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Varieties of flux lattice dynamics :

OUTLINE

1. Introduction to the "problem"
2. The System
3. Experimental results

4. "Dynamic phase diagram" :
moving phases :elastic, plastic and fluid

5. Length scales, noise and all that

6. Epilogue : statics from dynamics
flux lattice phase diagram
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The generic problem :
Elastic media & quenched disorder |

Competition between elasticity and pinning :
Eel ~ (R)4-2; Epjpy ~ (R)d/2
Minimize energy —

loss of long range order: correlation length of FLL
[Larkin]

Re ~ (Ke1/ Vpin)z/ (4-d)

Threshold phenomena in dynamics : F

F P~ (Re )2
(Soft things get stuck more)

Varying interaction or disorder changes
the nature of threshold and dynamics

1%

Interaction dominant :Weak pinning : R » ay,6
Disorder dominant : Strong pinning : Re~0

Question : how does the dynamics vary between
the two extremes ? |
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Examples :

Incommensurate CDW, Wigner solid in 2DEG,
Quantum dot array,magnetic bubble array,
Domain dynamics'in disordered magnets
(ferroelectrics?), Colloidal crystals,

2-fluid interface in random porous media, etc.

Ideas :

1. Depinning transition as dynamical critical
phenomena (D.Fisher) :

Scaling laws : e.g., v ~ (F - Fp )B
Dynamic correlation length : Sy ~ (F- Fp )Y

Q. Is this description right and/or sufficient ?

2. From HTSC : exotic phases & transitions
.&th?:%g them (melting, vortex glass, Bose glass,

Q. Do they occur and how does one find them ?

3. ~All studies of phase transitions are made via
transport measurements.

Q. How does dynamics relate to thermodynamic
phase transitions, in the presence of disorder ?
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FLUX-LINE LATTICE

Types of Superconductivity :
relationship between two lengths

coherence length : & : local electronic properties
penetration depth: A :local magnetic fields

AT
Wi =n, h(x) "
Superconducting Normal
b— &y —] )
Ginzburg-Landau parameter k = A/E
Typel: k< 1N2 Type IL : x > 12
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Phase diagram of a type-II superconductor
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TEMPERATURE Te

VORTEX LINE

L

MIXED STATE

MAGNETIC FIELD

each flux line carries a flux quantum

:00 = (ch/2e) = 2 X 10 -7gauss.cm? ,

Repulsion between flux lines
~---> flux line lattice (FLL)

increasing H increases density of flux lines :

lattice spacing: ag2 = (2/V3) (¢o/B)
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~ Elasticity of a flux line lattice

(Maxwell 1892; Friedel, deGennes and Matricon 1963; Labusch 1967
~ Brandt 1979; Larkin 1979)

®  distorting or compressing the lattice costs energy; |
lattice has finite elasticity

0] [C11Cn ™
® hexagonal symme XX 0 0 O Xx
98 Y Oyy| 1C12Ci1 0 0 0 || &y
Owz|={ 0 0 Cygqg 0 O
yz 4 Yz
O 0 0 g Cyg O €
2C66=C11-C12- [0y LO 0 0 0 Cesllg,,
Three independent elastic moduli are
C11 (compression) Cyq (HlD) Cge (shear)

L 1T (e

Co6 ~ Bc22/4m)(1 - 1/2xDb(1 - b)2(] - 0.29b)/8x2,

C110k) ~ (B2/4mX(1 - 1/262)(1 + k2A2)1(1 4 k2621,

Ca4(k) ~ B2/4m((1 + k2A2)1 4 1/kg202)-1),
whereA'=1/kh=1/(1-0)1/2, & = 28 /(1 - p)1/2,

FLL is an extremely soft solid : H=1T, C11 = 8X106 dynes/cm?
Cop ~ 5x10° 3
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. DYNAMICS OF THE FLUX LINE LATTICE

CURRENT

MAGNETIC VORTICES

W CURRENT TYPE Il SUPERCONDUCTOR

® Lorentz force: FL, =] X B { current = force)

® If F exceeds threshold force FP (=Jc X B),
then FLL moves Jc <-—--  critical current}
Overdamped motion ——> velocity v : v.v ~ F

® Electric field E ~ vXB { voltage = velocity }

I pwWewm.T = IOZ’AM/SCC.

