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SUMMARY

I. Title

Development of scanning SQUID microscope with high-T. superconductor

II. Motivation

This research aims at the development of scanning SQUID microscope as an
application of SQUID, the most sensitive detector of magnetic field. We focus
on the application-ready results from the technology of high-T. superconductor
thin film device and instrumentation.

. Reseach subjects

Fabrication of SQUID with high-T. superconductor thin film.

Development of the dewar system, cold finger, manipulator, and vacuum
window.

Development of SQUID electronics.

Development of scan control electronics.

Development of control software.

Research on the application of magnetic tip.

IV. Results

SQUID fabrication: SQUID was fabricated out of YBa)CuzO; thin film
deposited through pulsed laser deposition method. SQUID response voltage
range is 30 uVpp, and peak-to-peak noise amounts to 50 nTp, in 0.1~10
Hz-band.

Development of the dewar system: dewar structure houses liquid nitrogen
that cools SQUID through cold finger. A vacuum window of 25 ym-thick



sapphire chip separates the SQUID and sample. We designed screw
manipulators to control the approach of the vacuum window to the SQUID.
SQUID electronics: basic direct-feedback circuit was developed. Preamplifier
noise is 1 nV/+/Hz and the open-loop gain is 10000. The bandwidth is
100 kHz which can be improved over 1 MHz by change of an IC.
Scan controller: microcontroller circuit was developed to control the motors
and A/D converter in hardware-timing.

Control software: Labview program delivers scan parameters to scan controller
and processes the scanned data.

Research on the application of magnetic tip: we included the research on the
application of magnetic tip to enhance the spatial resolution. A magnetic tip
can transfer the magnetic signal at one end to the other and two effects were
observed: that the signal is weakened exponentially with the length of the tip
and that magnetic hysteresis and Barkhausen effect distort the transferred

signal.
V. Applications

Nondestructive evaluations: IC, cracks in metal.
Biology, chemistry: magnetic tag, detection of biochemical currents.

Research on minute magnetic structures.
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HE SQUIDe| BE Jeh}s= A O 2 bias reversal W& A}-&3F readout

schemedm®= 7| A 7}58h

300
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2.6 25 30 3.8 4.0 45 5.0 55
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29 23. Al=E SQUIDY V-0 54,

. : L
1 0 100 1k 10K
Frequency {Hz)

213 24. System noise spectrum.

8. Scanning

Adzol A7, A&E scanning staget= dewar o}g}o] 31%. Sample mount
< FAHE, A7 A POMS 71gste] Alge £33 9%, 71€7] 5

AR 3AE B3l 2EE 4 AEE AZF Mount AHA 9] Eo]7t 20 cm A

H
> W

S

o] scanning stage?] eddy current, remnant magnetization S 29

%7} SQUIDZ SoloE Ag Avjad WAt

ok

H2AE AlE2 A7 05 mm, Z4°] 2 cm?l permalloy wireZ mountd} il
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SQUIDE 1 mm o]3l9] A2 AEAA AP 2L i1 Ho[EHE oln]x
AZste] 27 259 UEQE. Fte] T Wl feedbacke] F& A ojgdE

A3A B4 F AY. A29e Az FFAYE 59 2B 27 9

U
2

printed circuit board Sl AF =

£

fijo

2 59 A7 A4 3

e
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o]
X .

19 25. Permalloy wire $olA] =}7] 3%
E 9o SSM A¥ 27, Permalloy
wiree 9% 9o fA e I IAE
Fg . AstHo de AL FEEA
4 F UL AEF AA saturateF o] A

270 A EF. Area = 25mm X

10mm (Not real aspect ratio).
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A2 A A He 58

1. A4 g9 ax 4

A7 05mm¢l NigFeissMoys wireE zzl &2 bAoA 7fEd®E SSME o]-&-

] A Ad. ¢ QB coercive field7} - ZoH0.01 Oe ) Azl A

U

BA Al #2]3F soft magnetic material 24 A& H.

