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Promising GMI applications: 1. Magnetic sensors and smart composites

Third Generation of Magnetic Sensors Smart composites

MI Sensors with excellent Transceivel

| m .
performance! @ Y
2 radiation
8 | Nobel Prize
E 2007 Nanotechnology
£ Second Generation K / /// 1
o Micro-size, sensitivity 1 Gauss
o
rrra— Extornal stimuli: strain.
First | Wwire since 2010 compression, magnetic
Gene'rauon. A Semiconductor technology field, or heating
Large size, sensitivity 1 Gauss
Magnetic Detection Coil
I ( I I > cPowe Qo GPSHiR
1900 " 1960 1990 % &
i Amorphous wire:
\ ' , (glass-coated wire)
Magnetic Sensor Histor N N I Toalwre - 133 lim ;i
g y ~ ‘/‘,_‘.—-—"'—-——“ T ;"_::.,'____' CASIO 2013.June 68250yen Wire length: 520 1m S {
T ) -- i ‘ Amorphous Wire 3-axis Electronic Compass chip:A M/ 306 Adv_anta_geous of Ml sensor :
| -y :\ :z . y %l;ﬁiur;r_r ((:?Zn'g)e) 1) Mllcr;):sae arfd small pov»:jri )
Industrial application in Smart phone using M| sensor Advanced 3 axie Ml sencor ohin installed in wateh

Last tendencies: Size reduction, frequency increasing Soft magnets are needed
Source: Aichi Micro Intelligent Corporation 4



Magnetic Field and Magnetic Sensors

Magnetic wires
(up to 730%),
up to 10%/A/m

pico-Tesla sensitivity !
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Source: Prof. K. Mohri

Proton magnetometer
(0~0.01H=2)

Pulse-Driven Magnetoimpedance Sensor Detection of
Cardiac Magnetic Activity

Shinsuke Nakayama', Kenta Sawamura', Kaneo Mohri?, Tsuyoshi Uchiyama®*

1 Depart iology, Nagoya University Graduate School of Medicine, Nagoya, Japan, 2 Department of Electronics, Nagoya University of Graduate School of




GMI magnetometer versus SQUID and fluxgate

Advantages:
Lower cost
Smaller size

SQUID (superconducting
quantum interference device)

All the GMI magnetometer prototypes are made with magnetic
wires where the highest GMI ratio is achieved!



Main features and definitions of the GMI effect
The widely used GMI ratio definition [1,2]:

AZIZ ={Z(H, )~ |Z(H,. \}/|Z(H,, ) 0

where Z 1s the impedance modulus and H_,, 1s the maximum measured field

[1] R. S. Beach, A. E. Berkowitz, Appl.Phys.Lett., 64, 3652 (1994). . . .
[2] L. V. Panina, K. Mohri, Appl.Phys. Lett., 65, 1185 (1994). The maximum (if there is)

corresponds to the transverse

magnetic amsotrop 1eld [2]
/ 0.4 Y )
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Changing the hysteretic properties
we can modify the GMI effect



GMI efrect
Calculated penetration depth vs. axial dc-field at various frequencies
of ac-current in Cog Fe; ¢-Ni; ,sMo, -Si;, sB;; s microwire

effect. Thin surface
layers are involved in
the GMI process

——

fi =520 f-0s0

34 Experimantal points

Minimum panatration degth [um]

H‘"“‘—-—-—._

B
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Frequency [MHz]

H. Lachowicz, M. Kuzminski, K.L. Garcia, A. Zhukov and M. Vazquez, A. Krzyzevski, “Influence
of Alternative circular magnetic field strength on magnetoimpedance of glass-coated micro-wir®”,
J. Magn. Magn. Mater. 300 (2006), e88-¢-92



Magnetic wires:

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

Amorphous: milli
(since 80-th) micro|r wires
nano

Properties _ »
Fast domain walls propagation (after Slxtus Tonks, 1936)
GMI effect (after E.P. Harrison, et.al Nature, 1935, vol. 135, p. 961

and later resurrected by Beach R and Berkowitz A (1994), APL, 64, 3652.
Panina L V and Mohri K (1994), APL, 65, 1189.) ’
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GMI efffect
The Magneto-Impedance (MI) effect:
» extremely high sensitivity to external
stimulus (magnetic field, stresses,
temperature etc)
* relatively low-cost implementation
» suitable for integration into current
technological process
* RT effect (not cryogenic)

Conditions of high GMI effect:

* high transversal magnetic permeability u
and magnetic softness

* high saturation magnetization M,

* low resistivity p

Amorphous tl-wires
with vanishing A,

*Reduced dimensions (metallic nucleus diameter
0.2—-100 um, glass-coating 1-10 um).
» High homogeneity low cost and almost

continuous  process (I gram of the alloy
allows to obtain about Km of the wire).

» Excellent soft magnetic properties

m

» Yu. Kabanov, A. Zhukov, et al APL. 87 (2005) p142507




Glass coated amorphous magnetic microwires

* Co, Ni, Fe and Cu rich
compositions
dmetal
Dtotal—
) metal }
/ Glass coating /' Typical dimensions.

Total diameter 1-120 pm

Metallic nucleus diameter 0.2-100 pm
Glass coating thickness 1-10 pm
Length - few km (up to 10 in 1 bobbin)

@”@% ﬁ@lb@ Molten alloy,

Glass tuba

Drop of metal alloy

microwire Advantages: (functionalities)

n 1. Unexpensive and simple fabrication method

2. Excellent soft magnetic properties (if amorphous)
3. Magnetic bistability (DW propagation)

4. Thin dimensions (Raw materials saving)

5. Biocompatibility (glass-coating)

6. Better corrosion resistance (glass-coating)

7. Robust properties

Water jet
Receiving bobbins

1O Pubshing rm of Prysice O Applad Pryskcs
P, O A, FTys. 55 (022) 253003 (4255 D L T ——

fabrication Topical Review

Advanced functional magnetic
microwires for technological
applications

Experimental Facilities at UPV/EHU and Tamag S

Mihail Ipatov'”, Juan Maria Blanco™, Alvaro Gonzalez" and Valentina Zhukova''*
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GMI features relevant for applications

1.Value of the effect

2. Linearity

3. Hysteresis

4. Time/temperature stability

5. Low dimensions (high frequency)

Magnetically soft low dimensional magnetic materials are needed

GMI effect (after E.P. Harrison, et.al Nature, 1935, vol. 135, p. 961

and later resurrected by Beach R and Berkowitz A (1994), APL, 64, 3652.
Panina L V and Mohri K (1994), APL, 65, 1189.)
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Low-f impedance can be
measured by the
four-point method.

