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SQUID sensor, magnetic simulation: i 1% & , 5.+ &

GMR, fluxgate, and MTJ driving circuits: 3% &2, @ & %, & F>

Eddy-current sensors: /& 1=-43(%a & )
Magnets for electric vehicles: 2 73 & (%8 % )
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EXB kPE A ARAEF % ZE (AMD Lab)
Microfluxgate: =% 1 =2

GMR driving circuits (ASIC): 75 v iz, ¥%4p 2

Coin validator: 2 & 3
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an 1 (483 )4ER Z % (wire bonder)

«ix & 475 A 4 E(arbitrary wave form generator)
T BLA 24 E(microwave signal generator)

4 4p *x ~ F (lock-1n amplifier)

¥ A2 7\ Jm A < % (programmable filter, DC~1 MHz)
« &43iE 2 < F (radio-frequency amplifier, DC~350 MHz)
« -k 32 %7 X (optical chopper)

7 & 3 o A E(digital storage oscilloscope)

o & F ¥ 5 7 % (multimeter, 6% digits)

;2 L8 B % (LCR meter)

« = #hil ¥ R (triaxial fluxgate, 104 T~ 10-10T)
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¢ 2 5% 3~ (magnetometers)
= Az F 3 + it (Superconducting Quantum Interference Devices, SQUID)
= F 2 [E (glant magnetoresistance, GMR)
= i & [ (fluxgate)
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Magnetic field sensors
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Detectable field @ 10 Hz (Tesla)
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Sensor size
(mm)

Hall effect
(B 7<)

Giant magneto-impedance
(GMI, E #Z )

Giant magneto-resistance
(GMR, E #12)
Anisotropic magneto-resistance
(AMR, £ & B2
Fluxgate®
(i 2 /)

Atomic magnetometer*
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SQuUID*
(AEE+ + i~ i)

i
=
=

{ 0.001-0.1

1-5







e HH
B SLAZ B RY (é;_ }g?)

Al (1.2 K), Sn(3.7 K), Pb (7.2 K), Nb (9.3 K)

Nb.Sn (18 K), Nb,Ge (23 K)

FORAER ()
La, gSr, ,CuO, (40 K)
YBa,Cu;0,,, (92 K)
(Tlo.5sPDbg 5)Ba,Ca,;Cuz0,4., (125 K)
HgSr,Ca,Cuz0,,., (150 K)
MgB, (40 K)




Crystalline YBa,Cu,0-_, (YBCO) Superconductor Film

3_

YBa,Cu,0,., film
T =90 K
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High-T.YBa,Cu,0-_, (YBCO) Josephson junctions
IR R A

(1 =1,sind Current-phase relation (CPR)

5 do_ 2w ] .
\ dt D, V  \oltage-phase relation CuO
O=¢ — @ 7, BaO
— il — i 2 CuO,
v = |yl v = |y,le 4;?0
Coh lengths ~ 3 nm in the a-b pl =
oherence lengths ~ 3 nm in the a-b plane
~ 0.4 nm along the c-axis I OI::P CuO,

. : BaO
Junction area |
=2 um x 0.15 um Cuo
= 0.3 um?
b = » . rLP

Bi-crystal Josephson junction

c-axis

!
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NEX &
Josephson Junctions

A 6 h
NSC98-2112-M-151-002-MY3

Substrate
Superconductor

SQUID = Superconducting QUantum Interference Device
e =1 i



SQUIDzZ_ Zid - 7 &R 4 45 554
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Voltage, V

Current, | Magnetic flux, /0, y



Flux-locked loop for dc SQUID
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Superconducting Quantum Interference Grating (SQIG)

I+ V+

SQIG
bicrystal

I'i'r_‘é____ T oCFee

SQUID

J. T. Jeng et al., IEEE Trans. Appl. Supercond. 17, 691 — 694 (2007).
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SQIG and SQUID with bicrystal junctions

(YBa,Cu;0,,, on a 12°/12° SrTiO4 bicrystal substrate)

m SQIG

> 11 Josephson junctions in
parallel (2 um in width)

> A ~ 0.0083 mm?

bicrystal boundary

m SQUID

> two Josephson junctions in
parallel (2 um in width)

> A ~ 0.0015 mm?

