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Scanning SQUID microscopy and susceptometry

v
i




COLLARORATORS
TBM TR ARey CLCNsen M. Kekdhen M Bnushon
T M0 Do ks

Ne.
105%0,C006rs
Goivoen N.Wolesniwov D, vander Mafed | A Toverkov
10.1‘?.)(&2&)061-8 >

Caen . N Ward . A Masanon

(Mg CBaCo0yes °s 3
TowO  Nanora, W, ek

\fm;.' S0, CoOy W o7 Y

\f)U/P\meS N. Y\u%af\ ;S. Clem

T LIN.h esry

Peinceton N’DC"‘N&V\N A@Qm P. Chaean

oo YR N LOSBON, 9, &)J"c)ﬁef
E ﬁrmu‘ 3. \a\l\mr\



OUTLINE
S Ccmf\‘mg SEUID ™M ic_.rosc.op\l

josephw\ Norhces in YBCO
fz-\'- D, (T \a ”’i‘a:"’\cx‘\; stols
W

Trterloyer  loseghzen Norhees
A ond nter loye Aoaneh oy

Tater Loyer Tonaelng (TAT

Sc-cmr\\ns AU Susceip‘mme‘wq



I
l Magnetic flux

Scanning SQUID Microscopy ® = [B-da
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magnetic field

SQUID characterization:
Brian Gardner, Jennifer Hsieh
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Scannable SQUID
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Scanning Something-on-a-Chip Microscopy

Measure total flux

through pickup loop
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sample up 150 K
IBM Scanning SQUID Microscope: cmscan range
Variable sample temperature mechanical scanner

SST can —~] linear actuator
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P Scan lever bello translation stage
Heater\ | Sample mount
Cooamt i/
Sa _Thermometer
mple\ 1
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Cu base —| ~~Sapphire
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Types of Josephson vortices

Josephson vortex

Interlayer Josephson vortex
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Lawrence & Doniach 1971
Coffey & Clem 1990
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Temperature dependence of the
half-integral flux quantum in YBCO
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Larinsie Tunnaing in Bi,50,Colo,0q1x Mesas
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FIG. |.  [-v curves for the 423Ar mesa at different T. Top inset
shows normalized -V curves at T == 4.2 K for three different
mesas. Bottom inset shows in the logarithmic scale temperature
dependencies of the zero bias resistance Ry (open circles), large
bias resistance R, (solid squares) and the total subgap resistance
Rév {solid triangles).
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FIG. 2. Dynamic conductance, o (v), at different temperatures
for 423Ar mesa. Inset shows detailed curves for high 7. Co-
existence of the superconducting peak, v, and the pscudogap
hump, vy, 1s clearly visible at T = 77.7 K.
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Ambegaokar-Baratoff model
applied to c-axis tunneling

cD
Ac = / > 0
81 sy

Ambegaokar-Baratoff
JO _ ﬂ'AO
2ep;

Eroblgmﬁ
® what’s P (T=4K,H~0)?

® anisotropic gap
o effective mass

Ac (um)

108

10k, O
101 =

109

101 | L I

1

102 107" 10° 10
¢ (Q-cm)™

Basov 1994

102 103
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Inter-Layer Tunneling Model*

JW. Wheatley, T. Hsu, P.W. Anderson, 1988.
S. Chakravarty, A. Subde, P.W. Anderson, S. Strong, 1993.

* The ILT mechanism should not be confused with interlayer tunneling.

Experimental test as formulated by-AfJ . Leggett 1996

(motivated by Groningen experiment)
2

A mc” agA
2 =T py—_— “o2
¢ 2 /2| Wwhere ILT E, 4md
‘L.- fraction of condensation energy
which comes from kinetic energy savings
Single-layer high-Tc materials make the most straightforward test _
T1-2201 A~ 1 pum | bilayer

Hg-1201 Ay~ 1 pm

LSCO Ay~ 3 pm

Josephson plasma frequency @, = ﬂi
C

van der Marel and coworkers 1995 T1-2201 ©, < 100cm™ =>4 > 15 Flm
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Resishvihy of TL-220\ Single Crystel
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T1-2201 raw data