7. ocz_1+Sllzo
| — S
V= Szrlw [1]:m,,

Network Analyser

Analyzer HP8753 at frequency between 150MHz

AZ/Z, is defined as: X n
AZ/Z.= [(Z (H)-Z ZZ_)h(p_)[lLl] [2]:m, >V
(Hmax)] /Z (Hmax) . Z C
VC= é:;bziw Z¢Z oC VVC — S21
bias-tee sample holder
Programmable [ . %
{;[) I~ DC Power Supply HP-IB H
( A ®_ @ data bus H B e E
S N A
| Coaxial Sample | A VNA
” Holder HP-IB / \ por’[ 2
zu - e """"""" data bus / \
5 e microwire pick-up coil
= The impedance was evaluated using Network
~
=]
O

Yort2

-3GHz .




Magnetic properties and GMI effect of magnetic microwires
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Hyvsteresis loops. shape and value of GMI ratio are different



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)

Clusters and chemical inhomogeneities (nanocrystallization)
Defects (surface)

15



Magnetoelastic energy

~3/2A0, : Internal stresses in composite microwires
¢ A C
Magnetostriction A, -determines by the -
. .y Stress appears at —
chemical composition simultaneous solidification of
6=6;.60, metallic alloy inside the glass ~ #% =
- applied stresses coating
o, -determines by the ratio p=d/D
le—— PC based —=SiB — 7\.«
S
. I.l,..... II".‘ o1 4 EIB 1|2 16
~ ] )'__.‘—h. — >0 :: z?du[lnm g :imi;mm
§ 0.0 1 '.|'| E —‘-—IZ=15um et ;zsﬁm
Lo { | = 1 s Ragal = "ll - exto* |- @ g BT A
1% oz 04 os o 057 imgrmems S = ||'|‘ A \
concentration, x | HI | :k
T 0] = 1Eum | P
G f(p) p d /D o™= 0.90 GPa IIA axe’ oo """’%‘«xak 1
T l 00 02 04 05 08 10 et AI& T,
rR 5 20 25
D (pm)
t (1m)

H. Chiriac, T.-A. Ovari, A. Zhukov, J. Magn. Magn. Mater. 254-255 (2003) 469471



TAILORING OF GMI EFFECT AND MAGNETIC PROPERTIES
Effect of the samples geometry on the hysteresis loops of Co-rich

———

J ——a=6.0m; p=0,42

— d=6,8um; p=0,5
d=9,8um; p=0,53

—— d=11,8um; p=0,64

d=13 4um; p=0,8
—— 4=16,8um, p=0,7

— 4=16,8um, p=0,64

H (A/m)

400 -200 200 400
H, (A/m)

metal

P =D

total

400 -

200 -

metal

W

Glass coating

/

Correlation with magnetic anisotropy

microwires with vanishing magnetostriction constant.

T T T
0,6 0,8
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Effect of internal stresses through the geometry

Effect of p—ratio on GMI effect in Cog; osFe; gsNi; 4By 338114 4,M0; 49

microwire samples with different p—ratios (a) and dependence
of field of maximums on p—ratio (b).

(@) ~ . : (b) q epels

" p——— i1 4 w0, Possibilities:

o] e ‘J \\\ //ﬁ‘ = 1] tailoring of GMI effect
= ; il Y E’em_ in Co-rich glass coated
%‘ 401 £ _‘ [ % microwires by

| ¢ s 80- . .
] :.’ \ 0,70 0,75 0,80 0,85 -Joule heatlng.
o ’ " -Choosing adequate
800 geometry
0.6 S =10MH .
ol §600 I oMz Magnetoelastic
] o = energy
S 021 g = p038
E 30 2 A —2—p=0816| K ~3/2 A0,
‘. Boooh " A Q%; 5 p0.789| 2 £ (chemical
= 2 A o
201 S "2t % composition)
S 2 s, D, e,
-0_4—- g ‘4&} ‘mlg IQAAQA%A.A\A—A:EA; o= 0a+01
%50 a0 k0 0 180 300 | 450 500 1000 1500 2000

axial magnetic field H, (A/m) axial magnetic field H (A/m) 18

Cog,Fe, osN1, 4B, 551, Mo, 4



Are stresses always reduce GMI?

—0O— withbut stress
—m =33MPa -
o ), i? . A =66 MPa -

J / & :E\vkof =132 MPa -

A N
/ / 0/ Egg*a;:\&

E/./
®

omA . X ;:: _
E‘/IZA{‘/‘ ‘§

The magnetostriction constant changes with the stress:

200
H (A/m)

400

As = (uoMs/3)(dHk/do),
where poM is the saturation magnetization, Hk- magnetic anisotropy field, G- H®&m)

stresses.