- %% o 29 AV Auvt BE & 202 AEHE, o84 Field-guiding
effect7} 1S GolH 7] Y8 wire & o] Ze FYZ ac fieldE 718t
W&ol A SQUIDE 717kl HZAA A7) AsgE AEF. ¥aE #3) coil
7 SQUIDS YX&= atfZoli wireS AAZ A% HAF. 18 269] peak
Z et niel o] 200 Hze] 27|45 7} field guide(FG)7F §le A% HE
5 gke A7IE = FG7F o™ 22 ¥E frequency spectrume 3

=

- ge] Aolrh FodA5E AAABE FAd AoE dstn P9 Aojg

A7l A7) As =277 o494 2eAleA 54, "o 2ol L 3L/4

=
SQUIDY A ZHEH A3 E Hug ZAz oyl ZAAAFE AE

exponential 5} 4] 744 8-S #AFIHH 27 FIX). ol FGE AT Al2H 9
A dHdoz d#A A sensitivity &4 gl dolg #HA o ZA )
& g AXd ez s FGgle] SQUIDRE coildl] {23t &4

4% 4 9
she Aol Hste] L=dem W 1%, L~15mQ o 50%9] AEE A7 o]
WS 2 A4 A8 T F UL
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gstel A7) ol¥ @A #FH@EE 28 FF). JFHE o =4
magnetizationo| J3}A W3te FEo] AL(TH 29). ol HAA E A A
magnetization =X 9] energy local minima7} o] F 2488 magnetization
W3hE 7hA 2t Barkhausen effect®: #5% o2 FHE. ol A4
oA Eole dAFEC] AVAEE HF5HA Hol ARHomE AT
Re A7) Az FFo] HolAA H. olE ZAste WRLoZA SQUID 5
Al BFA o7 718l feedback fluxE SQUID7} old A8 Zo] A28 At
dH E B FA2 coils ZhobA ol ZbsHA shE A "l stejAE
Z fielde] WH3}Eo] & ZFo]lEH o] #7]o]H3} Barkhausen effecte] <3k

40 |- -
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10 | .

Magnetic induction at SQUID (uT)

1L 1 1 n ] . 1 " L
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Applied field (arb)
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5
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Magnetic induction at SQUID (uT)

] L 1 L 1 L 1

-0.5 0.0 0.5 1.0

a9 29, Ay ol"g FMe RE FdAM Hole Barkhausen

2. A4 ¥ 88 A=% 24 2 A%

SQUID Avn| A4 F#HHFEE A= AL SQUID-A & Ato] Az}
SQUID loopd] Z7]ol2E KEL pickup loopo] $1& SQUIDE AF&3h} =}
4 ® Eol AR AU AEE HEste Ao E AL des sQUID 2
Z1el tHE Aeko] gltal B 4 UL weEpA] field AAE AESE
magnetometer7} o}y e} fieldo] gradient® ZAgo g HA] dAHE 2
7l &S AAT + e gradiometerZ AME3hH= Aol FEA ool §lL.
AZE gradiometer= YBCO ¥} 3 Z& 27}3to] thE planar gradiometer
24 g2 ¥ 309 Zo] 7 /i & mm FF9 loopdlA fieldE H&E3s}
W Zololl aRetE Alarte] FY4e Ae SQUIDY| EojeA H. mEhA
a9 23 Zol Y HE F AE FHIEHE HolE tEA sta Z7+e] loop
o Aoz HIZAFIWH 71 ZqAvr ANEY 7] AEE SQUIDE Hstd]
4o] #.

53 flux feedbackg AlA] SQUID 3}x] &3 A4 ®He A g8ZF £ #}

2 Sdg ol oo A HY A Hel A7 oy A Jleke A
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71 vhel A718 A9 dAsA & & denE A7) off FYoR A A

ds

3 IS A FY F IS AeE g4 & B dYolA= gradiometere)
4=t
i

ol 123k scheme & lockS & 4= Q19131 gradiometere] A A=

],};zﬂ— 74 o= 7]]:”6]—

g 30. Planar

gradiometer 2

layout. £ 3 mm,
=o] 8 mm%Y.

B A oA gd®E SQUID &uj7 deware] 7|E A28 IthE o] L3}
5 cold finger$} vacuum windowE A4 ©HE AME-sle= f£F0) 9A A4,
AZsH2Y 32). Vacuum windows Aldlole] AA#E %7 2 mmd] A7E
10 mm x 10 mmo]3l POMO.E THE 3s|=o o]ZAZ 2, sealing 3192
(8 33). Vacuum windowel|l&= F 7| #+H-g E£of Zol7} 24zt 12 mm, 7
mm¢l FEA AAY ©HE 793 AFAZ HA, sealing F AF HH
gradiometer®] align¥} approach= 93} o}gl9] windowE E3] HHA ZA
7Vt
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liquid nitrogen

sapphire rod

SQUID sensor window manipulator

ferromagnetic needle — sapphire window

I3 32 FGE AFET A"l A7 SQUID sensor®
+ planar gradiometer® =€,

i

213 33. Sapphire window
ol permalloy tip ¥ 7FE

NEAZ 4AF 2.