® Kim's model (no justification):

Y.v = (FL-Fp),
{y ~ viscosity /friction coefficient}

Flux flow resistance : p¢ = dE/dJ = (¢o/yc2).B

® Bardeen-Stephen flux flow model

dissipation due to normal fraction : pf = pn. (B/Hce2)



V(microvolt)

I-V curve in log and linear scale

100 T | A T 100 ——r—v—rrrry
Hllc: . Hjjc
80 [
10¢ 3
— 3 3
::: L
60 g * 18T
* 12T
S TF . oer E
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g i
dF o o 3
0 .01 . »
v.00 0.01 0.02 0.03 0.04 0.05 .001 1
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Pinning of FLL

inhomogeneity in order parameter pins FLL

———

defects, dislocations, vacancies, second phase ,

substitutional impurities, ..... R
summation problem : why is pinning force finite ? :_ "”?
Larkin : FLL is not long-ranged

Threshold force for motion -
F=1JcXBlI »

exptal signature : voltage criterion (we use ~100nV)




Why NbSes ?

Superconducting parameters for NbSe»
T-.=7.1K, HC2,||‘= 4T

Parameter H c Hlc

K 9 30

& 77A 23A

A 690A 2300A

Jc 1-30 A/cm?2 10-200 A/cm?2
Quantity HTSC  LTSC NbSep
Gi =(kT/Hp2 £3) 102 10-8 10-4
Jo/Jo=E&/Re)2 1072 10-1 10-6

(1)Among the cleanest single crystals;
e.g., Rc ~ 400 agat H=1T, T=4.2K

Ideal for testing clean system concepts

(2) Dimensionality variation :
H || c: quasi-2D
H1lc:3D




Experimental problem in all systems :
disorder not controlled

Strategy : Vafy interaction by tuning H in
a given sample with a given realization of
quenched disorder

Flux lattice melting : Cgg ~ b (1-b)2
[b=H/Hcp]
Above melting : flux liquid with no rigidity

Crossover in the dynamics must accompany
a thermodynamic melting transition

Find a clean weak pinning system and vary H
at fixed T or vice-versa and study dynamics

Find : Peak effect !

[0




Peak effect in 2H-NbSey

S — ,
G 7 ]
g [ Hlic 1
0 H ) I ~ 1.
1 2 .
s 6 T (K)7
(Fixed T; varying H) (leed H varying T )
10: —— 42K 10
| —o— 5K =
1 —— 55K a 1k
501% R .01:
ez . 001 ——-—24-— :
8.0 0.5 H/Hea 1.0 o H{D) :
(Peak effect in reduced I—D I-dependence of
peak effect

Robust location of resistance minimum

in (H,T) space

dependence of pinning

Nonlinear; i.e., related to anomalous (H,T)-
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Anisotropy of "Peak Effect"

8

'_9'='8'7
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400 140
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- 120 E_,
- 110~
r Hll ¢; T = 42K .
M i M I A 0
0 1 H(T)2 3
— 100
| Hp )
-H I ab; T = 42 K 475 —
| e
K 1000 125
0 0
0 8
E 0.4. o ‘61( II ' ._n_l 6 K
o Lls 0.3 : 5K -_'—“—__0__ i?x- n:5/2;
S ‘_ dense point pins
~ A i ] R .
z [Eor ° . 1| [isoelectronic,
o 1t = 200 05 b 10 | |substitutional
s o p pins (Ta-atoms?)
LI-‘ -
\ (Ullmaier)
ol _ooopoaR, ) .
0 1 H(@MT 2
Fp (T) = [Hea(DIM . £ [H/Hep(T)

I-independent pinning mechanism
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AC response in Peak Effect :

Z

tan O

=R +joL
owL/R

ImZ(mQ) ReZ(m Q)

tan 9

0.6
0.4
0.2

0.0

2
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Explanations of "Peak effect" :

Pippard : soft FLL more strongly pinned; peak
is due to a sharper drop in rigidity of FLL
than in the pinning interaction.

