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Progress report

DIP May 2010
Scheer group

Local probe of the proximity effect in mesoscopic
structures

STS at Co dots on superconducting Al
Magnetoresistance of Pt nanocontacts

Magnetoresistive effects in Co/Pd multilayers on self-
assembled nanoparticles

Influence of local defects on UCF
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Attractive Pair Interaction in Gold probed by
Proximity €ffect with Aluminum
and

Possible Magnetic Ordering in Atomic Chains
of Pt and Pd

S. Egle, C. Espy, H.-F. Pernau, F. Strigl, R. Waitz,
M. Wolz, C. Debuschewitz, W. Belzig, E. Scheer

November 2010
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Outline November 2010

 Attractive pairinteractionin noble metals probed by
the proximity effect with Al

» Magnetoresistance of Pt nanocontacts

* OQutlook: Competition between superconductivity and
magnetism in Co dots covered by superconducting Al

* Qutlook: Induction of spin-triplet superconductivity in
S-FM(I)-N systems
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€nhanced Proximity €Effect in Al/Au bilayers

First Results:
Long-Ranged Proximity €ffect in S/FI/N Systems
and
Magnetoresistance of Al Networks

C. Espy, M. Wolz, M. Wolf, C. Siirgers, 0. Sharon, W.
December 2011

Belzig, F. Strigl, E. Scheer
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Long-Ranged Proximity Effectin Al/EuS/Ag
probed by Scanning Tunneling Spectroscopy

with M. Wolz, M. Wolf, C. Siirgers; W. Belzig

Theory:

F. S. Bergeret, A. F. Volkov, K. B. Efetov, Phys. Rev. Lett. 86,
4096 (2001); Rev. Mod. Phys. 77,1321 (2005);

M. Eschrig, Phys. Today 64, 43 (2011); Decem ber 2011
1 Bundesministerium '
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Outline March 2013

 Induction of spin-triplet superconductivity in
S-FI-N systems

* Magnetoresistance oscillations in superconducting
loops and networks
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pn Triplet: Introduction

Conventional superconductors: even frequency pairing

0dd frequency pairing (OFP) in F/S can be induced by symmetry
breaking

OFP: Gap is odd function of frequency or time: 5=0, [=1 or S=1, |=0
Problem: short penetration depth in F(~¢, few nanometers)
Odd-frequency pairing created by spin-active interface?
Possibility to detect odd-frequency, spin triplet pairing?

Interface plays an important role: DOS calculated using Usadel
equation, measured using STS
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Boundary conditions depend on barrier conductance G,

Additional parameter G, describing the spin “activity” of the interface
Describes particles being reflected at the interface

G can be # 0 for G- 0 (ferromagneticinsulator)

Different transmission probabilities for spin up and down

Spin dependent conductivities and phase shifts

G_/ G;is crucial for the shape of the density of states

v STM tip

Normal metal
(Ag or Cu)
Magnetic interface

Superconductor
(Al)
Insulator




Density of states

*DOS at zero energy vanishesif G,
<G, (minigap)

*G,> G.: enhanced N(0)

(spin triplet superconductivity)

Normalized LDOS

Universitit [

Konstanz

-
(=]

-
.
T

—
=]

—t

=
=]

o=
(=]
T

=
.
T

=
]

J. Linder et al. PRB 81, 213404 (2010)
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eExperimental setup

RF filters

— Scanning piezo

Macor
body
Requirements to STM:
*High energy resolution heater

*Non-magnetic

F. Mugele et al. Rev. Sci. Instrum. 67, 2557 (1996)
N. Moussy et al. Rev. Sci. Instrum. 72, 128 (2001)
C. Debuschewitz et al, J. Low Temp. Phys. 147, 525 (2007)
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Sample (prepared in Karlsruhe)

Cu, 7.5 nm
EuS,0-10 nm

Al, 75 nm

Si, thick

STMTip,Pir (80/20)
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Film characterization

® Thick EuS film (d = 25 nm)
® SQUID magnetometry by G. Fischer, PI

TC ~ 19K (bulk: 16.6 K) Coercive field: pUHc ~3.omT
Magnetisierung EuS06-C Hysterese EuS06-C
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Thickness of sample
AFM measurement by Michael Wolf, Karlsruhe

EUSO7-C thickness

Oum 2 4 8 ] 10 12 14 16 18

position (um) 16



Topography — dI/dV(x,uy,V=0)

‘L H»' T
Simultaneous Measurement: 100 x 100 nm?, 196 mK, 10 MOhm
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agnetic field dependence

'

o Area with suppressed SC
« Superconductivity survives

E up to higher fields
s « Signature of spin triplet
= superconductivity?

