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Advantages: (functionalities)
1. Unexpensive and simple fabrication method
2. Excellent soft magnetic properites (if amorphous)
3. Magnetic bistability (DW propagation)

4. Thin dimensions (Raw materials saving)
5.Biocompatibility (glass-coating)

. . Water jet ¢ potter corrosion resistance (glass-coating)
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MAGNETIC PROPERTIES OF AMORPHOUS MICROWIRES
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Promising applications: 1. Magnetic sensors and smart composites (GMI effect involved)

Smart composites
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Factors affecting soft magnetic propeties of amorphous alloys

Amorphous materials do not have defects typical for crystalline materials
(dislocations, point defects...)

H. Kronmiiller (1981) contributions in coercivity of amorphous materials:
Local anisotropy fluctuations (10-—1 me), H_(i)

Clusters and chemical inhomogeneities (< 1 me), H (SO)

Surface defects and iregularities (< 5 Me), H (surf)

Local srtuctural defects (0.1-10 me), H (rel)

Pinning of DW on defects in magnetostrictive alloys (10-100 Me), H (s)

H_(total)=[ H (s)? +H_(surf)>+ H(SO) 2+H_(i)? ]"? + H (rel)
170041
H_ (total)= H (s) +H (surf)+ H (SO) +H (1) + H_(rel)

Magnetostriction

Anisotropy (stresses), induced anisotropy

Clusters and chemical inhomogeneities (nanocrystallization)
Defects (surface)
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Magnetostriction A, -determines by the chemical
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TAILORING OF GMI EFFECT AND MAGNETIC PROPERTIES
Effect of the samples geometry on the hysteresis loops of Co-rich

. microwires with vanishing magnetostriction constant.
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Origin of annealling induced changes in Co-rich microwires
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Origin of annealling induced changes in Co microwires
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Induced anisotropy o
Stress-annealing
Co-rich microwires
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Zhukov, Route of magnetoimpedance and domain walls dynamics optimization in Co-based microwires, J.
Alloys Compound. Vol. 830 (2020) 154576, doi: https:// doi.org/10.1016/j.jallcom.2020.154576
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Stress-annealing Co-rich microwires

AZ/Z(H) dependences of as-prepared and stress-annealed at 7, = 300 °C AV (1)) CUEIELEEN P GHEITIE o7, =
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L. Gonzalez-Legarreta, P. Corte-Leon, V. Zhukova, M. Ipatov, J.M. Blanco, M. Churyukanova, S. Taskaev, A.
Zhukov, Route of magnetoimpedance and domain walls dynamics optimization in Co-based microwires, J.
Alloys Compound. Vol. 830 (2020) 154576, doi: https:// doi.org/10.1016/j.jallcom.2020.154576



Looking for the highest GMI effect

Hysteresis loops of as-prepared (a) and annealed at Tann= 275 °C (b), Tann= 300 °C (c) and
Tann= 350 °C (d) Co,,Fe,B,;Si,; sample (40 pm).

Table 1. The magnetostriction coefficient of as-prepared and annealed
Co,,Fe, B,;Si;; microwires.
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Looking for the highest GMI effect
GMI of annealed at Tann= 350 °C (a); Tann= 300 °C (b) Tann= 275 °C (c) Co,,Fe,B,;Si;,
sample (40 pm).
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Optimization of giant magnetoimpedance effect in Co-rich glass-coated microwires
0 | | by annealing, J. Alloys Compound, Volume 999, p. 175023
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Amorphous microwires

Origin of stress-annealing induced anisotropy

As-prepared microwire

ternal stresses with mainly axial
component

Stress Annealing

nduction of magnetic anisotropy
during stress annealing

Slow Cooling under stress

tress relaxation in the stressed
state at room temperature

Eli Induction of the compressive
stresses at room-temperature (so-

called “Back stresses”)

A. Zhukov, Advanced Funcional Materials Volume 16, 16
Issue 5, 2006, pp.675-680



Origin of induced anisotropy

: . . ~
Possilbe origin: @) metal —— g. W
-Stress induced anisotropy / Glass coating ~/
(stress from glass coating)? Origin: Pair ordering usually considered

‘ TM1 (CO) Possible origin 3: _
The topological short range ordering
‘ TM2 (Fe) (also known as structural anisotropy)
can play an important role. This
H or/and o involves the angular distribution of the

atomic bonds and small anisotropic
structural rearrangements at

m ” “ temperature near the glass transition

’. temperature
Pair reorientation under field and/or

stress annealing (after Neel)
[1] F. E. Luborsky and J. L. Walter, “Magnetic Anneal Anisotropy in Amorphous Alloys”, IEEE

Trans.Magn. Vol.13 (2), pp.953-956, 1977.
[2] J. Haimovich, T. Jagielinski, and T. Egami, “Magnetic and structural effects of anelastic deformation

of an amorphous alloy”, J. Appl. Phys. Vol. 57, pp. 3581-3583, 1985.
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Present talk : magnetic softness and GMI effect of amorphous microwires

Other features of amorphous microwires:
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1.