Larkin-Ovchinnikov : Collective Pinning

Larkin lengths : R- and L;

collective volume : Vo = Re2.L

Pinning : W = n,,. <f2>

Pinning force density : Fp = 1JcXB1=(W/V)

Fp = ng.f4 /[16a3.C44.Cp2]

1.Intermediate H : Cgg ~ (Hep-H)2; f~(Hep-H)
2.Higher H : Nonlocal C44 softens; V. shrinks
Fp increases until R ~ agat H; amorphous FLL

3.Even higher H : \; constant; Fp ~f2 ~ (He-H)

Quantitative comparison does not work.

Investigate I-V curves as well !

6
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4nFy, (106N/m 3)

dv/di (10 ~30)

-
o

1

Je (amp/em 2)

8 A

o i i i L " 1 A L A
0.00 0.02 0.04 0.06 0.08 0.10
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. Crossover

| (amps)

CWPM 1 Cr

Evoludion o] 1-V ceurves

m +he

peak r-e_qcf me (7,



Anomalous I-V curves for H 1 ¢

100

Hp
;:-* 3000TH Il a,b; T = 42 K 175 %‘
Z 2000} (b) 150 =
mﬁ- 4 _
1000 | 125
<— ;
0 ——— — 0
0 2 4 6 8
H(T)
Three types of I-V curves
[. H< Hp) . concave upwards
I1. Hp1<H<Hp . convex upwards
I11. Hp<H . concave upwards

Regime II is anomalous:
Opposite curvature; noisy, strong thermal
instabilities; dV /dI > Bardeen-Stephen R¢f

Three regimes of force in regime 11

<1 : pinned FLL
Ic <I<Iep: anomalous dynamics

Iop <1 recovery of Bardeen-Stephen
8.



Anomalous [dV/dI-vs-I] curves for H || C (%“-“” ”’)
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o~ 2-D Simulation
= (a)
o . .
3 05F 1 | Simulation of
s defective FLL
g 0'80 olz | 014 | 016 .ols | 1'0 1.2 (Z-D)
T Therce ) 0 Y |Shi & Berhnsky
T ' (c.f. data for 2T)
;- 1.0 -
=
T 0.5 7
A
Y
vV .
0.0 ' m—— .
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Force (a.u.)
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Defective dynamics and plastic flow :

Shi & Berlinsky, PRL 67, 1926(1991)
2400.,.,.,.,...
..3 Simulation of 2D-FLL
@ 300
Sy
¥
o
wa 2001
| ]

V)
L 100f
£
=
Z, ob——t
00 01 02 03 04 05 0.6
Driving Force E;

Quasilinear region : free flow;
velocity decreases more at lower forces due to
dynamically generated defects

: Av = [D.ng(v).ag2]Ro/Cgg
*Tearing dominates onset of motion
*Many defects at slow motion (filaments)
*Large velocity : pinning less important
- Defects heal : recovery of coherent motion

(Plastic -Elastic crossover)
c.f. Dynamic Melting :Koshelev & Vinokur

Nonequilibrium (Dynamic) phase diagram
describes dynamical states and transitions
among them




Asymptotic flux flow resistance above crossover-current

8

R,, (m ohms)

N

O (H/He )

Bardeen-Stephen : p = P (H/Hg, )

XX

b('r) = H/Hc;(T)
p e p0 k]

21.



¥ (L)H

Current densities (amp/sq.cm)
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log (V)

Power law scaling in two regimes of dynamics

3-DFLL (H L ¢)
ﬂ

1000 T
T=42K;H=40T R
__100 | T=42K
> a0 -
.10 =0 \\L, |
; 1 o0l H . T
1 o T
01 A(-1g) ! 10 ;
1000 — v ———rrrey VN(I—IC)
wf o H=6
«+ H=6.
S 10 below peak : g =1.3
= (b) above peak : g =1.7
> A above peak
.01 M s a2 aaal A i s 3o aial M i A Al
.01 1 (I-I&/IC1 10

Quasi-2D FLL (H |j ¢)

4 | I

5| T=42K

6} _— J

i T 0 1HM:2 3
2 -1 ¢ 1 2

log (I-1 .11 )
below peak : § =
above peak: p=1.3
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dv/di

dVv/di

dvi/dl

Evolution of I-V curve near the peak
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Fingerprint phenomenon (contd.) |