A=E AF F FAAAE 1 IFE, Y4 25 5o 2L Qi MY
3 SQUID dr|7s} 2L 415 A HAEE 230 Hzo] AFS A4 o 25
ol fXAIZ] #e AU 7}8tal gradiometer= open-loop readoutO &

frequency spectrum-g& A3 1Y 349 Zo] § Eo AIE AEd UL
Gradiometer+ pickup loopd} SQUID A}o]e] couplingo] FH3}x] ¢ro} AA

g £ feedbacks 3L w, flux-locke] = *] &, AA4AZ Gradiometer =}

Aol H5E& Fole#or A ¥ Ed feedbackg 7}3l zHr] old@ AL =

o=

olm A5 ABAL Hole WIH Aol 5T AL
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H 4 & ZEE002 JI0x=

$24] 2.8 SQUID #m]7 A=

90 Tk ol oH A7 AFE 4
Aot A=te] 7)1 & o] B AH. 27 oju|AdA AF Bxu A3 &

22 2 A Sds FE AAE oA Rokdd 8871

Foke FHAAEY] S8 ddolge vidd= 7

g 5 e "ol Ao e A7t vER B
A7eA Hel Ar]old, Barkhausen &3, Zold] wE guiding && T 3k
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sl H 7l A9
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H 5 & oAFjEAzIe| E2A

Job

- Magnetic nanoparticle/nanocluster®] 2}7] A% &2 A7 Magnetic
nanoparticle2 A Al5<9] Ao magnetic tage 2 &g 7Aool Arlda ¢l
= AlAe A= el dwod o o FF0] EoHA AR HI
AG7E FAZE demg ol A SQUID dwnge] A =37t 2 4 S
= Hole Ao] 4 FHA9L.

- A He 8% A2"Ee VR FFE AE AS 39 FA=z g
Gradiometer A7, AZS FEHQ] F2E AT A4 © Al2®H 154 FHg
S5 A2 Pickup area7t & Zlvte] vpgAslz] gow z4g ®HolA e AFE
A&k AGe 5] A2 pickup loop} SQUIDS] mutual inductance® 23
3 FES Fohfojor 3h A|2F] FEAYE feedback fluxE AlEFo] HId=
A | Eoll Thste] AlaRle] Mg e Hsta FAF 2RE S 9F

o
o

- SR @alel A% Bet Aol B8 5 Jors oE dTa Lol

g2t Az, ARA 5 B Bolsl ¥ B HE AT

- 28 JFsAel W B3 29 2 V% olF 508 49H olf A% ons
s

PN
& A& =°f w=A HAL A4 #F AL FF T A AL AA 229
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o1 H5E gu AL Aol AL,

2

3. 7l &+

=
o] M= magnetic tag 9] AFEoE A ARE AT go e}
&}

SQUID
d|AE AHgstel e Sxe] 44 BAE PET 5 Je B FPe A4
A S o] Bobel e FED AR AT AHE AN F 9dE

o Ve BME &zte] =77} diRE submicron F7)o]® 100 nm ©]5}2]
o
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- SQUID A &t3} readout 7]

Fﬂ i

Bicrystal substrateo]] %7
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- Single-layer planar gradiometer.

A2 2AE B ALES) gradiometers AZ3l7] flE] ATEH AEde=
2t7) wh3e] ordero] wE} ¥ 7H€] pickup loopd} ©] loope] EEE screening
currentol] 4| WA= 27] wigo] couplesE SQUIDZ o]Fo]A 9. Hwd
T3 A7) vt HH W3 gradient, T2 ¥ 2 orderd] A7] nfde As

StEE AR | EoA S 27 FeS AASRE £ Qo A7) A

o
Inverse problemo|e}= 3-&4-3t2] 3 Fold| &3sl= FA|Z forward problem

& AR FEAA A7) BIE ANSE R 2ol U HROR F 4 Yb 9
A

Mol 1 AL tivialshd] FomR Fee] Ex) fFRE wxo} she BA
A HE 74 Z70] Sle A9E AT st FuelFel AUl e
A7) dride] A 229 BH ol AFUE AE s21 ARde] glivke
A4 sl A7) olnlARRE AR RIS AL QueEel ATHe] s
Fourier H&Ho]u} matrix?] regularizationg &3l Ao] 2 dajx] om A
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Maryland groupe] Zlo} #+3 o

- Soft ferromagnetic material®] z}7] EA1.