J. T. Jeng et al., IEEE Trans. Appl. Supercond. 17, 691 — 694 (2007).
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E & [E (giant magneto resistance, GMR) ~ i#

Anti Ferromagnet

synthentic '
antiferromagnet

| Conductor | AR/R -10%-20%
saturation field
10-40 Qe

NOL

Jim Daughton, "Spin-Dependent Sensors",
Proc. IEEE, 91, 681, (2003)

High resistance

Low resistance
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bK GMR Resistors
(Sensing Elements)

5K GMR Resistors
(Reference Elements)

>

Flux Concentrators

g

1.4 mm

GMR sensor from Nonvolatile Electronics, http://www.nve.com/
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Feedback V.

coll

GMRZE: 52

232 B HT TR
Vi, Summing Integrator S
amplifier || amplifier

= GMR

magnetometer

I Inversion

Feedback current

The GMR sensor iIs the AA-002 available from the Nonvolatile Electronics

(NVE)
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[T

0 &9
Sensor Vg Sg"? @1 kHz

# (V/ImT) (nT/HZ'2)
GMR 1| 2.80+0.025 1.5
GMR 2| 2.83+0.028 1.8
GMR 3| 2.94+0.013 2.7

dv/dB (V/mT)

=
o

=

0.1

with feedback

without feedback

L 4
--------------------
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GMR Integrator
sensor

oscillator

3| e 2
+ 1
) 7N 4 ) shifter

power amp. Summing amp.
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oy ’ffé? E e [E R Bl % (dual-bridge GMR sensor)

S
S
Vi T { —> } "V, =
. Emjr_ S
Excitation V4 <
Vv Lo S
- { NS } V5 E
] >
- 00000000000000 0 01 0.2

t (ms)

JT. Jeng & T.Y. Hsu, Rev. Sci. Instrum. 82, 034701 (2011)



% 7 % 4% w (magnetic tunneling junction, MTJ)

Ag (wiring)

Co-Fe

AlO,

Ni-Fe

Ti (seed layer)
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Si substrate
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i & R (fluxgate)

D s
e—)
sensing direction

Parallel
(racetrack)

3] (89 3¢ 31)

Parallel
(rod core)

(£

Orthogonal

(wire core)

&2
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+ R (fluxgate) i 72
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cCi

(TSMC CMOS-MEMS 0.35um)

[1] J.T. Jeng, J.H. Chen, and C.C. Lu, IEEE Transactions on Magnetics. 48, pp.3696-3699 (2012)
[2] C.C. Lu, Y.T. Liu, FY. Jhao, and J.T. Jeng, Sensors and Actuators A 179, pp. 39-43 (2012). 2



V (mV)

el & W FF 4 (characteristics of microfluxgates)

100 3
 — a0 (15,6 kHz) :
[ — 5 2 41(300 kHz) 10 e GR
1

Chip-scale microfluxgate

Field noise (nT/VHz)

0.1 _
Wire-wound
microfluxgate
0.01 — —
-1 -0.5 0 0.5 1 0.1 1 10

B (mT) f (Hz)
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Fluxgate
magnetometer

Feedback
coil

Preamplifier

Low pass
filter

-

=t

7o B2 B e (Active Magnetic Shielding)
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B, env (UT)
>
I

24

Environmental magnetic field

Bz, res (HT)
o
T

Power

Integrator hd
amplifier

Feedback current
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¢ % T v i8Rl F (eddy-current detectors)
> 47 (10 Hz~10 KHZ) © B & 42 Hald ip) B
= % #7 (10 kHz~10 MHZz) @ 2- 57§ s\ pedp d Pl =
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—— 20 kHz

—8—10.1 kHz

‘:‘!m — === 15.05 kHz
A ~X —X— 2.27 Hz
N,

—X*— 1.01 kHz

—8— 0.505 kHz
\\\ s —+— 0.8 kHz

— 0.6 kHz

# Femi® B (mm)

| 0y .
\ (RERERRRN

L

LF EC NDE system Laminated stainless steel 304



GMR-based Eddy-Current Probe

Scan direction|>< | |><|
— exciter

Feedback coll — == Axis of
GMR magnetometer-= sensitivity

Aluminum sheets
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Defect signal of a hidden crack in layered
aluminum sheets