6 : : :
£ sp ff
S 4f A\ ~
E 3f N X/ . §
o 2 , b
S 1ff V (microvolts) ‘
-O 0 1

0 20

61 —

sF— o 5.7 tesla
«n 5.8 tesla
& 4
S af
E
= “]
T 1r g Ve T gt
NI gﬁj e ERE T
= 0 ' ¢ T T ER L
T 0.02 0.03 0.04 I (amps)oios - 006

Net voltage V = Nfree. <v>
For elastic flow : Nfpee is independent of v -
dV/dI ~1/(d<v>/dF) ~ 1/u; u = friction coeff.
For plastic flow : Nfpee is v-dependent
Peaks are caused by dNgpee/dl; represent a
specific sequence of depinning of "chunks"

Fingerprint of quenched disorder is seen thru
defects in FLL as elasticity is tufied’by H.

*Coexistence of moving and pinned states *
First order depinning transition

26
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Consequences of first order depinning

Hysteretic I-V curves (nonequilibrium effect)

, X .
. B

40

30F —o— I-down

20r

V (microvolt)

10

" HAlo=19T |

0 -
40 60 I(mA) 20,

Caution : I ~ I (H,T)
Varying H, T can show hysteresis; but is not
a thermodynamic effect

Example : Sign change of Hysteresis due to
Peak effect :

8.00e-6 T T Y T T T T T
i o H-
6.00e-6F —— H-down J
V) . W, .
(oo) i chﬂw?rmt
£ a.00e-6} Survived
Q ! '
[ s
~  5.00e-6} hys beres (s
0.00e+0
1.8

More mobile state remains more mobile

down to lower forces
2%.




Hysteresis and fingerprint in R-vs-H at fixed T

dR/dH

H (Tesla)

Fingerprint survives hysteresis
Same sequence of depinning and repinning
but this is not melting !!

29 .



Schematic of a defective FLL motion of Chunks

("ladokhod") .

O O 0OOO O 0O 0 0/0
O OO0 OO 0O O O
O 0 00 00 o0 oo o0 o0 -
O oo o oo0o0floe oo — —-

O 0 0 0 0O O 0 ONO OO0

Motion of defective lattice ~

Onset of voltage when a connected pathtorms =~

across the sample

Trapping of immobile regions - "puddles”

Slow dynamics associated with breakage and
healing of moving "chunks" S

Noise associated with rearrangement of channels
metastability in the moving state

B



Anomalous frequency dependence in plastic flow

2t ‘ ' ‘ ' 10.003 & 1 : A 1 _
' ] P 2 Hz :
[ S0k6 {00020 se s %mm
SIS 1 ' ] g ]
9 ®  dv/di100Hz : . :
[ ai 10.001 e dv/dl 2Hz
: 5 o0 dvdizh = dV/d 100Hz :
0" T T T T 0l T T . :
0 002 0.04 0.06 0.08 O.1 0.04 0.06 008 01
Current (amps) I (amps)
0008 — + . ...
£ 0.006
o -
A
@ 0.004
c
11}
W
@ 0.002
oz
0 H= 57 kG 3
0.02 0.04 0.06 0.08 0.1
Current (Amps)
: &\ 2he ] . e dv/dl 100H :
1 r: : [13 Z - —-:"'"'-'-‘. 4
4 - m i1 0.002} o gv/d 2Hz g ' ]
58 kG 8 i {f .

2t 1 0.001{

d e dv/di 2Hz ]

g ’ O dv/d! 100Hz A
0y o ' 0

0 0.02 0.04 0.06 0.08 O0° 0 0.02 0.04 0.06 0.08 0.1
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Defective dynamics of elastic media:

CDW : Coppersmith, C & Millis .

FLL: Jensen et.al., Shi & Berlinsky, Koshelev, K & Vinokur,
Marchetti et.al.,..

Fluid Flow : Narayan & Fisher

Crossover from interaction-dominated to disorder-dominated
dynamics through a regime of motion of chunks (filaments)

New length : transverse "chunk"-size : Ly
time-averaged velocity correlation length < v vy ar by

distinct from Larkin lengths R &L and Fisher-length
(instantaneous velocity correlation length) &, « <v(xt) v(xt)