21

di/aV (arb. units)
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Experimental setup for Al/€EuS/Ag

v STM tip (W or Ptir)

+ Sample fabrication at KIT (Wolf & Siirgers)

. j 5 nmAg
+ Tunneling resistance 10 MQ 5 nm EUS
+ Lockin measurement of dI/dV
+ High energy resolution o5 ) A
+ Base temperature ~250 mK
+ Magnetic field in plane 0.5 T
Si (thick)

+ Magnetic field out of plane 1T

22
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e I
AFM micrograph

4.1 nm

Thin aluminum film
rms roughness ~ 0.6nm

1.5
1.0

0.5

0.0

23



Universitit =]
Konstanz

dl/dV spectra

3.5

3.0} *Pronounced spatial dependence of
L.l spectra despite smooth topography
E Lol *First spectrum after 2nd cool down
£ . (new tip)
% Lol * Typical spectrum observed at many

| positions
0.5
0.0 [1; 200 mK', 0 mT;

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
V (mV)
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Spectra at different positions

+ Anomaly at V=07 5
+ noisy measurement

dl/dV (arb. units)

1 - ]
0|:|; 197 ImK, OImT; | |

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
V (mV)
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After magnetic field sweep

di/dV (arb. units)
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1.5

Spectra before and after magnetic
field sweep

Trapping of flux?
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Spectra at different positions

« Spectrum shows zero 3.5 . .
energy peak
: 3.0
o Asymmetric
G, 7G,=0. e
14t G,/G,=0.4 €
TM_Gq)/GT:O.S = 2.0
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Spectra at different positions

. 3.5
Five peaks: not
predicted by theory
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Spectra at different positions

No intentional change of

" W] 3-5 | 1
Experimental conditions
3.0}
—~ 2.5}
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o
Spectra at different positions
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Spectra at different positions

* 4 consecutive measurements

* \lery high peaks cut off by lockin . ' | | .
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Spectra at different positions
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0) (arb. units)

dl/dv (Vv
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Oscillation of differential
conductance in magnetic field

Trapped magnetic flux?
Influence of proximity effect?

33
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dl/dV-spectra in parallel magnetic field

+ Different shapes of observed spectra

0; 197 mK, 0 mT; 0; 197 mK, 20 mT;
3.5 | 1 ) I | | | 2.5 1 ) I | | 1 )
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34



Universitit =]
Konstanz

In plane magnetic field
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Temperature dependence

14 . .

12 M * Sometimes instable
1081 mk * High noise level at higher
W temperatures
8 W * Does not return to original shape
598 mK

e » Mechanical change of contact?

373 mK
280 mK

dl/dV (arb. units)

—01.5 -1.0 -05 00 05 1.0 15

V (mV) 36
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T
Outlook

Systematic continuation of measurements :
 samples with varying nominal parameters
 improvement of interface

37
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Single loop
e.g. 200 nm YBCO ring: Carillo et al., PRE 81 (2010)

Problem with inhomogeneities

Simple network

e.g 2x2pm? YBCO network: Gammel et al., PRE 41 (1000)
Statistical averaging over inhomogeneities,
but interdependent loops 3

Double network

e.g 100-500 nm LSCO network: Sochnikov et al., PRE 82 (2010)
Statistical averaging over inhomogeneities
and independent small loops

38
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g
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00 %0 30 30 6 10 20 30 40 @ Resistance oscillation with magnetic

H (kOe) field (here: Hp = 7 d’ﬁm ~ 2300 Qe
3.54 @ Experiment ~ o
3.0] ] ® |4 P osiimate =230 ITIT)
@ Amplitude way too high to be explained

3 by LP-effect
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]
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Sochnikov et al., PRB 82 (2010) 39
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@ Current tunes barrier for vortex
entry and exit and drives vortices.

@ T[hermally excited vortices not
needed

@ Numerical solution of the
generalized time-dependent
GL-equations

Berdiyorov et al., PRL 109 (2012)
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First steps to measure Al loop arrays
Chris Espy & Omri Sharon

December 201 |

Mag= 720KX WD= 61mm FIB Lock Mags = No StageatT= 0.0
EHT = 5.00 k¥ FIB Imaging = SEM Tilt Angle= 0.0° Date :16 Dec 2011
Signal A=InLens FIB Probe = 30KV:5 pA Tilt Corr Time :16:04:20 4 1
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Al thin film, unpatterned, d = 30 nm