PHYSICAL REVIEW B

VOLUME 35, NUMBER. 10 1 APRIL 1987

Temperature, stress, and structural-relaxation dependence of the magnetostriction

de FI

in (Cog s4Fep.o6)155115B 1o glasses
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S relaxation?
Co-based (As<0)

@))
(o
.
( )
G
U

Annealin 'E
1.0{ as-prepared | oommesns 05 5min
g | o N £ lw r,j«"‘" 05
Annealing: o it . — 2 00
. . s 1 -0630 -300 0 300 600 »-:330 -200 -100 100 200
Hystgre3|s loops and DW dyamics _ " 25 m,,.. ol s H«‘W el
-Fe-rich- enhancement of DW velocity "
-Co-rich —induced magnetic bistability o ,_..uw o . LY
-300 -200 -100 O 100 200 -1'-‘:3 0 -200 -100 100 200 ‘300 -Zbo '1 bo 0 1 00 200
, Co-ich H(A/m) H (A/m)
00+ —— As-prepared 5 ¢ : : : o c o
—,annZalz 300°C Origin of annealling induced changes in Co-rich microwires
— Fe-rich g g g
< 200 e prepared 1073, - M. Barandiaran, et.all, Phys.
1 — =l |
3 s Rev. B 35 (1987) 5066-5071.
1001 // Y e | As-prepared
01— - [ : : - As ..
-20000  -10000 0 10000 20000 g 0.25 050 Q75 CiGPal 05
H(A/m) 0.4 — e 1500 500 0 50 1000
0.3:— HA/m)
Such hardedning was observed in seve@L 0.2 e
Co-rich microwires = o1f /_/ \
S~ 00 i .
GMI|:  For GMI s not a solution! ol 7N \\‘:{51
. _0_2-_
Co-rich — decrease ol
05 1 2 4 8 16 32 v A 1 d
t_ (min) tol nncaic
A. ZHUKOV, et.al J. ELECTRONIC MATERIALS (2015) £03] T 20
DOI: 10.1007/s11664-015-4011-2 o] /
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Magnetostriction

A<D

:):g_- as-prepared
0.0
-0.5-
-1.0pEm— —
400 200 O 200 400
H (A/m)
300
250+
§200-
N 150
S 100+

AZIZ (%)

200 00 0 100 200
H(A/m)
300
—— 100 MHz
250 —— 200 MHz
200
150-
100
2ol

0

Composition treatment p=d/D 2, ¥106
Cogs,Fe,Ni; B,3Si;;Mo, 5 As-prepared 0.72 -1.05
Annealed
Cogg ,Fe,Ni B,;3Si;; Mo, ; (300 °C, 30 0.72 0.42
min)

~1500610000-5000 0 5000 1000015000

H (A/m)

Recent SAMR
Measurements

A.Zhukov, et.al. J.Magn. Magn. Mater.,

383 (2015) 232-236
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Comparison of hysteresis loops and GMI effect in Co and Fe

rich microwires 4]
0.5 Fe-ri
. _ e-rich
Co-rich § 00
1 () IPRRIPSERRN= " C. = ol i *\spontaneousl 0 | S
50l (D) - . - - 200 MHz
. -200 -100 100 ZQQ
S o H( m) :
i Z o
©
% } }\«>0 QW 10000 -5000 0 Azho'oo 10000 15000
N A=0 Magnetic field (A/m)

-15006-10000-5000 0 5000 1000015000
Magnetic field (A/m)
High GMI and magnetic bistability

\ be relaized in thes same sample! mr == =
We can also assume that outer domain T >< l >,< T >_< l
shall of the annealed Co-rich microwire _
exhibiting both fast DW propagation - = -
and GMI effect has high ! >< t >< ! >< t
= Circumferential magnetic permeability.
 This assumption is deduced by much

. microwires as-compared with Fe-rich
amorphous microwires.

MOIF Yu. Kabanov, A. Zhukov, ;[APL 87 (20 5



Induced anisotropy

Stress-annealing

Fe; (Cogo ,Ni; By, sSi;;Mo, ;C,,

Co-rich microwires

Hysteresis loops of studied Co-rich microwires stress-annealed at different conditions.

1.0+

0.5

e
=
ot

T =350°C

t =60 min

!g-

comparison of hysteresis loops of as-

prepared, annealed at 7, =350 °C and
stress-annealed at 7, =350 °C and o =472

MPa microwires.

........... as-prepared :;;z?cepmd
——0MPa ; T oM
———354MPa | acesceenn : = o MPy
_2|()0 .1I()0 H((k/ ) l(I)O 2(I)0
=1. g
w0 w Better magnetic softness
0=118 MPa H (A/m) 1 +—
1 27 =
i e
. 7
7
o S0 7
= 7
= 47
Tann=325°C z = noszMpa
—— Tann=400 °C - ‘__’/
1 : : ‘
. 40 20 0 20 40
0 400 800 H (A/m) Hc =2A/m

-800 400

H(A/m)

At high enough Tann or o a transverese anisotropy can be induced

L. Gonzalez-Legarreta, P. Corte-Ledn, 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



Stress-annealing Co-rich microwires

AZ/Z(H) dependences of as-prepared and stress- AZ/Z . (f) evaluated for different o, —values
annealed at 7, = 300 °C samples at different o, for the samples annealed at 7,,,,= 300 °C
measured at 100 MHz.
250
250
/=100 MHz 200
i M —— as-prepared —~
200_ T,,=300°C * """ g~ 0 MPa S 150
150 Né 100
100 S 50
50
%0_-- ~——
20 s 0 5 10

SA allows more remarkable GMI
improvement

Origin of Ml rising: Right magnetic anisotropy in thin surface layer?

L. Gonzalez-Legarreta, P. Corte-Ledn, 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 24
Compound. Vol. 830 (2020) 154576, doi: https:// doi.org/10.1016/j.jallcom.2020.154576



Tailoring by Joule heating

1
—_

1 L
Nomelzed

Normalized magnetization
o

-300 -200 -100 0 100 200 300
Magnetic field (A/m)

Hysteresis loops of as-prepared (a), Joule heated at 30 mA for 40 min
(b) and annealed at conventional furnace at 300° C for 60 min studied

microwire.