Detection of new length scale through noise




Noise in plastic flow

— ET = 42K q
o ] .
> ool Hilc _:
L
T 107k
% F 1.84T 3
- ]
& 107 E
5
1.86T
< - 1.88T 19T 1
10718 ' : - '
0 100 [(mA) 200
onset of noise coincides with onset of V
noise depletes at large current
107" ey 150 101 B
N T=42K o .
-14
E | Hile = > 107 =
< 107F & o1
e 4100 ‘..E: = 107 : ‘E’
) < > £ w e
= g = 107'% ot
Y -15L ) E
&£ 10 g 2 3
=) —~ © 107V} 2
Z g 2z 3
10 = g ~18f p=
g 107 S g1 5
o B 107
2 E 20
10717 : & 0 _ 10~ —~—— A
14 16 18 20 22 4 5 6
H (T) H(T)

restricted to narrow H-regime :le <H<H

P
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A
Excess Variance of noise : ‘Qf—qf

e e ——

Large # of fluctuators : gaussi}{((small A)
Small # of fluctuators : non-gaussian (large A)

0.5 3
1
>
12
< in
1 o
=
11
) )
W
o O : g -
O'?00 I(mA) 150
A peaks before noise power does
' ' 200
10 H.lc 0
x <
: ! £
< 1100 o
1k
. : . A
01 0
4 5 H(T) e 7

Amax coincides with Hpl

chunks themselves are the fluctuators
direct measure of the dynamic correlation length
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Noise spectrum : S (f) ~ f*
o is the slope of a power-law fit

S (w) ~ [ 1g(t)dt/(1+0%72)

if g(t) ~ 1/7; then 1/f-noise
slope restricted between 2 and 0

Increasing oo with I implies most probable 1
increasing with I;

fluid flow is white (uncorrelated) as expected

T 1s the rearrangement time of metastable
configurations in the moving FLL

25,
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S(f) (volts®)/Hz2

corner frequency (Hz)

Mwlﬁfa e $chuntors

———s71174.dXr
=t f0=15H2
st Q0= 200HZ
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10 100
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: el gt f Lo, : -
300/ ! /

i ®
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Status of understanding from theory/simulations

fhms, n g_‘, - T — — . . i c )
~.4: Plgstic.flow : ubiquitous ; Jensen et al, Dominguez,
.« " Marehetti, Koshelev, ,_Eﬂmm.\._Zoﬁ , Fert vq (2De6)

w.._.mm&ﬁam at large forces : U%ﬂmgwn Transition :
Koshelev-Vinokur, Balents-M.Fisher

3. Dimensionality effects : Balents-M.Fisher

4. Existence of Ly : divergence at elastic-plastic crossover :
Dominguez

5. Phase diagram and divergence of For at plastic-liquid
crossover : Koshelev -Vinokur

6. Noise in plastic flow : Huse, Dominguez, Marchetti
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FIG. 3. A nonequilibrium phase diagram of the FLL dynam-
ics. F, is the conventional depinning threshold separating a
pinned FLL from a moving elastic FLL. Fy represents the on-
set of the plastic flow instability in a defective flux lattice. Fer
marks a crossover between the plastic flow and a defect-free
elastic flow regime as the defects heal at large drives. b, marks
the Lindemann melting field for a disorder-free FLL. For fields
above the peak the pinned FLL may be amorphous. See the
text for discussions.
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What if the FLL melts ?

® Dense pins : liquid is "individually pinned"
® Flux lines are conserved : have to flow out

® onset of motion : first path connects across
(path with smallest value of largest barrier)

resembles percolation, if force can be mapped onto
new channels joining...

Expt : Vo~ (I-1.)8

B~u@2D)
percolation : s~ (p-pon
2D B=1.3

3-D  B=17-18



Disorder-dominated dynamics and fluid flow

Coexistence of static and moving FLL
Puddle effect (c.f. Coppersmith & Millis)

Bardeen-Stephen free flux -flow
° 100mA | =12 mA ]| Pf= DBAHV.QE\EQAH:“ f(x)~x

L
[©

4 S0mA

1
il |
ad L

=
=)
- T

Sharp residual anomaly at Hp, :

Melting of FLL - puddle formation
reduced mobility due to loss of
rigidity and onset of vel. gradient
(viscosity) (c.f. Marchetti-Nelson)

R ¢ (milliohms)
%

e
=)

>:w3mz.<m access to "clean" phase transitions (weak pinning cases)
:Drive with large I: I « I «Ip;

Study marginal effects of disorder on non-eq. steady state

&?.