Signal-to-noise ratio:
>104 dB at 200 Hz

B (UT)

=>» comparable to
HTS-SQUID-based
eddy-current probe

Spatial resolution
limited by the size of
magnetometer

(IC package and
feedback coll)

dgirr (d€Q)

N B
N 0 ©
o O O
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P #Ed 0~5 mm
P g =10.8%

Tiagark =4.23V/mm

P &4 jE3r 3.5~4.5 mm
R R =0.71%

T 3% ack =559 Vimm

Voltage (V)

Voltage (V)
N w b~ g o ~N 00 ©

1
=

17

N © O WO WO © N

: SS304 100 mmx19 mm)

—EBRE

— e E

1 2 3
Distance (mm)

— BhE

- HtafE

w
~

3.6 3.8 4 4.2
Distance (mm)

4.4

4.6
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¢ Motion tracking (fluxgate)

¢ Aviation navigation (fluxgate)

¢ Electronic compass (fluxgate)

¢ Current sensing (Hall, GMR)

¢ Rotation sensing (Hall, GMR)

¢ \ehicle detection (AMR, GMR, fluxgate)

¢ Audio sensor (GMR)

¢ Eddy-current probe (GMR, fluxgate, SQUID)
¢ Micro-magnetic imaging (Hall , GMR, SQUID)
¢ Geophysical applications (fluxgate, SQUID)

¢ Active Magnetic Shielding (fluxgate, SQUID)

¢ Active biomagnetic fields (SQUID):
=>» MagnetoCardioGram (MCG, - % [@])
=>» MagnetoEncephaloGram (MEG, "%z [))

¢ Low-field magnetic resonance imaging (SQUID)
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2H % Kk (Tesla)
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Magnetocardiogram (MCG, = 2 [g]) in an unshielded environment

101 ECG
< |
é 0.5
> 1
0.0
7 wmceG
=
= 40—
. ]
0 — T Tt T ' T ' T T 1
0 2 4 6 8 10

t (sec)

SQUID electronics

SQUID electronics

i

Gradiometer

IEEE Tran. Appl. Supercond. 13, 360 (2003)

electronics
SQUID electronics l.
Filters
2nd-order
SQUID v
Gradiometer D/A
N converter
v o — (
N v
o]~

o1

.4
U

X

Y
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MCG & ECG of a rat’s heart (in a shielded environment)

V (mV)

B (pT)

1

0.8 —

0.2 —
0
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I
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SQUID
Electronics

—l Amplifier

Filters

D/A
converter

< o,

N SQUID

t (sec)

magnetometer

IEEE Tran. Appl. Supercond. 13, 381 (2003)
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BB~ B2RT o s (GMR, fluxgate, & SQUID)

Error signal

Fegdba_ck ma rclael\t/loRmeter Magnetic
circuit Eeadback 9 flux density

\V R

out

Computer

SR-830 Current injection

| ck-in amplifier & - !

Function generator

Printed circuit

: - s Cut-off frequency: &, = 2.5 mm!
25 F
20 SLLRENS ' 20 20
I_,LT : k' A 1 : | ':l‘ 13 Mmmz
NN RIS A 30
o 30 = ~ PR Rt o
= =] —— | F e 5 =
X! &0 E/O R | E 0 2.3 E 0
- N 23 L 20
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_20\. Lk Vilirza e ] 20 (- 0.5 '2':' y
s = = . WEAL _
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kits
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¢ - ARV IR
=2 Zac A SQUID > fluxgate > GMR
= #7 5 : SQUID > GMR > fluxgate
= # F ) 4~ ¢ fluxgate > GMR > SQUID

-)Ztk?@ﬂ ) (’* ~ ¥ &) ¢ SQUID, fluxgate, GMR, MTJ
2> &* 75 (A% & 1F) ¢ eddy-current, coin validation
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