,=5 Oe (the field
required to saturate the wire along the axis when o, = 0), satura-
tion magnetization M,=500 G, gyromagnetic constant y =210’
(rad/s)/Oe, spin relaxation parameter is 0.2, internal tensile stress
oi, = 200MPa, and internal torsion stress o, = 40MPa. The param-
eters are chosen such that there is consistency with the hysteresis
loops and impedance experimental results shown in Figs. 2a and 3

10 — Im(a), 6,,=650 MPa
— Im(a), 6,,=0
8 Re(0), 6,,=650 MPa

Re(0), 6,,=0

-5

Polarizability, 10 o
S}

(=2}
1

Frequency, GHz

Fig.5 Frequency spectra of the real and imaginary parts of the
induced polarizability a = P /Ve,. Parameters for calculation are the
same as for Fig. 4

in the presence of the external field (H,, = Hy) and for
different values of 6. In (13), V is the wire volume. For
oo = 0, the resonance peaks in the real part of « are sup-
pressed and the peak in the imaginary part is very wide,
which corresponds to a relaxation-type frequency disper-
sion. When a tensile stress is applied together with H,,
the resonance behaviour of the polarizability is well pro-
nounced. Therefore, using a magnetic field and a tensile
stress it is possible to control the resonance scattering
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from a ferromagnetic wire, which is of interest for applica-
tions in tunable materials and sensing.

5 Application to tunable dielectrics
and wireless sensors

The electric polarizability a of a single wire near the reso-
nance is very strong, so the composites with low concen-
tration of magnetic wires will demonstrate the effective
permittivity €., which depends on the wire magnetic
properties. For low wire concentrations p < p. (p, is the
concentration of the percolation threshold) it is consid-
ered that the local electric field equals the external field
e, and the mutual interactions between the wires can be
neglected. Then, the effective permittivity is defined by
the summation of the local polarizations:

Eof = E4 + 4zp{at) (14)

Here () is the averaged polarizability of the magnetic
wires. (The averaging could involve different spatial orien-
tations of the wires.) Therefore, the effective permittivity
will have a similar to « frequency dispersion (see Fig. 5)
and will show strong changes in the presence of external
field H,, and/or stress o,. The experimental results on scat-
tering spectra (reflection and transmission) of composites
with CoggFe,Cr;B,,Si;; microwires with induced helical
anisotropy confirm this conclusion [12]. Near the dipole
resonance, the transmission minimum deepens (from —12
to —17 dB at 2 GHz) under the application of o, which
strengthens the circumferential anisotropy decreasing
the impedance and magnetic losses. On the contrary, the
application of H,, rotates the magnetization towards the
axis, the impedance increases, and the dipole losses also
increase. Therefore, composites with ferromagnetic wires
exhibit tunable microwave spectra.

The other range of applications includes wireless sen-
sors for measuring remotely the local stresses inside
materials, which is based on the dipole scattering from
a ferromagnetic wire. The microwave scattering defined
by S-parameters from a single microwire is small in com-
parison with the incident wave. A special experimental
procedure is needed to detect the scattered signal and
its dependence on the environment stress. The method
is based on the magnetic field dependence of the wire
polarization [13, 15]. The wire is subjected to a microwave
field and a low-frequency magnetic field H, that modulates
the amplitude of the scattered signal. The modulated sig-
nal of doubled frequency can be sensitively detected with
lock-in techniques. This doubled-frequency signal reflects
a symmetric shape of the magnetic hysteresis and imped-
ance versus field plots. The magnitude of these modula-
tions will depend on the external dc stimuli: magnetic field
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Fig.6 Modulation of the dipole moment with ac bias field H, as a
function of the dc field H,, for different external tensile stresses. The
parameters are the same as for Fig. 4. The frequency is near the res-
onance (1.9 GHz). The modulation parameter is defined as

AP /P = Max w .The amplitude of H, equals H, /2

H., and stress o, that can be originated by strains inside
a material.

The scattered signal is proportional to the magnitude of
the polarization P. Computing P as a function of varying
H, at fixed values of H,,, o, and frequency (near the reso-
nance) we can deduce the amplitude of the modulations.
Figure 6 shows the modulation amplitude as a function
of H,, for various stresses for the case of a wire with a cir-
cumferential anisotropy. It is seen that the external stress
strongly suppresses the low-frequency modulations since
the circumferential anisotropy increases and the imped-
ance becomes insensitive to moderate magnetic fields as
follows from Fig. 3. This result is consistent with the experi-
mental investigations of [9, 29].

6 Conclusion

We demonstrated that magnetostrictive microwires
behave as magnetically tunable electrical dipoles, which is
based on microwave magnetoimpedance and resonance
scattering. This dynamic magnetoelectric effect can be
used for developing tunable microwave materials and
wireless stress sensors with remote operation. For practical
applications, it is useful to apply a low-frequency magnetic
modulation that produces a signal of doubled frequency,
the amplitude of which strongly depends on the external
stimuli, such as a dc magnetic field or mechanical stress.
The signal of a specific low frequency can be sensitively
detected.
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