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Superconducting materials strengthsSuperconducting materials ‐ strengths

Perfect conductorH. Kamerlingh Onnes, 1911 
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Superconducting materials weaknessesSuperconducting materials ‐ weaknesses

Temperaturep

Magnetic fieldMagnetic field

Current
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Superconducting materials applications

IntroductionIntroduction toto thethe SuperconductivitySuperconductivity

Superconducting materials ‐ applications

• Power generation• Medical field• High energy physics

6• Transportation• Power quality and storage



IntroductionIntroduction toto thethe SuperconductivitySuperconductivityIntroductionIntroduction toto thethe SuperconductivitySuperconductivity

Superconducting materials originSuperconducting materials ‐ origin
CONDUCTORTrajectory of 

conduction

Current in a 
conductor

conduction
electron Electrons that carry current through

a metallic wire continuously collide
with metal ions

Loss of energy that heats the wire

conductor

Electron in a Cooper pair

Loss of energy that heats the wire
Ionic
lattice

Current in a superconductor

SUPERCONDUCTOR
Electrons form Cooper pairs that
are held each other by an
attractive interaction These
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attractive interaction. These
pairs move without collisions
through the superconductor.



SuperconductivitySuperconductivity –– PhasePhase diagramdiagramSuperconductivity Superconductivity  PhasePhase diagramdiagram

SuperconductorSuperconductor TypeType II

H 1 T > T 2 T < T

Superconductor Superconductor TypeType II

H

Hc

1. T > Tc 2. T < Tc

c

Normal Normal statestate
II

Superconductor Superconductor statestate
((MeissnerMeissner statestate))
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H H

12

8

TTc



SuperconductivitySuperconductivity –– PhasePhase diagramdiagramSuperconductivity Superconductivity  PhasePhase diagramdiagram

SuperconductorSuperconductor TypeType IIII

H

Superconductor Superconductor TypeType IIII

1.  2.  3. 
H
Hc2 NormalNormal statestate

II II

Normal Normal statestate

3
MixedMixed statestate
3

1
Hc1

2

H H H
TT

MeissnerMeissner statestate
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TypeType II SuperconductorII Superconductor –– SC vortexSC vortexTypeType II Superconductor II Superconductor  SC vortexSC vortex
Superconducting
d

s

2 nΨ 
superconducting
h l h

densitydensity of of 
superconductingsuperconducting electronselectrons

order parameter

r
H

coherence length

penetration length
r

J 

J

Magnetic flux quantumMagnetic flux quantum

Screening 
supercurrentMagnetic flux quantumMagnetic flux quantum

Normal Normal 
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TypeType II SuperconductorII Superconductor –– vortexvortex latticelatticeTypeType II Superconductor II Superconductor  vortex vortex latticelattice

AbrikosovAbrikosov vortexvortex latticelatticeAbrikosovAbrikosov vortexvortex latticelattice

d∆
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TypeType II SuperconductorII Superconductor –– vortexvortex dynamicsdynamicsTypeType II Superconductor II Superconductor  vortex vortex dynamicsdynamics

F

Jext
V
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NanosuperconductivityNanosuperconductivityNanosuperconductivityNanosuperconductivity

superconducting coherence lengthsuperconducting coherence length

• Dissipation-free energy state • Quasi 1D SC nanowire arrays • Quantum dynamics of 
a single vortex
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A. Wallraff et al., Nature (2005)R. Córdoba et al., Nature Comm. (2013) K. Xu et al., Nano Letters (2008)
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FocusedFocused IonIon BeamBeam InducedInduced ProcessingProcessing (FIBIP)(FIBIP)FocusedFocused Ion Ion BeamBeam InducedInduced ProcessingProcessing (FIBIP)(FIBIP)