Al Film Cooldown (T <= 4 K) December 201 |
! ! |
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aht = 388 4 nm ﬁNwﬂ¢W
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oy U Sl e e | SN
\\\ -
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Pa1
&
Pa1=2919nm
Pb1= 459"
100 um Mag= 93X WD=82mm FIB Lock Mags = No StageatT= 00°
H EHT=20.00kV FIB Imaging=SEM Tilt Angle= 640°  Date :7 Nov 2012
w3 Signal A=InLens FIB Probhe =30KV:50 pA Tilt Corrn. = Off Time :11:51:51
Pa RZ‘AJ —
FIB Lock Mags = No Stage atT= 0.0°
Date :7 Nov 2012

1 pm Mag= 1280KX WD=82mm  FIBLockMags=No  StageatT= 0.0°
EHT=2000kV FiBImaging=SEM  TiltAngle= 540° Date :7 Nov 2012 - -
—_ g i : ey 'y
Signal A=InLens FIB Probe = 30KV:50 pA Tilt Corn.= O Time :11:53:52 20nm  Mag=17883KX ‘g_?.r =Bzg(;'l|)"l:V FIB Imaging o SEM . Til Angle = 54.0°
Signhal A= InLens FIB Probe =30KV:50 pA Tilt Corrn.

Time :11:65:35
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First measurements @ pattern 2D

Pattern 2D 2-Point Resistance

J000 T T
[—=_Rsample @1.156)K]|  Byilk values of Al

| | B, : 100 Oe

5000 - k: 5nm
~ &:1-2 pym
§ 4000
£ 3000] Thin diffusive films:
. £:100-300 nm

2000+

1000 |-

0 —1600 —SiUO (I) 560 10i00
BField [Oe]
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Pattern 2D 2-Point Resistance

430 | Expected periodicity
r r 130 Oeé for h/2e oscillations
420 '
Small loops 130 Oe
E 4104} .......................... .......................... ......................... ....................... i B.ig l.OOpS 2.6 Oe
5 : | | :
E 400 .............................................................................................................. . . .
2 Expected pgnqdmty
a ol N M for h/e oscillations
380 ------------------------- ------------------------ ------------------------ : Small loops 260 Oe
Big loops 1.3 Oe
3?0_ .............. e e L ........................ -
— RSample @ 1.156(2) KI | |

I i | |
=400 =200 0 200

BField [Oe] Origin of double peaks?45
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Big loops 400 nm

Small loops 2.8 pm

Wire width 30 nm il T R i
Thickness 30 nm -

Pb1=451°

Mag= 498KX WD=82mm FIB Lock Mags = No StageatT= 0.0°
EHT=20.00kV  FIB Imaging = SEM TiltAngle = 64.0°  Date :7 Nov 2012
Signal A= InLens FIB Probe = 30KV:50 pA Tilt Corrn. = Off Time :11:46:10

100 ym Mag= 81X WD=82mm FIB Lock Mags = No
H EHT=2000kV FIB Imaging = SEM Date :7 Nov 2012
Signal A=InLens FIB Probe = 30KV:50 pA Tilt Corrn. = Off Time :11:42:12

Pa1=2825nm
Pb1= 434°

Cursor Width = 407.5 nm

200 nm Mag= 2630KX WD=82mm  FIBLock Mags=No 00°
EHT=2000 kv  FIB Imaging = SE TiltAngle = §40°  Date :7 Nov 2012 100 Mag= 9450 KX WD=82mm  FIBLockMags=No  StageatT= 00°
Signal A= InLens FIB Pfobe = 30KV:50 pA Tilt Corrn.=Off  Time :11:47:28 nm EHT=2000kV  FIB Imaging = SEM TiltAngle = 540°  Date :7 Nov 2012
Signal A= InLens FIB Probe = 30KV:50 pA TiltCorm.= Off  Time :11:50:58
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Teo
First measurements @ pattern 2€

Patfern 2E 4- Pomt Res;stance
\ — Rsample @ 1.284(3) K] Expected periodicity
| ’ ’ for h/2e oscillations

7501

700 Small loops 130 Oe
£ | Big loops 2.6 Oe
o 650—;
:% | Expected periodicity
& 6001 for h/e oscillations

550 1 Small loops 260 Oe

5 Big loops 1.3 Oe
500 | : _ _ : |
~430 420 400 380 ~360 340
BzField [Oe]
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Single loop

h/e oscillations predicted ford <&

V. Wakaryuk, PRL 101 {2008)

{ W= 82 mm FIE Lack Ma o Stage st T= 0OF
EHT = 3.00 kW FIE Imaging i Tilt Angle = 350" yate 17 Jan 2013
Signal A= SE2 FIE Probe = {50 pA Tt Corrn. = 0N ime :12:24:57 48
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Outlook

Systematic continuation of measurements:

* Search for h/e oscillations

* Variaton of loop geometry

» Study samples with varying granularity -> varying £/A
(Type Ivs. Type II)

* Pb samples?

49
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