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What Is a Vortex 7

¢
Y
H
ﬂLF
Js

>
I
I

quantum of flux

he/2e
20.7 Oe-m-=




Vortex Properties
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force

analogy: solenoid

repulsive interaction = Abrikosov lattice



Types of Defects .

||

4 0xygen Yacancies

# Electron imadiation induced
point defects

# Hearvy ion imadiation induced
columnar tracks

4 Twin boundaries
4 Layered structure




Vortex Decoration
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scanning tunneling microscopy Lorentz microscopy
Y. de Wilde et al A Tonomura ef al



Equilibrium Phases

I

Masweal thermal — liquid

SlLale

vortex mather

Hcz

four competing energies

2 interaction — |attice
E pinning — glass
£
coupling — 3D line
HCh
Temperature ': T
exper iment: control all four energies

theory: simple Lorentz force interaction



Dynamic Phases

distinct steady states
plastic/elastic

fzﬁ/ﬁamffphase transitions
de-pinning transition

motion — dissipation
Defects (pin sites) N0 energy conservation
no thermodynamics

FLorentz

basic science: non-linear dynamics

applications: control vortex motion



First Evidence for Vortex Melting
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Resistive Melting in Untwinned YBCO
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Resistive Hysteresis on Melting
YBCO
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Magnetization Discontinuity on Melting

H down

4.4

gl
H(T)

Liang, Bonn, Hardy, PRL 76, 835 (1994)

Welp, Fendrich, Kwaok, Crabtree, Yeal, PEL 76, 43809 (1995)



Heat Capacity
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lce-like Melting

Clausius-Clapeyron equation

dHm AS

dT AM

negative melting slope

denser liquid

higher entropy liquid

origin: weak long range interaction
V(r) ~ In (A/r)
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First Order Melting

YBCO
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Universal Melting
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Magnetic Field (T)

Vortex Melting Phase Diagram
YBCO Bob Ll 2212

100G

Magnetic Field

Vortex Lattice

Temperature
60 65 70 75 80 65 90 95 P
Temperature (K)
H. Safar et al., Phys Rev. Lett. 69,824 (1292) Zeldav et al. Nature 373, 373 (1993)
w. K. Kwok et al Phys. Rev. Lett 69, 3370 (1992) Khaykowich et al, Phys. Rev. Lett. 76, 25535 (1996)

U ‘welp et al., Phys. Rev. Lett. 76, 4809 (1996)
A.Schilling et al., Phys. Rew. Lett. 78, 4533 (1995)

¢ critical end points
e pinning disorder



Critical Points and Disorder
In the Vortex Phase Diagram

W. K. Kwok, L. M. Paulius, A. M. Petrean
G. Karapetrov, R. J. Olsson, V. Tobos,
W. G. Moulton, G. W. Crabtree

Argonne Mational Laborafory
Western Michigan University
Michigan State University
Mational High Magnetic Field Laborafory

outhine

upperflower critical points <= line/point disorder
Bose glass < |lower critical point

longitudinal entanglement / transverse randomization



Seneva Twinned Crystal
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| ower Critical Point
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Thermodynamic Glassy States

vortex glass Bose glass
O
@ @
O
s )
L. 8. Fisher, M. P. & Fisher, and D & Huse D E. Nelsonand ¥. M. Vinokur
Phvs Rev. B 43, 130-159 (1991) Fhorz. Eev. B 48, 12060-120%7 [ 19%93)

2nd grder transition to liquid
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2nd Order Glass - Liquid Scaling

|~ non-linear at high J

Xvng

linear at low .J

Elatter, Feigel'man, Geshkenbein, Larkin, ¥ inokor
Rev Mod Phvs b, 1125 (1994 %
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Effects of Disorder
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Experiment: Line Disorder and the Critical Points

Experimental Design

/ heavy ion irradiation

1.4 GeV 208 pp 56+

By = matching field

ortex density = column densit

untwinned YBCO cleave into several pieces

® untwinned crystal/sharp first order melting — no competing disorder
¢ cleave from one crystal — identical initial states

¢ systematic variation of defect density By

ey
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Line Disorder and Lower Critical Point
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Line Disorder

Lower Critical Point Tracks B
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Bose Glass Scaling Below the Lower Hep
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New Phase Diagram
with

Line Disorder
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Triggering the Lower Critical Point
B/Bg ~ 40
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Experiment: Point Disorder and the Critical Points

Experimental Design

Untwinned YBCO

¢ untwinned crystal/sharp first order melting — no competing disorder
® successive irradiation of same crystal

¢ systematic variation of defect density B,

g




Point Disorder Phase Diagram
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Point Disorder: Linear |-V
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Line Disorder Phase Diagram
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Disorder in Line Systems
polymers, liquid crystals, vortices
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Phase Diagram of Vortex Matter
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critical points controlled by disorder

line defects: Bose glass < lower critical point Hcp ~ 40 B,

+ point defects: disordered phases not identified

upper phase - longitudinal wandering & entanglement

lower phase - fransverse randomization