Nanoscience and NanotechnologyNanoscience and Nanotechnology

atom DNA proteins viruses cells

1 m1 Å 10 nm1 nm 100 nm 10 m1 m1 m1 Å 10 nm1 nm 100 nm 10 m1 m

MEMSNEMSEBLCNTgraphene MEMSNEMSEBLCNTgraphene

FIBIP
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FocusedFocused IonIon BeamBeam InducedInduced ProcessingProcessing (FIBIP)(FIBIP)FocusedFocused Ion Ion BeamBeam InducedInduced ProcessingProcessing (FIBIP)(FIBIP)

PicassoEBL FIBIP

Dalí
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FocusedFocused ionion beambeam (FIB)(FIB)

UNDERLYING IDEA:

FocusedFocused ion ion beambeam (FIB)(FIB)

UNDERLYING IDEA:
 h/mv, short  (< 1 nm), 
accelerating the ions under highaccelerating the ions under high
voltage (up to 50 kV). 

DT

tr
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FocusedFocused ionion beambeam (FIB)(FIB)FocusedFocused ion ion beambeam (FIB)(FIB)

UNDERLYING IDEA:UNDERLYING IDEA:
 h/mv, short  (< 1 nm), 
accelerating the ions under highaccelerating the ions under high
voltage (up to 50 kV). 

CONFIGURATIONS:

‐Imaging and Analysis

‐Nanolithography:Nanolithography: 
FIB Induced Milling

FIBIPFIBIP
‐Nanofabrication: 
FIB Induced Deposition
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J. Gierak, Nanofabrication 1 (2014) 35



GaGa++ focusedfocused ionion beambeam columncolumnGaGa focusedfocused ion ion beambeam columncolumn

‐ Voltage: 0.5‐50 kV

‐ Beam current: 1pA‐20nA

‐ Condenser lensCondenser lens

‐ Deflection lens

‐ Objective lens

‐ Apertures and stigmators

‐ “Beam blanker”
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J. Gierak, Nanofabrication 1 (2014) 35



GaGa++ focusedfocused ionion beambeam columncolumnGaGa focusedfocused ion ion beambeam columncolumn

‐ Voltage: 0.5‐50 kV

‐ Beam current: 1pA‐20nA

‐ Condenser lensCondenser lens

‐ Deflection lens

Ga+ focused ion 
beam column

‐ Objective lens

‐ Apertures and stigmators

‐ “Beam blanker”
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FocusedFocused ionion beambeam sourcessources

1 Liquid metal ion source (LMIS):

FocusedFocused ion ion beambeam sourcessources

1. Liquid metal ion source (LMIS):
‐ generally based on gallium, with resolution of 5 nm
‐ low melting point and vapour pressureg p p p
‐ long life time: 1500 hours
‐ viscous behaviour on a W tip
source brightness: 108 A/cm2

W tip
Coil

heater
Ga 

reservoir‐ source brightness: 108 A/cm2

2‐5 nm

insulatorinsulator

21
Electrical feed‐throughs



FocusedFocused ionion beambeam sourcessources

2 Gas ion source (GIS):

FocusedFocused ion ion beambeam sourcessources

2. Gas ion source (GIS):
‐ based on He and Neon
‐ probe size≈ 0.3 nmp
‐ source brightness: 109 A/cm2 (30
times better than the Schottky FEG
electron source and 500 times betterelectron source and 500 times better
than LMIS)
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CommercialCommercial FIBFIB configurationsconfigurationsCommercialCommercial FIB FIB configurationsconfigurations

One single FIB

SEMSEM

FIB + SEM = Dual Beam

Ga+ FIB H +/N + FIB

Three FIBs = Multi FIB

GaGa++ FIBFIB

SEMSEMGa+ FIB He+/Ne+ FIB

Ga+ FIBGaGa+ + FIBFIB Ga FIB
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HeHe++/Ne/Ne++ focusedfocused ionion beambeam columncolumnHeHe /Ne/Ne focusedfocused ion ion beambeam columncolumn

Ad t• Advantages:
‐ higher resolution imaging, 2 nm 
lower proximity effect‐ lower proximity effect 

‐ higher sensitivity  
‐ milling of sub‐10 nm structuresmilling of sub 10 nm structures
‐ growth of sub‐10 nm structures
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Interaction of ions with solid materialsInteraction of ions with solid materialsInteraction of ions with solid materialsInteraction of ions with solid materials