Looks that Joule heating
prevents magnetic hardening
reported for Co-based
microwires after conventional
annealing

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

25



Induced anisotropy Tailoring by Joule heating

Hk=25A/m - Interpal stresses
relaxation

- W GMI ratio up to 650%
| - Induced magnetic ratio up to C
anisotrop
650 i e
| 550 ] ¥ ) 3 "“-f-::'ﬁ'i‘“-‘l-in |
As-prepared 80 . - 500] £ 7 e T
774 5min 40mA o(a) e 450 ] :. .'"j.-.'... Tl : g g
— 5min 30mA 60 - ‘-;cé | : ‘-',-': L e !l
. T . . : . . E400__ .;’ T
-100 -50 0 50 100 540_ . E 350 ,.:: s Ascast
H (A/m) = i < 300] My
| 4 o 30mA 3
1,0- JENSSSET— 20 2501 : o 40$A1mn
| 3 200—_ ‘ ®- 30mA 10min
g 0,51 0 200 400 600 800 1000
E o0l F(MHz)
E ]
0,5- §
1 —— As-prepared ~
-1,04 ——— 30mA 3min
-100 -50 0 50 100
H (Nm) 007.0 0:2 0.4

H(kA/m)

Hc=2 A/m

Circular magnetic field by current:

V. Zhukova, et.al, Optimization of high frequency magnetoimpedance effect of Fe-rich \ 26

microwires by stress-annealing, Intermetallics, 94 (2018) 92-98



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) Co72Fe4B13Si11 sample (40 um).

Table 1. The magnetostriction coefficient of as-prepared and annealed
Co,,Fe,B;Si;; microwires.

0 0

° 400 -200 0 200 400 -400  -200 0 200 400

LA

-

1 2

" (c) // @ / <
0 0 0 -

s

A x10°

] l uil
] A 1

400  -200 0 200 400 -400  -200 0 200 400 0 100 200 300

Tam(C)
H (A/m)——

Corte —Leon P, Gonzalez A, Zhukova V, Ipatov M, Blanco J M, Zhukov A, Optimization of
giant magnetoimpedance effect in Co-rich glass-coated microwires by annealing, J.
Alloys Compound, Vol. 999 (2024) p. 175023



Looking for the highest GMI effect

GMI of annealed at Tann= 350 °C (a); Tann= 300 °C (b) Tann= 275 °C (c) Co72Fe4B13Si11
sample (40 ym).

800

800

800 - —— 100 MHz
100 MHz
(a) 100 MHz (b) —— 200 MHz (c) ——200 MHz
—— 200 MHz - -~ 300 MHz --- 300 MHz
600 - - --300 MHz 600+ 600-

X
N 4004
~
N
<

= 200
6 = ===="3
H (kA/m) 2 0 2 - 0
800 H(kA/m)
”{C/Q—,, —
/O < T
_600{ .
o ~
é / AZ/Z . improvement ~_
3 J o
NE400- - e @ O ol
N 4
< . A d
- @ AS-prepare
200 —o—T, =300°C th
00 100 200 300 Corte —Ledn P, Gonzalez A, Zhukova V, Ipatov M, Blanco J M, Zhukov A, 2024,
f (MHz) Optimization of giant magnetoimpedance effect in Co-rich glass-coated microwires by

annealing, J. Alloys Compound, Volume 999, p. 175023
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Annealed

Stress-annealing induced Anisotropy
and GMI in Fe-rich microwires

Stress-annealed

1.04 As- ed
05_ prepar /’ /
1.0 as prepared 0.0+ j ‘/ S 500 MHz
05- 7 ?3 1004 AL [ 700 MHz
J / Tan o a0 (m) n
-0.51 1.0 7, =200°C, =900 MPa <
6 0.5 N 504
_° 200 100 0 100 20 ogg [T §
= 1] bos
051 // 7ﬁ T 20 0 200 0- b
0.0 10-_ G T | \H\ ,,’/ aS'prepared
,ZJJ Gl g | | (500 MH)
—=1.0 I Ta_r|1_n=250 e _05_: —20 I -1I 0 I 0 I 1I0 | 20
-200 -100 0 100 206—=1 |_ . . H(kA/m)
H(Am) -200 0 200
H(A/m)
1)considerable transversal magnetic anisotropy and magnetic softening
11) existence of maximum on 4AZ/Z (H) dependences reflects transversal magnetic
@) anisotropy of stress-annealed
. e V. Zhukova, M. Ipatov, A. Talaat, J. M. Blanco, M. Churyukanovaand A.
§ Zhukov, J. Alloys Compound (accepted ,
I° 40/ 2016)http://dx.doi.org/10.1016/j.jallcom.2016.10.178;
V. Zhukova, J.M. Blanco, M. Ipatov, J. Gonzalez, M. Churyukanova A.,
l ‘ ‘ Zhukov, Scripta Materialia Vol. 142, 1 January 2018, 10-14, doi:
0 100 200 0.1016/j.scriptamat.2017.08.014 29

T (°C)



Ways to improve GMI 1n Fe-rich microwires
Effect of stress annealing on GMI of Fe -rich microwires

——— 200 °C(120min)

900 MPa (@) \ - 300°C(E0min)

— 250°C (60 min)
10 as-cast 104 200 C

as-prepared
0'5- (7 { 0.5- [Ty—; ON\oz
0.0 0.0 E 50+
-0.54 J -0.51 J
o -1.04 -1.0-

soomz /AN

=
s -500 0 500 -500 0 500
104 250 C 104 300 C 100-
0.5 / 0.5 / - \ (/— as-prepared
00 00 < s V|V T
05 / 05 > A7 U NV ¢ N N O N — T_=300C
104 1.0 ol -10 H(bkA/ o 10
500 0 500 -1000 0 1000
15 10 5 0 5 10 15
H(kA/m)
| o) 1. DependonT, o
2. 2. Only partially reversible
s J 3. SAis a promisng method
T,=300°C S - 3oo;"c 60min 380MPa

R T i e +— for MI optimization in Fe-rich MWs

H(A/m)

V. Zhukova, M. Ipatov, A. Talaat, J. M. i31anco M Churyukanova, S. Taskaev and A. Zhukov, “Effect of stress-induced
anisotropy on high frequency magnetoimpedance effect of Fe and Co-rich glass-coated microwires” J. Alloys Compound.