7¥ehe Ap7) whge] 04 W= 222 A3} Hol e A BEF coercive
field7} #o} 22 7] vl A7t f4A Wale £4E& soft ferromagnetic
material 2 FHiE3he o] YA, S F9ECE 1= permalloy’} tIEAS AE
d. AzHgo] WA HAFEAe] HlwA Hojx SQUID dr|AoA A4 "ez

ARG 49 permalloyS & AEEHA .

- Microcontroller 5& ©]-&3} real-time motion controller®] A2} A3},
Scanning stage® 755t 2 AF Elo]] HelHE YFol tAaEH o]
Aletal Qa7 YalM= AAZE Aoz 753 control electronicsy} E 2 3}
3 7hsd B 7% AEEH7 AlRHA glod ADC Alo] F AREAM

dgo| me} thekd mode?] programg a4 microcontrollert} DSPE o] &

=5

I

=7

gk controllere] #|zto] ZE2Q sjAAQ). o]F wind AL nlg, A3t

¢, =Eo

2 F5T 4 Y= A]2¥ o] microcontrollere] &80 2 ti}e] IC o] A4t
7, HE2e, dE8 TE Fo] yAH glo} 39 J2r ks Al £ 9l
+. Microcontroller®] Z 2132 PCo|A cross assemblert} cross compiler A}
|3t Al Z=E THE thg, ROM-writerE ©]83] microcontroller 1 ¥-2]

W22 sy =.

- Aojol] &85} software A&} 7|4

PCE o| &3] HolHE 44, 383l softwareE W=E toolZA LabviewE
ol-g. tolojaAE 18]%o] ZE componentES HiX|e] TR WS s
WAogx VEAeR #Er]Ee Bo| o] component7} THIE o] glom

W= A application2 A2t 4= )& Microcontroller® 2% scan controller o}
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AR A4 A AREY AR 5o AeNEe AH 54 Tk AFE
E 5% 50 m o9 9 M ES 7HA T mapping & F e L 2IE

Scanning SQUID MicroscopeE 71E¢S AL ZX=E g
2499 e weA dolse] 2218 dHlo) OE & AEE 10 cm o))
o)
=

Azdg AREE Ao A% BE

7h 53(H 841 F AREER
S3TUE FaYX akn £
gmy | JooawE | EROA et | T
FAEME | 2AEHUA | (299) |
). =2y 5EEs
Zzayd 33 =EEWs ==a4 TS R

% mals

Thin film #2} 2 Photolithography 5 SQUID |2} 7).

SQUID readout electronics A2} 7]<.

Single-layer planar gradiometere] A7),

Soft ferromagnetic material®] 2}7] £ 3t = Al

Microcontroller 55 ©]-8-3} real-time motion controller®] A9} |2}

Aloje]] &-83l= software #|Z} 7)%&(labview programming, cross compiler®] A%, data

A2 ).
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- SQUID readout electronics
- A xy scanning stage
- Scan controller

- Control & data-process software

g A] W3 Progress in Superconductivity

A& Development of small-sized SQUID and direct-coupled electronics for high-Tc
scanning SQUID microscope

AAALY: 2001 108 31

%: vol 3

23] 7]34: The Korean Superconductivity Society

= k=t

SCIAIA o5 &

&<=] g Singapore Journal of Physics

A5 Development of small-size SQUID for high-Tc scanning SQUID microscope
A AL L: 2002 7Y

%: vol. 18

28 713k The Institute of Physics, Singapore
= Singapore

SCIAA ofF: &
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8} 3]9] WA Korea Superconductivity Society
A& Development of small-sized SQUID and direct-coupled electronics for high-Tc
scanning SQUID microscope
TAEd: 2001d 8¢ 20

S 3]9] 3. First east Asia symposium on superconductive electronics

A& Development of small-size SQUID for high-Tc scanning SQUID microscope
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= UE

&<3]9] ™A Second east Asia symposium on superconductive electronics
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[71=9 AQ]

Scanning SQUID microscope= ZHH 31} e] Au|2A o] Role] 7]|&g o $E. %
upete] Az 71&3 WA 47 7)%, SQUID 7ES 918 AAFE, AsAY e BE 23
AEE Aside JAeH FALE dFe Zisol do3 244 dol"d AHE e
microcontroller 58 #Z&% <+ Y dAd Az 717 o] Ao F+ YUE computer
interfacing, software 7J& F&o
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SSM AAE ol g8t &8&F F
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3 ZAE SRt Tl 4EgHoE 44 94T o18F A 4 Fol o& A5
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