Shorubalko, book chapter in “Helium Ion Microscopy”, Springer 2016
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Interaction of ions with solid materialsInteraction of ions with solid materialsInteraction of ions with solid materialsInteraction of ions with solid materials
Atomic weight

Sputtering yield
Penetration

depthdepth

26Shorubalko, book chapter in “Helium Ion Microscopy”, Springer 2016



Interaction of ions Interaction of ions vs. vs. electronselectrons with solid with solid 
materialsmaterialsmaterialsmaterials

30 keV electrons

Shorubalko, book chapter in “Helium Ion 
Microscopy”, Springer 2016Microscopy , Springer 2016

The interaction of ions with matter is much shorter than in the case of 
l h b f d l h f
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electrons, thus being confined closer to the surface.



FocusedFocused IonIon BeamBeam InducedInduced ProcessingProcessing (FIBIP)(FIBIP)FocusedFocused Ion Ion BeamBeam InducedInduced ProcessingProcessing (FIBIP)(FIBIP)

FIBIP:

‐ Nanolithography: 
FIB Induced Milling

N f b i ti‐ Nanofabrication: 
FIB Induced Deposition

Philip J.W. Moll , Annual Review of
Condensed Matter Physics 2017
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NanolithographyNanolithography: FIB: FIB inducedinduced millingmillingNanolithographyNanolithography: FIB : FIB inducedinduced millingmilling
Physical process: transfering momentumy p g
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Utke, JVSTB 2008



NanolithographyNanolithography: FIB: FIB inducedinduced millingmillingNanolithographyNanolithography: FIB : FIB inducedinduced millingmilling
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NanofabricationNanofabrication: FIB: FIB InducedInduced DepositionDepositionNanofabricationNanofabrication: FIB : FIB InducedInduced DepositionDeposition

31



NanofabricationNanofabrication: FIB: FIB InducedInduced DepositionDeposition
Focused ion beam induced deposition (FIBID)

NanofabricationNanofabrication: FIB : FIB InducedInduced DepositionDeposition
p ( )

Complex process:Complex process:‐ High number of fabrication
parameters > 10 
Disadvantages:

Complex process:
‐ High number of fabrication
parameters > 10 Disadvantages:

‐ Low metallic content
‐ Halo 

Disadvantages:
‐ Low metallic content
Halo‐ Halo 

Ga+ FIBIDUtke, J. Vac. Sci. Technol. B, 2008

APPLICATIONS: integrated circuit modification (circuit edit), mask repair,
fabrication of small electrical contacts… Although generally the metallic content

32

is not high enough (at. % 40‐80) impairing the applications of the technique.



NanofabricationNanofabrication: FIB: FIB InducedInduced DepositionDepositionNanofabricationNanofabrication: FIB : FIB InducedInduced DepositionDeposition
Focused ion beam induced deposition (FIBID)p ( )

Ga+ FIBID lateral resolution: 19 nm

W

He+ FIBID lateral resolution: 10 nm

WW

Co

W. Li, Micr. Eng. 2011
Sadki, APL 2004 H. Wu, J. Mat. Sci. 2014

100 nm 100 nm

Morita et al. 2003 Giannuzzi et al. 2005
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W, Pt, Co, Pd, C,… metals, ferromagnets, superconductors
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NanolithographyNanolithography: FIB : FIB InducedInduced MillingMilling
appliedapplied toto nanosuperconductivitynanosuperconductivityappliedapplied toto nanosuperconductivitynanosuperconductivity

Example of vortex pinning in high‐temperature YBa2Cu3O7 thin 
films patterned with an array of antidots

A. Palau et al. PHYSICAL REVIEW B 85, 012502 (2012)
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NanolithographyNanolithography: FIB : FIB InducedInduced MillingMilling
appliedapplied toto nanosuperconductivitynanosuperconductivityappliedapplied toto nanosuperconductivitynanosuperconductivity