T — T TR 0 -




.Models of disorder

Atomic lattice :
typically, many atoms per defect

Flux line lattice :
typically , many defects per flux line

G SIS IO o 7 LS e o
SISk SN ‘X{;%} >

l ' 9 ~/! S oA
RSS!
€ .‘.0’0’ Superconducting <.

Fig. 213. Array of flux filaments mn type IT superconductor, showing magnetic field
lines concentrated in and around cylindrical cores of normal material. Superfiuid
vortices flow round the filaments in the penetration regions.

different results for flux liquid if prLL»Ppin, OF Ppin»PELL

PFLL»Ppin : some lines are not pinned,
R increases (HTSC)

Ppin»PrLL : lines are individually pinned,
R decreases (Pippard)

¢3.



Variation of Peak Effect with Disorder

500 ——
T=4.2
o 00T —o0— #1-PBR4
& ' —%—  #3-UPN-2
S 300 —0O—  #3-NBR-7 -
~ 4
é 200 |
—100 [
0 . , : ,
0.2 0.4 0.6 0.8 1.0
Reduced field H/ He
1000 f————r——r—T—
1 T=42K
o~
£ 100}
&
\E\

—O— #1-PBR4

o L
— | —=— #3.UPN-2 \
—0O—  #3-NBR-7 '
1 A | A i A - | 2
u.2 0.4 0.6 0.8 1.0

Reduced field H/ Heo

Increasing disorder :
smaller peak-to-valley ratio in Jc
larger disorder-dependence for H < Hp

Different regimes of pinning : weak (H<Hp)
strong (H>Hp) .
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Tin.6,7. Different shapes of the rocking curve for a vortex crystal in monn-
crysiailine Nb with a magnetic field of 1250 Oe. In cach case, the ..:
scattered intensity, i.c., the area under the rocking curves, remair- «... -
stant. (a): The first curve is obtained on a vortex crystal generat~ s
increasing the field above H.p and decreasing it to 1250 Oe. The full-width-
hal f-maximum of the rocking curve, aa, is a measurement of the mosaicity

of this vortex crystal. (b): The second curve is done with an applied di-
rect current of 2A in the zero voltage region of the l-V characteristics

{(no change in shape). (c}: The third curve is for a transport current 7

5.5 A (above the ¢ritical current = 4.5 A) in the nonlinear region of the
[-¥ characteristics described by the flux creep model {strong broadening of
the peak and details of the shape not very reproducible). (d}: The fourth
curve is for an applied current of 15 A, in the flux-flow region. The width
of 28' is the limiting value when the current is increased to 30 A. {e}: The
last curve is for an applied ac current of 40 Hz and 3 A effective magni-
tude, the peak value being lower than the dc critical current (rocking curve
is very sharp, with 4a = 10", representing the highest quality obtained for
this sample; note change of scales) {courtesy of P. Thorel)

m—r

The magnetization M is defined as
M-l (B -H) (6.11)
L.r e’ '

where B is the magnetic flux density averaged over the ﬁample cross section,
and H, the external magretic field. All methods for determining the mag-
netization are based on the induction law, relating the voltage ¥, induced
in a coil of N turns, with the rate of change of magnetic flux, dp/dt,

. dyp
ve-NngE o (6.12)
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Flow chart for dynamics

rigid solid

elastic deformation
stick-slip friction

single threshold
one chunk

unique sliding state

continuous
depinning

new length scale :

soft solid fluid

disorder ---—--> |
& interaction

plastic deformation viscous drag
tearing - wear

multiple threshold distribution

several chunks N chunks
sample-specific "rivers"
fingerprint of (]
dynamically generated

disorder

first order continuous
#melting percolation-like

time averaged velocity correlation
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Conclusions

A.Three types of dynamics of a moving FLL|

in the presence of pinning disorder
"Dynamic Phase Diagram” |

(1) Elastic (coherent) - rigid lattice
(2) Plastic (chunks) - soft lattice
(3) Fluid (incoherent) - flux liquid

B. Plastic Flow :
Fingerprint phenomenon,Noise,
metastability etc. -

C. New length scale for a description of
dynamics and its divergences :

D. Theoretical Pre-/Post-edictions and
consistency checks with simulations

E. Phase diagram of FLL : reentrant melting
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