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MOTIVATION

@ APPLICATIONS - power lines, MRI, magnetoencephalography,
magnets, microwave relays and switches,levitation, gyroscopes, motors,
( http://superconductors,org/lJses. htm }

bwithout vortices -supsrconductivity limited to namow rangeof H, T

#without pinning - superconductivity useless

& BASIC SCIENCE - systems of interacting particles in a random potential

(Wigner crystals, CDW, Colloids, Soft metals) - extra knob : particle density - H.
Common phenomenology:
® Dynamic Phase transitions
¥ Metastabillity
® History effects, memory
® Critical slow down, Jamming
102401 ¢ Cyelic softening




QUTLINE

¥ SINGLE VORTEX
v Vortex dynamics
¥ EFFECT OF BOLINDARIES
+ Bean Cnitical State
« Surface barricr
#* VORTEX LATTICE
+ Phasc diagram
¥ EFFECTS OF RANDOM POTENTILAL
+ Collective Pinnimy
J Peak Eftoct
v Metastable states

¥ CURRENT DRIVEN ORGANIZATION
v Cychie sofiening
v Jamming
v Memory
v Metastable 1o stable transition - a model
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- The magnetic vortex
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THE MAGNETIC VORTEX

COHERENCE LENGTH
Eupert:ﬂnducgng characteristic length
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CRITICAL FIELD

Upper critical fiekl B B I
pper cal fie T 1.
2-"'3@ I‘E Normul State
H H
Voriex state
H = ¢—“fr=1r: . N
Lonrear critical feld 1 4 it =
Fladf
H::'[ . <)
x =i/t - Gimzburg  parameler
T i
Type |l superconductor g>1.4
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EQUATION OF MOTION- VORTEX MASS

F
F=mv4inv 2
Response time: Vortex mass per nnit length ~m_K,
(11 e e (}#ﬂﬂﬁ‘ﬁ & I\-‘iﬂTﬂﬂﬂﬂ fﬂ'
T=—m=10"sec *H. Sulil 65
n «JM, Duan 94

Instantaneous response > no mertiak> m~ 0

F=nv
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VORTEX +HCURRENT - STEADY STATE

R s ationary Vortex [—

_P - = | Galilean invariance | |
e DR v, =t —

=V, =V, Vortex is dragged with current - superfluid
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ADD DISSIPATION

=& (v -V, XD, =NV,

1 7]

R AL Hall angle : @ =fan™ —

»,

Hall Force

=Nw,T

T — scattering relaxation time
01, —level separation ol g-particles in core

1 Eaopmin & Kravtaoy 1976

2, Kopnm &halomag 1951
3, Caroli, ds Cennes, Matricon 1964
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Vortex Motion and Dissipation

For most superconductors Yortex exat

L

W vortox velocity | to the current

W no Hall voltage @

Vortex entry

Faraday = Moving vortices =¢lectric field

Free Flux Flow regime- all vortices moving

H ;
p = p, —— | Bardeen Stephen - 19635
Dengsity of Resictivie H,
moving vortices | VY P

Maoving vortex creates dissipation
M5 Lperconductivity is destoyed
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‘ PINNING I

s If vortices are PINNED - Superconductivity restored

Pinning Force per unit length
F o< 1132

Pinning center=
hole, impurity, etc,

o Critical current density

F=F

*  J<J, - Pinngd - no dissipation

¢ J>) -~ unpinned = Moving vortices > voltage drop
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w- Type | - no vortices

w- Type Il with Yortices

#¥Bearn Critical State

#¥Surface Bamier
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TRANSPORT CURRENT DISTRIBUTION

Type | Superconductor
e NO VORTICES
~ 4
Normal Metal |
Tnitorm Bl it
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TRANSPORT CURRENT DISTRIBUTION 1=l UNIFORM

WITH VORTICES

=l
—

. Bean Modei
* Bean (62) and London (63) -The critical state

® Static balance between the magnetic
driving force JxB and the pinning force F o b

|{ Bx{vxH})| = BJ, (B) Je

= In this state the bulk current density is
gither +J _,-J _ or zero.