Example of structures for intrinsic Josephson physicsExample of structures for intrinsic Josephson physics

Bi2Sr2CaCu2O8+y y

36S. Ooi et al. Phys. Rev. Lett. 2002



NanofabricationNanofabrication: FIB : FIB InducedInduced DepositionDeposition
appliedapplied toto nanosuperconductivitynanosuperconductivity

• Superconducting deposits grown by Ga+ FIBID

appliedapplied toto nanosuperconductivitynanosuperconductivity
p g p g y

Sadki, APL 2004Sadki, APL 2004

‐ Type II superconductor
‐ Tc ~ 5 K

37
‐ Bc2 (0K) > 9 T



NanofabricationNanofabrication: FIB : FIB InducedInduced DepositionDeposition
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Example of superconducting nanowires: WC Ga+ FIBID

appliedapplied toto nanosuperconductivitynanosuperconductivity

(a) (b)

Example of superconducting nanowires: WC Ga FIBID

W nanostructure 

SiO2

Pt 
FIBID

V‐I+ V+ I‐
(c
)

10 m
VI V I

Ti

)
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R. Córdoba et al., Nature Comm. 2013



NanofabricationNanofabrication: FIB : FIB InducedInduced DepositionDeposition
appliedapplied toto nanosuperconductivitynanosuperconductivityappliedapplied toto nanosuperconductivitynanosuperconductivity

Example of superconducting nanowires: WC Ga+ FIBIDExample of superconducting nanowires: WC Ga FIBID

Re‐entrance of the superconductivityRe‐entrance of the superconductivity

SC
normal

SC
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R. Córdoba et al., Nature Comm. (2013)



NanofabricationNanofabrication: FIB : FIB InducedInduced DepositionDeposition
appliedapplied toto nanosuperconductivitynanosuperconductivityappliedapplied toto nanosuperconductivitynanosuperconductivity

Example of 3D SC quantum interference device (SQUID)Example of 3D SC quantum interference device (SQUID) 
pickup loops: WC Ga+ FIBID

W C NWs grown by Ga+ FIBID:W-C NWs grown by Ga+ FIBID: 
Tc~ 5.4 K, Jc(4.2K)~ 0.4 MA/cm2

R l A l Ph L 97 222506 (2010)
40

Romans et al., Appl. Phys. Lett. 97, 222506 (2010)



NanolithographyNanolithography and and NanofabricationNanofabrication: FIBIP: FIBIP
appliedapplied toto nanosuperconductivitynanosuperconductivityappliedapplied toto nanosuperconductivitynanosuperconductivity

Example of 3D superconducting hollow nanowires: WC He+ FIBIDp p g

W(CO)6( )6 

3D WC 3D WC hollowhollow NWNW

41R. Córdoba et al., Nano Letters 2018



NanolithographyNanolithography and and NanofabricationNanofabrication: FIBIP: FIBIP
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Example of 3D superconducting hollow nanowires: WC He+ FIBIDp p g

30 kV

1.15 pA 1.34 pA

32 nm 70 nm32 nm 70 nm

21.2 nm/s 6.4 nm/s

0.015 m3/nC 0.018 m3/nC

3D WC nanowires:
‐ d down to 32 nm

Volume per dose:
‐ similar to Ga+ FIBID. 

‐ AR (l/d)≈ 200 ‐ 103 times higher than FEBID

42
Smallest hollow nanowire has been fabricated so far.



NanolithographyNanolithography and and NanofabricationNanofabrication: FIBIP: FIBIP
appliedapplied toto nanosuperconductivitynanosuperconductivityappliedapplied toto nanosuperconductivitynanosuperconductivity

Example of 3D superconducting hollow nanowires: WC He+ FIBIDp p g

1.0(b) (c)(b) ( )

0.5R
N

‐ Better resolution
‐ Higher aspect ratio

R
/R ‐ Higher crystallinity

‐ Higher purity

0 0

‐ Improved SC properties

2 4 6 8 10
0.0

T (K)

43R. Córdoba et al., Nano Letters 2018
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