735 (2018) 1818-1825

V. Zhukova, J. M. Blanco, M. Ipatov, M.Churyukanova, S. Taskaev and A. Zhukov, Tailoring of magnetoimpedance effect

and maonetic softness of Fe-rich elass-coated microwires bv stress- annealine. Sci. Revorts 8 (2018) 3202 3



Ol‘igin of Amorphous microwires

stress-induced anisotropy

As-prepared microwire

____Internal stresses with
' e mainly axial component
Stress
4 = /ﬂ_}/‘lnductlon of magnetic
: anisotropy during stress
Slow Cooling under stress anneahn% —
] /Stress relaxation 1n the
Ll "

@ stressed state at room
Elimination of the apphe stress tﬁ{gﬁg{ature

1on of the compressive
=
—— Gy stresses at room-temperature
| (so-called “Back stresses”)
A. Zhukov, Advanced Funcional 31

Materials Volume 16, Issue 5, 2006, pp.675-680



Origin of induced anisotropy 2

<
@) metal — ol v

Possilbe origin: 4 Glass coating /

-Stress induced anisotropy (stress from

glass coating)? Origin: Pair ordering usually considered

O ™I (Co) Possible origin 3:
The topological short range ordering
‘ TM2 (Fe) (also known as structural
anisotropy) can play an important
role. This involves the angular
H or/and &

m ” “ distribution of the atomic bonds and
small anisotropic structural
3o ;

LA

Pair reorientation under field and/or rearrangements at temperature near

stress annealing (after Neel

(1] F. E. Luborsky and 15 Waher, “Magnetic AtRISHRS S N RO KA G
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. .



Magnetostriction
Nanocrystallization. Method of improvement of

magnetic softness and GMI

Structure evolution after annealin
g Amorphous
: Cu FCC
Cu FCC matrix
Amorphous
phase
Tann<Tx
1.A,  Amorphous matrix with A >0
1{ *3/ ¢ Fe-CuNb,_Si B, T
7“s,eff - Vcr 7“s,cr T (1 — Vcr) 7\‘s,am e RS
v Fe-CuV,Si_ B,
10° v Fe-CuV sSi B, -
% o Fe-Cu,ZrB,,
10" 1
Nanocrystals with A, <0 o] o/
2. Grain size
G. Herzer / J. Magn. Magn. Mater. 294 (2005) 99106 0 5 31523 200
Grain Size, D (nm)



Magnetostriction
Effect of nanocrystallization on magnetic softness of Fe,; Cu;Nb; ;S1,5By ,

mICTOWIres N _ . - .
Cu and Nb additions result in nanocrystalites precipitation after annealing :

-High concentration of small grains
-Nanosize of crytsalites 10-20 nm
-Amorphous matrix

2500- o =0,282 e e
] —e—p=0,359 5ol [ x=11.5; d=10um | _.
2000 —0—p=0,41 Y. _
— —%—p=0,467 v —~ 401
S I —u=0.646 S
<T 1500 ® —v—p=0871 4 S 30l ' 1023K
~5 : \. ¢ = f 3K
T 4000 ~_" | 2 20f i
| £ 1OW%WWM
500-_ il ;
300 400 500 600 700 800 900 1000 30 40 50 60 70 80 90
T, (K Angle(20)

p=0/D; d — metallic nucleus
diameter and D —tfotal diameter
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Magnetostriction

Effect of nanocrystallization on GMI of Fe,, (Cu,Nb; ,S1,;B,; microwires

AZ/Z (H) dependences in amorphous and annocrystalline
Fe,, 8C(l)l éNb 5 151,,sB,,, microwires

(a) —— 400 MHz 100 ( b) —+ 200 MHz
| % LT [ - 200 MHZ Ao T — 550 (o) e 300 MHZ
I 300 MHz é —— 400 MHz
~= 0.4- N
=
N E 50_
N o2]
h‘ gl ‘ lq i "H v . ':\‘* O_ T T T T 1 T T ; T
0.0+ ! -14000 -7000 0 7000 14000

Y] . . . . . kb
218000 -9000 0 9000 18000 H (A/m)

H (A/m)

AZ/Z (H) in as-prepared (a), and annealed at 550°C (b)
Fe,, ¢Cu,Nb; ,S1,, B, microwire with p = 0.65.
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500
400
o\o i
N 300
200
100+
04
10 5 0 5
H, (OCe)
40-
<)
= 0
£ | .~ d=6.8 ym, p-03
>° e v d=16.8 pm, p=0,64
—+—d=16.8 pm,p=0,7
—«—d=134 ym, p=08
oo, —o—d=6.6 um, p=042
40 —->—d=9.8 um, p=0,53
—«—d=11.8 ym, p=0,64

"-1500 -1000 -5'00H

&/m)500 1000 1500

ReMuestS ﬁpw aplications - inearity

GMI effect, high sensitivity
450%/0Oe¢: 1 Oe =0,1 mT)

1% MI change ~0,0002 mT

But non-linear

Off-diagonal GMI

/
Good linearity on V(H),

[
|

H

Extended range of linear behaviot

absence of hysteresis
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Tensor character of GM

Schematic representation " v

AZ/Z (@) v,=c.i,

(D) Voo, = Goples

ax

ST
C
N. A. Usov, A. S. Antonov and A. N. Lagar'kov] Magn Magn Mat 185, 159 (1998).
P. Aragoneses, A. Zhukov, J. Gonzalez, J.M. Blanco and L. Dominguez, Sensors and ActuatorsA 1/1-3

(2000) 86-90



Off-diagonal GMI effect

Effect of bias current on magnetic field dependence of S,, parameter
measured at 200 MHz in Cog ;,Fe, ,gN1, 5751, 74B1, 4M0; ,5C, 55 microwires

_ —— 1200, 1b=0
2] —— f200M, Ib=2mA

Vou(H) response of Cog; 1 Fe; ¢Ni; 4 Siy, 5By sMo, ; microwires
measured in pulsed excitation

_ 304
20 -15 10 05 00 05 10 15 20 207+~ d=8.2m(p=06) /\,‘
H (A/m) > 10- R
5 0- f
M. Ipatov, V. Zhukova, A. Zhukov, J. Gonzalez, and A. -10- i
Zvezdin, “Low-field hysteresis in the 1 \/
: ) C -20-
magnetoimpedance of amorphous microwires”, Phys. _
Rev.B vol. 81, p. 134421, 2010 1 — —
M. Ipatov, V. Zhukova, J. Gonzalez and A. Zhukov, -1200 -800 400 O 400 800 1200

H, (A/m)

"Magnetoimpedance sensitive to DC bias current in
amorphous microwires" Appl. Phys. Lett vol. 97, p.