S . S S , “Engineering of
domain wall dynamics in amorphous microwires by annealing”, J. Alloys
Compounds, Volume 707, 15 (2017), p. 35-40
V. Zhukova, J. M. Blanco, A. Chizhik, M. Ipatov, A. Zhukov, “AC-current-
induced magnetization switching in amorphous microwires”, Front. Phys. 13(2),
137501 (2018)

V. Zhukova, J. M. Blanco, M. Ipatov, M.Churyukanova, S. Taskaev and A.
Zhukov, Tailoring of magnetoimpedance effect and magnetic softness of Fe-rich
glass-coated microwires by stress- annealing, Sci. Reports 8 (2018) 3202
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“Engineering of magnetic softness and giant magnetoimpedance effect in Fe-rich
microwires by stress-annealing”, Scripta Materialia Vol. 142, 1 January 2018, 10—
14,

Magnetric hardening: FePt
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Volume 735, (2018) pp.1071-1078
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GMI magnetometer versus SQUID and fluxgate

Advantages:
-Lower cost
-Smaller size

-pT magnetic field sensitivity (comparable to SQUID)

SQUID (superconducting quantum
interference device)

19



Conclusions

Soft magnetic properties can be observed in Co-rich magnetic microwires

By appropriate post-processing (stress-annealing or annealing) we can considerably
improve GMI effect and magnetic softness in Co-rich microwires

For interpretation of observed effect of stress annealing we considered internal stresses
relaxation after annealing and interplay of compressive stresses and axial internal
stresses after stress annealing.
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Low-f impedance can be

measured by the four-point
method.
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Tailoring by Joule heating
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(b) and annealed at conventional furnace at 300° C for 60 min studied
microwire.
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Looks that Joule heating prevents magnetic
hardening reported for Co-based microwires
after conventional annealing
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Induced anisotropy

MMHmax

H,=25A/m

As-prepared
,,,,,,,,,,,, 5min 40mA
—— 5min 30mA

100 50 0 50 100

1,04

—— As-prepared
- 30mA 3min
100 -50 0 50 100
H (Am)

Hc=2 A/m

Tailorinc

anisotropy

by Joule heating

- Internal stresses relaxation
- Induced magnetic

(@)

as-prepared
—— 5 min

02
H (KA/m)

0.4

Maximum GMI ratio (%)

400

GMI ratio up to 650%

D
o
?

2
2

-~ As cast

- 40mA 5min

-~ 40mA 10min
-~ 30mA 10min

sesse

30mA 5min

30mA 3min

V. Zhukova, J.M. Blanco, M. Ipatov, M. Churyukanova, J. Oliver, S. Taskaev, A. Zhukov, Optimization of high frequency
maanetoimbedance effect of Fe-rich microwires bv stress-annealina. Intermetallics. 94 (2018) 92-98

20
Joule heating time (min)

40

T
200

T
400

T
600

F(MHz)

T T T
800 1000

Circular magnetic field by current:

23



Magnetic wires:

-Iron whiskers
-Wiegan magnetic wires
(CoVFe,1970-th)

Amorphous: milli

(since 80-th) micro
nano

In-rotating water wires
(can be drawn to 20-30 um) — rough surface

Melt extracted (40-50 um)- not perfectly cylindrical cross section

Glass coated (0.1-50 um)- glass coating (stresses) ‘

24
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Magnetic filed depedence and value are affected by magnetic anisotropy
E Skin Effect of the Magnetic Conductor 8=(mu¢ﬂ-1/2
AC current frequency £, U s S5 ﬂ 1. Lo(H. P
— (Soft magnets)
f kHz f" MHz s 2. 5 <7 (at high enough f)
(Low dimensions) =l
Z(H)
n MagnetIC field AZ | 7 — ﬂZ(Hex)( . ‘Z(Hmax )‘}Z/S‘Z(Hmax )‘

E.P. Harrison, et.al Nature, 1935, vol. 135, p. 961 25

Essentialv to have maaneticallv soft conductor — cvllindrical aeometrv best 25
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