Quantitative Modeling 1\\\
1%ty  Full Width Half Maximum < o §

v

2vd try Neglect spreading below surface (wrong!) and |
integrate over SOUID vickup loop shave -1 ]
2 2
b, (, y)—2—/1 ) Ko(\/(é'/% o) + (5[ Ap) +(V[A.)? b i 1
| l 1
¢ propagate ﬁelds to helght Z, -3 3 -2 -1 0 1 2 a
¢ integrate over pickup loop ¥
* 2 free parameters: A, and z,
3rd try Solve the anisotropic London model at a
(Kogan superconductor-vacuum interface and integrate over
and Clem) the known SQUID pickup loop shape . (3) '
Frok A2k A\
b,(x,y)=—[kop(k)e™ T 2
o
- - Do(1+mk 1
where o(k)= 5 of 1ks") 5
m3a3(m1kx a3_(k + al) + ka3 + ky ) § 0k 3
2 2 d
1+ mlkz 1+ mlkx + m3ky -1F
and @y =, |~~——— and az =
m ms -2 \ /
* evaluate integrals at height z, -3 .
¢ integrate over pickup loop ng re
{+)]

o 2 free parameters: A, and z, caveat: Farid
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T1-2201
A

e, Zo=4.371.20m

|
Ao=21F5um
59-2.6¥0.8pm

Ao=16F4um
Zg=3.370.4pm

—

A=13.5F6um

Ac=17F3pm
Zg=1.750.5um

A=20F2um
Zo=2.6¥1.2um

Posttion(um)

A.#18 23 um
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Are we measuring the intrinsic penetration depth in T1-22017?

Vortices in 3 crystals from 2 groups
gives consistent "eSL_'ItS with faults or superlattice structure
scanning SQUID mrcroscopy i TEM oF N1y

No evidence tor stacking

e = 17+ 4pm

- :: —7\.0—19:!:1;4111

crystal from Kolesnikov

[l
I

Optical techniques give consistent results.

Grazing incidence
reflectivity

Ac = 17um Tsvetkov et al 1998 (thin films from Ren’s group)
Ac = 12pm Basov et al 1999 (crystals from Hinks)
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c-axis penetration depths in ;‘\optimally doped single-layer cuprates

LSCO Hg-1201 T1-2201
A ~3um ~lpm ~]pm
T [Anderson*] [Anderson'] [Anderson*]
Lo ~5pum 8+lum 18+3pum
vortex imaging (us] [us] rus]
optical 6um 12um
(l/w) [Basov] [Basov]
optical 44 pym
(sum rule) [Uchida]
optical 17pm
(@p) [van der Marel]
microwave 4 pm
[Shibauchi]
oriented 13620.1 Gumz
powder [Panagopoulos]
susceptibility gop
2 2
n= ZILT n=1 ﬂzlomz qz10—3
Z'C
1slightly overdoped

"C, by Loram
fC, by Charalambous

The ILT mechanism can only
supply 1% of the condensation
energy in the two highest-Tc
single-layer cuprates.

caveats
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“Conventional” estimates for A

T1-2201

¢ Diffusive transmission | Ao = 1-6 um
(parallel momentum not conserved)

e Diffusive + d-wave he > [-6 pum

(or other anisotropic gap)
Graf, Rainer, and Sauls
Rojo and Levin
Hirschfeld, Quinlan, and Scalapino

® Specular transmission Ao =1 um
(parallel momentum conserved)
Bulaevskii
¢ Das Sarma and Hwang 0, =30 cm

(elastic scattering, d-wave, realistic band structure)
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Interlayer penetration depths

A.=20pm

Organic
he=20um

I 'EC"U. I
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Measuements < \ndividua) Mesoxeopic. sompes

‘Leva) chactecization o MOCICSCOPAC. samples,




Scanning SQUID Susceptometry




Finl ubnﬁcron etch

at Stanford

SQUID Designs: IBM Joint Study Agreement
SNF Fabrication: Per Bjornsson, Adrian Lu
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The Scanning Microscope

sample puck

probe stage

large area
scanner

piezoelectric

tube scanner

with inertial stick
slip coarse motion

Large Area Scanner:

e piezoelectric S-
bender design

e 70x70 um? scan area
at4 K

e vib. noise~1A
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Scanning SQUID

parallel-plate capacitof

| | (not to scale)
: o

Al foil Z
Pichup loop
deep mesa eteh
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Al ol
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by e

SOUID

vt SR ——

wire bonds SQUID retlection

« Pickup loop is approx. 3um
above sample

» Capacitor provides Z
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Sconn'ms SRV Susceptometey
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