252507, 2010. 38



GNMI afrace

Linearity: Pylsed GMI =~

useful for cicruitry, low noise

R = Experimental setup
] '|l_'| LLVTEAdLEr - . . .
[ | for MI investigation
W 2 | T | iI - J with pulse excitation
Fanerator sugply DG vl rnalar oacilloEcops
e 3 d :i"'-'i g 4w inleane bus l

Excitation current pulse in the wire (a) and
voltage induced 1n the pickup coil (b)

y
I Ao o Ve MV
) 067 1Fe3 ENit.ASi1A.5B‘H.5 o‘\ 7
SOk =— as cast
1 °o— 1 min
I!"I' 20 2a— 5 min 2
<4 A
10
0
1 eRezge, 1
W 20 .
£— 1/F; [a) |
b -30
T T T T T T
-20 -15 10 5

3k b2
3

39




Off-diagonal GMI of nearly zero magnetostriction
Cog; Fe, gN1, Sty By, sMo, ;, microwires (pulsed

V- excitation —used in l?fa%lx%‘? cal shape,

Almost linear region

304 Co_ Fe_.Ni, Si B Mo, .

67.1 3.8 14 145 115
—o5—6.0 um
20_ _0_7.0um
—2+—8.2 um

_— Linear region and maximum
Position depends on geometry

10 -

0 EOOOOODSODODODSE == 000
0000 000 oco, vV, mV
1 a2 40
-10
COG7 1FeS 8N|1 4S|14 SB11 SMO
304 —«—ascast
-20
20
4 — 104 g%
-20 -15 -10 -5 0 5 10 15 Hex, Oe

Tailoring of GMI by heat treatment

-30 4

Pulsed GMI: linear field dependence, » = - s o s 1 1 H,o0e

. . . 40
useful for cicruitry, low noise



Gl affect High frequency GMI effect

— =
Considerable pmblem — low f eld hystereszs
|
90 fri%'?ﬁ i 120 - The hystere3|s doesn t change W|th the R
80 —(.2 T 1 frequency and is related with the static
c | _8-? 5 c 1004 magnetization process. —
q 70 —_’ 1(2)5 q O“
N 60113 N %
e

300
15
10
X
N
2}
5 QO
i
] —_—7 --10
204 | =8mA N Z¢z_
O+—7—7F—"""T—T T 7 — T -15
-300 -200 -100 O 100 200 300 600 400 200 ON 200 400 800
H, Am H, Am

M. Ipatov, V. Zhukova, A. Zhukov, J. Gonzalez, and A. Zvezdin, PHYS. REV. B 81, (2010), 134421.



Suppresion of GMI hysteresis by I,

I
Circular magnetic field by current
suppresses bamboo-like domain

structure responsable for M1 hvsteresis

42



Magnetoimpedance hysteresis in amorphous microwires

induced by core—shell interaction
Longitudinal Zzz (a) and off-

diagonal Z ¢z (b) MI measured for
3 different magnetic field spans.

Longitudinal MI measured
at different frequencies.

H, (kA/m)
20 10 0 10 20
T T T
00 9, 0 O
200F
E 100 frequency  H
] =f— 10 M-z |
— (100 MHz |
_® s0f D=1 GHz
| ~T—2 GHz
E-3GH: |

Z'  (ohm)

20 L 1 L 1 L 1

H_ (kA/m)

160

120

(ohm)

80

e

Zl

40

T (%)
» A oo rm s oo

IE= 0 mA

ff | === 15 kA/m

A == +1.8 kA/m 4

—3— +250 A/m
L

[ f= 100 MHz

= +250 Adm |7
I i l

0.4

0.0 0.2 0.4
H. (kA/m)

GMI hysteresm persists at all f  GMI hysteresis depends on

M. Ipatov, V. Zhukova, J. Gonzalez, and A. Zhukov, Appl. Phys. Le

ma netic hlstor)y
105, 122401 (2014
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Magnetoimpedance hysteresis in amorphous microwires
induced by core—shell interaction

Effect of Hp pulse applied before measurements on

shift of the longitudinal MI.

T f=1GHz *» 1 ﬂ; i
.r’
-1 =0mA N H

_-.- F:'

e —]

3 J MU I I S
-0.2 -0.1 0.0 0.1

He (kA/m)

Dependence Hmin as a function of the applied pulse of
magnetic field Hp. Field Hmin corresponding to the field
at which the MI dependence Zzz(HE) exhibits a

minimum
| T I T T T I T T
40 ././.—--—-l—l =
g 20 If .
— - ] -
< Of ?
T 20 L -_'/j- i
-40
| i 1 i | L | i |
20 -10 0 10 20

Hp (kA/m)

0.2

First, pulses Hp of the axial magnetic field HE with positive or
negative amplitudes between 18 and 0.3 kA/m were applied.
After each pulse, the MI dependence was measured within a
HE span of +- 250A/m.

— .
- (D= Hy= +18 kAIm o

1.0 .
r == H =18 kKA/m .
HYSt. loop 305 1\ f{H, =14 Hz 7
also dependson £t |=—] A span = £300 Al
Hp! OCJ I | J\_bbl"'r\ “!’HI T |
g-o.s- /‘\'7.“'“ 4
E_1.D-_ —_— @ ;::_-

L | L L | L
0.4 0.2 0.0 0.2 0.4
Hc (KA/m}

Considering domain structure consisting of an inner core
and an outer shells, we supposed that the observed effect
of magnetic history of the microwire on the MI arises

from the interaction between them (core-shell interation).

Inner core

—>

-
|
‘/

Outer shell \ ‘ ‘ ‘ /

M. Ipatov, V. Zhukova, J. Gonzalez, and A. Zhukov, Appl. Phys. Lett. 105, 122401 (2014)



1nin w1res

Glant Mz «Jngwam gance efrect

At high frequencies,

the order of GHz, 7, the magnetization rotation 1s

strongly influenced by the gyromagnetic effect. With increasing the
frequency the GMI peaks are shifted to static fields where sample is
magnetically saturated. At this frequency range strong changes of the
sample's impedance have been attributed to the ferromagnetic resonance

(FMR).

