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NANOSTRUCTURES:
CONFINEMENT  

PROXIMITY
INDUCED PHENOMENA

Ivan K. Schuller

Jose-Luis Vicent
Universidad Universidad ComplutenseComplutense--MadridMadrid

U C
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Hybrid 
Magnetic-

Superconducting
Periodic pinning by arrays of 
nanostructured magnetic dots

SURPRISING AND INTERESTING
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FUNDING
•US-NSF
•SPAIN-DGICYT
(Ramon Areces, Ramon & Cajal)
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SCIENCE DRIVEN RESEARCH

I.K.Schuller, Phys.Rev.Lett. 44, 1597(1980)
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Read HeadRead Head Magnetic RAMMagnetic RAM
WITHIN 15 YEARSWITHIN 15 YEARS

UNEXPECTED
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Plan
• Introduction- Preparation

Superconductivity
• New Functionalities- Confinement X

Proximity Effect
Induced Phenomena

• Summary- Unexpected and Interesting
• Future- Nano+Proximity+Induced
• Interesting questions
• Relevance to other fields
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DRIVING FORCEDRIVING FORCE
SHOULD BE

• Interesting Physics
• Interesting Materials or Devices

SHOULD NOT BE
• Applications
• Big Machine
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Physics Driving Force

• Surfaces
• Quantization

• Extension of Ψ
• Extension of M

NANO, nano, nano, nano

Proximity
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Shadow Mask

ChangPengChangPeng Li Li 
Igor Igor RoshchinRoshchin
Xavier Xavier BatlleBatlle
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NAN0NAN0--FABRICATIONFABRICATION

•• Lithography, high technology:Lithography, high technology:
electron and ion beams, 
X-ray, 
Scanning Tunneling Microscope

•• Self Assembly :Self Assembly :
chemical
biological
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NOT PERFECT
E-beam Diblock copolymer

Macroscopic area

H. Masuda et al., 
Appl. Phys. Lett. 71, 
2770 (1997).

Anodized alumina

Macroscopic area

M.Park, C.Harrison, P.Chaikin, 
R.A.Register, D.H.Adamson, 
Science 276, 1401 (1997)

Small area:

100µm x 100µm

1µm 1µm
µm
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NEW FUNCTIONALITIES

• Confinement
• Proximity Effect
• External Stimulii
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PROXIMITY EFFECTPROXIMITY EFFECT
““ Nanostructures are always in Nanostructures are always in 

contact with something contact with something ““

••Modify the properties of the Modify the properties of the 
SOMETHINGSOMETHING

••Modify the properties of theModify the properties of the
NANOSTRUCTURENANOSTRUCTURE
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History 
Nano Magnetic-Superconductors

• Proximity Effect-1D (Tedrow-Meservey-1968)
Tunneling Spin Glasses-1976

• Superlattices-1D
Critical Fields Ni/V-1981
1D-2D Transitions Nb/Cu-1984

• Nanostructures-2D (Martinoli-1974,
Moshchalkov-Bruynseraede-1992)

Pinning with Nanomagnets-1997

Nano



Magnetic Phase Diagram Magnetic Phase Diagram 
Type II SuperconductorType II Superconductor

AbrikosovAbrikosov

20032003
NobelNobel
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H.F. Hess et al. PRL  (1989)

B ⊗
N

Abrikosov
Lattice

Vortex-vortex
Interaction

Vortex Density

0
2

0

1
φ
B

a
≈

JBJFL

rrr
×= FL ∝ J

FL v
vBE rrr

×= E ∝ B, v E

Dissipative
transport

JE
rr

ρ=
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Pinning

V(x)

FL<FP (J<Jc)

ρ=0

-dV/dx=Fp

B 

Artificial
Size?

10-100 nm

A. Volodin et al., EPL 2002

B ⊗
Intrinsic

ξ, λξ, λ
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Natural Impurities: 
Random Pinning

Nb Film

0 400 800
0

1

 

R
es

is
ta

nc
e

Magnetic Field (G)
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PieroPiero MartinoliMartinoli--19741974

I wonder what happens if the I wonder what happens if the 
pinning sitespinning sites
Are periodic ??????Are periodic ??????
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Figuring how to immobilize the magnetic vortices,
an atomic scale process called pinning,

has emerged as a crucial area of research

NANODOTS
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DESPINA E DON ALFONSO DESPINA E DON ALFONSO 
In In poch'orepoch'ore, lo , lo vedretevedrete, , 

Per Per virtvirtùù del del magnetismomagnetismo,,
FinirFiniràà quelquel parossismoparossismo

DESPINA AND DON ALFONSO
In a few hours, you will see
The power of magnetism

Will end this…

Cosi fan tutte
W. A. Mozart-1790

(Passion, Excitement, Tumult, Orgasm,…)



Periodic Vortex Pinning with

Maribel Montero, Jose Martin, Javier Villegas, 
Pilar Gonzalez, Elvira Gonzalez 
Jose L. Vicent, Ivan K. Schuller



Magnetic Dots               Magnetic Dots               NbNb FilmFilm

I

V- V+

Nanostructures    MicrostructuresNanostructures    Microstructures
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MagnetoresistanceMagnetoresistance

• up to 8th order peaks!
• square lattice of Ni dots (∅ 340 nm)
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Critical CurrentCritical Current

Matching Field:

a: lattice parameter
Φ0 = 20.7 Gµm2
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REMEMBER

H proportional H proportional 
to to 

number of vorticesnumber of vortices

n=1n=1 implies implies 1 vortex1 vortex//plaquetteplaquette
n=2n=2 implies implies 2 vortices2 vortices//plaquetteplaquette
…………………………....