®-Sclutions define the macrascopic current
patierns.
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THE SURFACE BARRIER

Vortex atirachion o image in edge
= Bean-Livingston barmer (Pre &4

o |<|_ Vortex entry and exit inhibited
* NO Vortex motion
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Vortex mobtion and Current distribution

* Vorex low
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Local Magnetization Measurements

¥, Paltiel et al., Phys, Bew, I3 58, R14763 {199}
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Local Magnetization Maasarements

+0, T, Fuahe &t al, Mataes 389, 373 (199%) - BiSrlat i)
+03, T. Fuchy oigl, Flys, Rew, Laie, 81, 3544 {1908}
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EFFECT OF SAMPLE GEOMETRY

Slab

Corbino Geometry

«  VORTICES ENTER AND EXIT AT
EDGES, THROUGH SURFACE BARRIER
« NEW VORTICES ARE DISORDERED
« M"OLD VORTICES" MOTIONALLY
ORDERED * COEXISTENCE

«  CIRCULAR MOTION
«  NO CROSSING OF EDGES
= NO DISORDERED PHASE

| ISR |




me Y ortex interactions

- Physical Parameters

m-pNbSe.,
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VORTEX-VORTEX INTERACTIONS
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VORTEX PHASE DIAGRAM

* Imeractions (H) > Crysial

Col éj e liquid F voriex glass
D
, A » Crysial =2 Bragg glass

] Giamarchi and LeDoussal 96
* Fluctuatons [ Gi & ]

thermal (T) P2 liquid Hep
k.T
eH ‘€

Mormal State
(i =

H
Random potential (pinning) > class

L(Eﬁ

Coupling (anisotropy ) > 513 -line He

.

1G/2/a1 = g‘;ﬁ
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Physical Parameters of Type II Superconduciors
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PROPERTIES of Nbbe, I
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& Collective Pinning

& Peak Efiect

& Netastable sates




COLLECTIVE PINNING

Stift Springs Elastic Manifold in Random Potential
— Ordered latmﬂ — Low

AL Larkin and ¥, Crichinilkog « 79
U, Yirom < al - 44

Soft Springs

— Disordered = High J,

Size of coherent domain

~ S Iy
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Transport Measurements

4 Lead Measurement

Hﬁ T T T T T | T I ..'

dvidi=(n_/m)p HH  »*

H=.615T | L—ﬂ- = dﬂQEiB of order
T=4K Ii: i 1 g P
dV/idl = fraction of moving vortices

s =  w s 200
! Cumant {m#A)
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THE PEAK EFFECT

2 — A
Seen in weak pinning y
superconductons:
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METASTABILITY

normal

FC- Field Cooling

ZFC- Zero field Cooling

™" Below the peak |, depends on
method of preparation and
measurement spaed
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& Cyclic soflening

= Jamming

" Frequency Memory

#F [ ffect of Boundanes

W iVictastable o stable ransimon
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Dynamics of non-equilibrium vortex states
Current Induced Organization

120 — T

1!:19 i .—-__.H. N

1672741




CYCLIC SOFTENING

aa |l H=0.4T/ZFC | « Henderson, Andrei, Higgins - PRL 81, 2352 (98}
Bl Z *Andrel, Xiqo, Henderson, Higging, Shuk, Greenblatt -
1 I, Phys, 1V, Pr10, 5 (1999)
60 -
.-"'rf i 5 =
40 t( Critlcal current )
reduced by AC drive,
: “shaking” causes vortices to order.
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OF I-V CURVES T=4538K H=051T
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JAMMING-

)

H=0.4T/ZFQ ,

—— 55 arfesd B

current induced disorder

» Henderaon, Adrel, Higgins - PRL 81, 2352 {98}
» Andred, Xiso, Henderson, Higgins, Shok, Greenblatt -
I Phys, IV, Brif, 5 (1999)
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= | z Jamming in YBCO
! 0 2|4 N Gondeey, ot ul Nutute, 385 324-326 (1997)
L / —— Gurrent ;Er.u « % Kokkaliaris, BPAJY deGroot, SN Gordssy, A4
2 [l AW 1) —vottags 2% | Zhukow, R Gagnon and L Taillsfer, Phys, Rev.
= il Lett. 82 (1999} 5116
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| MEMORY I

40 r 1 v 1 v 1 v Al
: <

S 5
= T
O .|
e L
=26

40 . I : I i I ’ <l
0.0 .1 0.2 0.3 0.4 4

t(s)
= Current removed =2 voriex motion arrested

@ Current restored =2 motion resumas where it stopped
- =0 ~ T=0
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HOW LONG DOES IT REMEMBER?