The criteria for determining the frequency regions is
probably the ratio of skin depth to transversal
dimensions of the sample (a):

o/a >> 1 indicates a weak skin effect regime, while
¢o/a << 1 indicate a strong skin effect.

o/a ratio also depends on many other parameters,
such as sample dimensions, material properties,

RIR 4

0.1

As thinner
wIre as

higher GMI
frequency !

Effect of the diameter / \\

magnetic field, etc. 01

10 100 1000 10000
Frequency (MHz)



Experlments Frequency dependence of GMI effect

Z,(H) dependence of Coy(Cr; sFe; :B,S1;; (a) and
C067Fe3.85N11.4}5B11.§Sll4.5M01.7 (b) and . .
Cog7.71F€4 28N1; 575111 4B 15 4Mo0 55C; 55 microwires
measured at different frequencies

Z, (ohm)

Z,0hm

30+

504

40

204

0L

@ A e o

. ——1.00G
L1250
— 1509

—————— £2.009

2,503
- 13.00G

— 3250

3.503

4.009

1004

40-

804

604

-20

700
] (C) —— f100M
6004 —300M
1.00G
1 D4rs — f1.50G
500+ £2.00G
g 400-
N'* i
300-
200- J L
100 ”
7 — |
5 5 10

0
H (kA/m)

V. Zhukova, M. Ipatov and A Zhukov, “Thin
Magnetically Soft Wires for Magnetic Microsensors®,
Sensors 9: 9216-9240, 2009.

High enough magnetic fields
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Frequency dependence of GMI effect: interpretation

203 #é; L. V. Panina, K. Mohri, T. Uchyama, and M. Noda,
20 IEEE TRANS. MAGN. VOL. 31, (1995), 1249
£02 ¢
Z01 " position of pu and Z maximums
o d .
E becomes closer to h(H,/H,)= 1 with
32 0 123 increasing frequency
Experimental data (above presented) —
d Hk is too high (kA/m) ?
3 4 FMR?
&, 700 —— f100M
= —
1 5001 ‘ T oo
| |

T é 400-
<

h=Hex/Hk 300-
200+
100- |




Frequency dependence of GMI effect: interpretation

D. Ménard, M. Britel, P. Ciureanu, and A. Yelon, JAP, 84, 5 (1998), 2805:

high field, or linear GMI, for which the cylindrical magnetic conductor is nearly
saturated along its axis (H>10 Oe) in absence of domain

structure or wall motion,

Similar approach L. Kraus & M. Vazquez

100 £
Exact ~  ------ Simplified E Effect of the diameter / '\\

40 4

RIR 4,

>

|

|
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c (4, ]

f o
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0 2000 4000 6000
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3 0.03 +
5 ; h
z - T \ \ e \ z
Lt. 1 z:l(: J
E o011 i j j
9 i

; < [ X
0.00 +E—— 48
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Application for MI effect - Sensors

< High sensitive electronic compass

+» Positional sensor < Motion-sensing controllers €* Operating attitude automated control.

Motion Sensor = 3D magnetic sensor + 2/3D accelerometer
It determines the attitude of mobile devices relative to geomagnetism and gravity, and
by analyzing the attitude and speed, other aspects of movement such as acceleration,

translational speed and rotational speed can be calculated. e

4

. . . . Y.
Attitude Detection Principles W& &
. : o
. . ! 4 —_—
3-Axis Magnetic Sensor 2-Axis Accelerometer € v\ >
magnetism £ ’

Horizontal Detection

. . H - - -p» Terrestrial Coordinate
y Determination of PItCh \V System Standard
translational/rotational
movement

Gravit
y Sensor Coordinate
System

(AzimuthO)

Source: Aichi Micro Intelligent Corporation

+« Navigation functions combining the motion sensor with a GPS:
Intelligent Transportation System,
Control of operating attitude in unmanned helicopters, robots, automobiles, etc.

Requirements: high sensitivty at low H (up to few Oe)




Designed by us magnetometer

Technical characteristics

Channel number 3 (X, Y, Z components);
Size of the 3-component sensing element cube with 14 mm edge;

Input voltage of the channel, not less +4.5V;

Dynamic range, not less + 2.5 Oe;

Frequency range, not less 1 kHz;

Power voltage 0+5.5V;

Consuming current ~ 250 mA;

Transmission coefficient of the channels

Channel X 1.58V per 10e¢;
Channel Y 1.57V per 10eg;
Channel Z 1.69V per 10e.
Noise level (resolution) ~10 nT

50



MAGNETIC FIELD MEASUREMENTS WITH GMI MAGNETOMETER inside
the electric car (FIAT Turin Nov. 2012) (FP7 project)

[ 45| 7 G| 2 BdI] _tos DOIMTARKD[E

Agy | By |
00,0 400, Properties |
mkT mkT
Sample interval 101 ps
32:; 32':'.':' Sample rate 9,901 kS/s
Mo, samples 5,900,996
2400 240.0 Channel A
Range +hY
Couplin DC
160.0 1600 —
Channel B
Range #HY
80, 20.0 Coupling oC
Capture Date 271172012
0o Capture Time 15:23.00
-80, -80.0
-160 -160,0
-24 -240,0
-320,0 -320,0
-400,05 e a1 -400,0
0.0 ’ / Sme0,0 T1md0,0 13m20.0 14m60.0 16m40,0
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MAGNETIC FIELD MEASUREMENTS WITH GMI MAGNETOMETER (Turin
Nov. 2012), (FP7 project)

Frame 4, Start time 15:45:55

Ay
= N
i o Py riies
_mkT rope
Sample interval
120,0 Sample rate
Mo. samples
i Channel
Range =5
160 Coupling DC
Channel B
Range =B
Coupling oC
Capture Date 2in20m2
Capture Time 16:04:29
Saved with PicoScope 4224
AQB23/020
80,
-160
-3200 -320.0)
-4000y -400.0)
0.0 1md0.0 Im20,0 Em0.0 Emd0.0 Em20.0 Sme0.0 11m40,0 13m20,0 14me0,0 16m40.0