Rectangular Arrays
Pinning vs. Elastic

Energy

Interaction
Vortex + Pinning Center

Interaction
Vortex + Vortex



Rectangular Arrays

a = 400 nm
b = 625 nm

a = 400 nm
b = 900 nm
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Magnetoresistance

2 different periodicities !

0 200 400 600 800 100010-2

10-1

100

101

102

400×900 nm2

400×625 nm2

× 10
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Low Fields

∆
ΦH
ab

= 0

• Geometric matching

Experiment
∆H (Oe)

Theory
∆H (Oe)

400 × 625 nm2 82 83

400 × 900 nm2 58 58

E EPinning Elastic>

Dot Vortex



High Fields

∆
ΦH
a

= 0
2

• Reconfiguration to 
square lattice

• Matching along 
direction of motion

E EPinning Elastic<
Vortex Motion

Experiment: ∆H = 112, 115 Oe

Theory: ∆H = 129 Oe
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Varying Force Direction

FL

¿v?

v

Vy

22
yxL FFF +=

)arctan()arctan( xyyx JJFF ==θ

22
yx vvv +=

)arctan( yx vv=α

FL

θ α

Jy

Jx

Vx

FL ∝ J

V∝ v
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IIACAC

V- V+

AC driveAC driveAsymmetricAsymmetric
Measure DC

What to Expect ? NIENTE
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UNEXPECTED
• Periodic Pinning

Martin, IKS-Phys. Rev. Lett.
• Channeling

Villegas, Vicent, Montero,IKS- Phys. Rev.
• Rectification with Triangular “Dots”

Villegas, Gonzalez, Vicent- Science
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NEW FUNCTIONALITIES

• Confinement
• Proximity Effect
• External Stimulii

Geometry
Dissimilar, 1-3 D
E, B, light,….
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SUMMARY

- Maxima and minima in R, Jc

- Magnetic effects

- Structural effects

- Unexpected

Periodic pinning by arrays of 
nanostructured magnetic dots

Elastic , Channeling,  Ratchet
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OPEN ISSUES
- Position of vortices ?

- Triangular vs Square ?

- Novel Josephson Effect

- Noise

- Devices 

- Quantum Computing

- Unexpected
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Ongoing Experiments

• Nb Thickness 
• Location of vortices
• Asymmetric empty triangles
• Self assembled dots
• Exchange biased dots
• Angular dependence
• Disorder
• Noise



Periodic Vortex Pinning with
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CONNECTIONS

1. EPITAXIAL GROWTH Soft on Rigid Lattices

2. 2 D MELTING Noble Gases on Graphite

3. PLASMA PHYSICS Vortices in Charged Plasmas

INTERACTIONS OF TWO PERIODS

INDIRECT
1. PROBE MAGNETIC STATE Nanomagnetism

2. MODEL SYSTEM Ratchet (Biology)

APPLICATIONS
1. NOVEL JOSEPHSON H dependent  υ

2. NOISE REDUCTION SQUIDS
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Relevance to this conference

Any thing interesting in 
superconductor ?

• Critical field
• Tc

• Jc

• Driven states

• Any thing interesting in 
ferromagnet ?

• Ferro State Different ?
• Scattering times
• Spin splitting
• Coulomb blockade
• Inelastic e-tunneling
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• New Josephson-like Effect in a Superconducting Transformer
A. Gilabert, Ivan K. Schuller, V.V. Moshchalkov and Y. Bruynseraede
Appl. Phys. Lett. 64, 2884 (1994).

• Flux Pinning in a Superconductor by an Array of Submicrometer Magnetic Dots,
J.I. Martin, M. Velez, J. Nogues and Ivan K. Schuller
Phys. Rev. Lett. 79, 1929 (1997).

• Artificially Induced Reconfiguration of the Vortex Lattice by Arrays of Magnetic Dots
Jose I. Martin, M. Velez, A. Hoffmann, Ivan K. Schuller, and J.L. Vicent
Phys. Rev. Lett. 83, 1022 (1999).

• Individual and Multi Vortex Pinning in Systems with Periodic Pinning Arrays
C. Reichhardt, C.T. Zimanyi, R.T. Scalettar, A. Hoffmann and Ivan K. Schuller
Phys. Rev. B 64, 052503 (2001).

• Nanostructures and Proximity Effect
M.I. Montero, Kai Liu, O.M. Stoll, A. Hoffmann, Ivan K. Schuller, Johan J. Åkerman, 
J.I.Martin, J.l. Vicent, S.M. Baker, T.P. Russell, C. Leighton and J. Nogues
J. Phys. D 35, 2398 (2002).

• Directional Vortex Motion Guided by Artificially Induced Mesoscopic Potentials
J.E. Villegas, E.M. Gonzalez, M.I. Montero, Ivan K. Schuller and J.L. Vicent, 
Phys. Rev. B 68, 224504 (2003). 

• Mechanism of Periodic Pinning in Superconducting Thin 
Films
M.I. Montero, O.M. Stoll, and Ivan K. Schuller
Eur. Jour. Phys. B. (2005-In Press).

RepresentativeRepresentative PublicationsPublications from UCSDfrom UCSD

http://ischuller.ucsd.edu
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