30
b —initizl
o5 L —wailing 0.2s
| —waliing 16 hrs
20 |
15 1

g | II| I i
5 J' ] |'I‘JI,'|.I i | I'Illj|I

0
0.0 2.1 0.2 0.3

* Experiment repeated by removing the current for various intervals : 0.2ms - 16 hrs.
* In every case the decay was the same as if the drive was not interrupted.
#* The memory of the AC drive is encoded in the decay function.



FREQUENCY MEMORY ‘ LOGARITHMIC DECAY I

» Hemderson, Andred, Higzins - PRL 81, 2352 {98}
« Andred, Xiso, Henderson, Higgins, Shuk, I If Swﬂ:chmg 15 ';l:oppr::d BEFDRE
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RESPONSE OF ZFC STATE TO CURRENT STEP
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— | IGNGRE EDGES

EH:I I ——
— W R O few b GG

50 F

{ﬂ"ﬁ}

oY, I-l&ﬂ:i*‘r‘mn g al FEL, ©8
o Y. Andrei et al J, Phys, 99
#Z. L. Xiao et al PRL 99 |

EFFECT OQF BOUNDARIES I

v .
ELIMINATE EDN:ES

T L i b
T gﬁumatriﬁs

U im onzant,

coexslane in Siip i
ﬂl:: _-\l:-:;"i-'-.""
LW

h:?: A} -
A

& Paliiel et sl Naigre 2000

SURTRACT EDGES =
B=1.0T

#Z, L., Xigo eial
prieprin

Bulk A
. : o
) T ——— e, —u ._f%fiii:q_—_
' 5.4 5.5 “H 5.0
Tk

In the absence of edges

b

W PEAK EFFECT SHARPENS INTO A JUMP

Consistent with Ehase transition

{Paltiel et al. PRL 2G00)




PHASE DIAGRAM
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‘DEFECTS+BOUNDARIES = New physics I

+Liquid; crystal = Vortex Glass; Bragg Glass

+\VG-BG transition = coexistence = Broad Peak effect

Dynamics of Mixed Phase

< Currentdriven organization
< Tunable critical currents

= Cyclic softening

< Jamming

< Frequency Memory

10/2/01 . Rﬂtgers




METASTABLE - STABLE TRANSITION

Current Induced Ordering

120 ————— - Xiao, Andrei, Shuk, Greenblatt - PRL 86, 2431, (2041)

4.4 46 48 5.0 52
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Current Induced Ordering
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115 | t.l -I-tﬂ = td =2 evolution of vortex
i state durng

&t +(-1,) = 1,2 notreversed by
reversing current

[‘ah[mET“I"l.lptEdf/

—

® System evolves during T
@ Evolution stops in the absence of current
@ Immeversible process
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Probing the vortex state during current driven evolution

"™ Measure fast -V to determine vortex state

A
- 1P ! 1 w» s  e-—-reeee———————
m A
=
it 6 145 b
-t |
= 1E%1 1.4

T=4.2K
a=1 2T
i1 =15mA

L 1 T 1 s Vs [l
51

© t=bus

= t=10us

= t=20us
t="10s

i<t = response identical o
that of disordered state.

t>>1, = response identical ©
that of ordered state

0 5 10 15 20 25 30 35 40 45
} mA)
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C- =200rs 1-

| Formation of a channel I

....

ordered vortices,

D=l 2005 I=1,
=? ordered channel expands engulfing
whole sample

, slope Increases




SUMMARY-

DYNAMICS OF VORTICES +RANDOM POTENTIATLABOUNDARIES

jonf " e
Metastable to stable transition =T Hhh"“'w.

Dynamics of Mixed State

w Cyclic softening
= Jamming

» Frequency Memory

15/2/G1