Microwires and compatibility with integrated circuits

Gr .
Wotgem  Coil pitch Wire Dia. 14pm  Resin Coil pitch
Protective —Ion SiO?2 i moldin 5.5nm
> Depth—7 S.Spm i coating
Film \ nesp CPU— R g a
ASIC
D Groove @ Bottom coil © Wire @ Resin ® top coil pattern
+ etching pattern setting molding

Bottom coil pattern

¥ ¥, -1 -

Top coil pattern

Article
The Development of ASIC Type GSR Sensor Driven
by GHz Pulse Current *

Yoshinobu Honkura ** and Shinpei Honkura 2*

Sensors 2020, 20, 1023; doi:10.3390/s20041023



Smart composites. contactless sensor technilogy

The components of tuneable composite metamaterial:

1004

(1) strong dispersion of the effective permittivity in microwave range

of composite containing metallic wires
(2) Magneto-Impedance (MI) in Magnetically Soft Microwires.

80+

Z,0hm

60

40

-20 10 20 30

H, KA/m
. Dispersion \ """"
Microwave MI effect P . .
of the effective permittivity . |
\.
T — = S
0 5 10 ﬁ(OMPi); 250 a0 30 400

Tuneable Microwave
Composites

H (kA/m)
54



Free-space microwave sensing technique:
embedded short ferromagnetic microwires

There is no bulk conductivity (percolation) through the
microwire network! Embedded short microwire inclusions (any
conductive) play the role of microwave scatterers (“antennas”)
which form the effective dipole response of the composite
sample in free space.

Transceiver

Short microwire inclusions @ﬁ Microwave radiation

N

N \ % \
Substrate /\/ // // ; -
— \ S
o \/ N\ ﬁ//

——~_ \— -

.

External stimuli: strain, compression, magnetic field, or h@ating




Composites with unusual dispersion of permittivity

1. Ordered long wire inclusions 2. Ordered short wire 3. Arbitrary directed short

h inclusions (0.5-5 cm) wire inclusions (0.5-5 cm)
Co
A Ik

/0100700 & 1A\
: < AV,

' . ' . ' . ' The short wire composites are characterized by
0. | resonance type ofjthe & J
as the wires behave as Q.. =—F—

; Imaginary part ' dipole antennas with the [\ & d
2 o e e e — resonance at half wave length:
£ | 15 —
€ 0. Real part | ‘ N [=4cm |
Sf 10- 1\ .

\
radius a = 20 um ' \
_ ~ _ Real
-20 spacingb= 1cm 1 =4 GHZ g 5 Realpar
1 2 3 4 5 E o= | e __
O]
Frequency, GHz o Imaginary part
Ordered thin long wire structures behave -51 radius 20 um |
i i 2 ' =
hlfe a [plasma in the? N 2 e 10 p=0.01%
microwave region with ()~ = 5 ' 3 ' A ' 5
- - P b*Inb/a)

4 plaSma Irequency. n Frequency, GHz




Smart composites with magnetic wire includions

Spectra of R, T for Spectra of R, T of

composites with long wires composites with cut wires
Applicaions:

with H_, as a parameter of length 40 (1), 20 (2)
and 10 (3) mm with the

field as a parameter.

(H_,=0,100, 500A/m).

o
[
1

H_., A/m
——0
—<>— 100
—o— 500

R Magnitude

reflection R and transmission T spectra

L.V. Panina, M. Ipatov, V. Zhukova, A. Zhukov and J.Gonzalez, Applied Physics A:
Materials Science and Processing (2011), DOI: 10.1007/s00339-010-6198-7

Micrbwire antennas
embegded iryé the imaplants

4 nsceivel

/ “Smart brick” filled with
/] ferromagnetic microwires

\\\\\\\\ Emmasemnana:
IoERea-aamancEcES:
--------- R
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Composites monitoring

Recent results

%0 Transmitting-regeiving antenna
80- min 80]
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Composite structures in aircraft industry

Free-space

Embedded microwires
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Carbon Fiber Composite Matrix with C fibers

Both magnetic and mechanical
properties are relevant !

Main problem: high electrical
conductivity of Carbon fibre
(different to

Polymer matrix). Magnetic field
(low f modulating)allows
separate signal from magnetic
wires

First attempt to use the
composites with the
reinforcement in th
high strength/stand
modulus aerospacej
carbon fibres stitch{gs
polyester yarn. '

V. Zhukova, et.al. IEEE Sensors
Letters, vol. 8, no. 1 (2024) pp.
1-4, Art no. 2500104, doi:
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. Aerospace Composites
digitally sensorised from
manufacturing to end-of-life

Aerospace Composites
digitally sensorised

The INFINITE project will develop know-how to incorporate
advanced sensing technologis in advanced composite
components for aerospace applications. The principal
achievement of the project will be to develop a calibrated
system capable of suppling powerful data for the
structural health monitoring process.

ITE consortium




Thank you for
the attention!

Conclusions

Soft magnetic microwires exhibit high GMI effect in a wide
frequency range suitable for the magnetic field detection, stress and
temperature monitoring. But one should pay attention on stress
relaxation and magnetostriction coefficient.

GMI effect and it frequency dependence that can be tailored the
magnetoelastic anisotropy, 1.e. modifying the microwires geometry
or relaxing the stresses by heat treatment

Features of high frequency GMI effect can be described using FMR-
like approximation.

GMI hysteresis can be related with bamboo-like domain structure
and can be suppressed by the bias magnetic field. The other origin of
GMI hysteresis 1s the bias field from the inner core (core-shell
interaction)

HF GMI can be used for composite monitoring

“Advances in Giant
Magnetoimpedance
Magnete Sensorsand Antcations Materials” by A.

i Tunabl Magnelc Praperes and Applications Zhukov, M. Ipatov
Microvi and V. Zhukov
(issue October 2015)
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