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Larkin, Ovchinnikov, ‘70, '74

Pinned elastic media ... .

point disorder ('b ab v ’ g lass ) Fisher, Fisher, Huse '91

Bitter decoration of pinned vortices
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B(z) Larkin, Ovchinnikoy,
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" Depinning elastic media . e, ns
i "y ) O. Narayan, Fisher
Bean profile -> m relaxation: m(t) ~ (mT)Ol = transport Glamarchi, Le Doussal

Anderson-Kim (single particle) vs collective pinning (inferacting)

more general: friction, earth quakes, efc



Fukuyama, Lee ‘78
S - S Nattermann ‘90
Moving elastic media =777,
Koshelev, Vinokur '94
transport Giamarchi, Le Doussal '96
3 Balents, Marchetti LR 97
Vinokur, Scheidl '98

“fransverse smectic glass”
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Fisher, et al., 1989

(AniSOtl"O_piC) ‘Bose 3 glass Nelson, Vinokur, 1992

Hwa, et al. 93

correlated columnar disorder f%eq;s; '93

Nelson, L.R. '96

Heavy ion irradiation fracks, screw dislocations
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Fisher, Fisher, Huse ‘89
Nelson, Vinokur ‘92
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Smith, Jaeger,

Experimental puzzles Rosenbaum, et al, Of

® measure transverse Meissner effect T (H,), melting T, (H,)
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Tilting a vortex array pinned by a columnar defect

L.R., PRB 2006




Model L.R., PRB 2006

* Bulk (1+1)d model: H = /dq;dz [K(0,u — h,)2 d B((‘)wu)2 — Vpinnio(z, 2)]
. T i s i ~N -~
elasticity with tilt hoc H pinning

H = /dxdz[K(ﬁzu =) + B(040)°] — @ /dz cos|Gu(0, )]

* Reduction to (0+1) d model: (K(?g + BO?)u(x, 2) = Bug(2)0,0(x).

-> ’ZL(JZ‘,qz) — ﬂo(qz)(g_(K/B)l/zmz”xl

- wo(2) — uo(2") — h(z — 2') )2 '
Sine-Hilbert model Hy = K / / <““(‘) “’“(z), e )> L v / cos[Gug (2)]

2 —

N _
=

long-range elasticity induced by deformation of the bulk

7T/ Nolvs) — ¢( )—I—Sln(b( = with  9,¢(2)|s=0.L = h

F —1 Pejerls ‘40, Nabarro 47
a/mtan” " (1/2) Alowitz ‘o8

soliton: Ug (Z )



Soliton tilt transition L.R., PRB 2006
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* Soliton (commensurate-incommensurate) tilt transition at h,.; = 57 In —

1
En. ~ Ec + e {Q(lzd — h)ns + §V9(L/2)n§]

EC =K h2[.2 - vL EI =()
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Results L.R., PRB 2006

VKB

* Thermal depinning (roughenning) transition at T), = e

e
(n(z, z))o — no = T cos(2mngx)

(0n(x))
no—\/\/\/\/\

o

1 L
i o In — , crossover at H;(0)

Friedel oscillations in the vortex density:
Hofstetter, et al, 2004

* Tilting transition at H ; =~ -~ :
Wﬂf””u/ TN . oo oo
Ll | | // / i — //
) / ) i )'jf--
g (§>Uz; = ( - T
L= T/Ty) Hp(T) ~ ()"



nonlinear tilt response
via solitons proliferation

il @ (soliton—tilted) / 58! s
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Phase diagram L.R., PRB 2006
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Large-angle tilt
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L.R.,

arXiv 2021

Smectic vortex glass

e O =T11/2 tilt
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iy Smectic vortex glass » A

* Periodic along columns (z), u,~0 )—,
ey =i

-> Bragg peaks: 5(0,q.) ZIan i)

* Power-law rough transverse universal
to columns (x), ((u(z) —u(0))2) ~ a*Asln(z/a) 2Qzl Z

-> power-law peaks: /\ Q. /\

z y Qx
qw’ Z ‘qx - TLQ ’1 n2n XI__"W




L.R., arXiv 2021

Smectic vortex glass
elasticity

* djvergent shear modulus: u,, -> co
* anomalous elasticity: SH = o, / 10, 1|

-> 'shear Meissner” effect

Nt




s Smectic vortex glass lisy =t

e vanishing resistivity p,, along columns .-

* flux-flow resistivity p,, fransverse fo columns
AR

* divergent anisotfropy:
Pxx / Pzz > X




L.R., arXiv 202!
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L.R., arXiv 2021

P odea = / [ i(Oyui)® + pij (0;-u5)? — V (@, y)n(z, y, 2) T
disorder only
couples to u

Elasticity & correlated pinning S

| : _x

on(r) ~ —nogVy -u-+ Z nQ e'Q (r1tu(r)) Uz, y,u)U(z',y,ul) = R(ug, —ul)o(z — x")o(y — )
Q

. iy 4 - 2 2
melting via Lindemann criterion: (u;)T,, = CLG

N 317
— Tmelt—Sm ~ Cr.d K

. . . D) A - =Tl 2
*  columnar pinning and Larkin (Imry-Ma) analysis: (u3), = b =a
-"N

o Tt [SL — fLZ(CLQKZ/A)l/Q




L.R., arXiv 202 X ] © SR
- Bevond Larkin scale: functional RG  SHhmi
*  replicated model for uy : F=-1wz--rin " 77— / [dugle™H " et/ T ~ ‘:
1 n
0 — Z/ Uol Uq + o200 U } _ﬁZ/ ,R[ua(x,z)—uB(X,z)

. =5-d, RG for pinning ur u) z,y,ug ) U(z,y',u’) = Rugz —u,)d(x — 2')d(y —v)
O R(u) = eR(u) + R”( )R"(u) — R"(u)R"(0) TR = ¢ (¢ 3te)igie NOLT

¢ D. S. Fisher 'S5 (dangerously irrelevant)

A 2 3 Al
« T=0 fixed point : A.(u) = —R(u) = 6?622 {(Qu = ) %] , A70,4) _TZ@) TS
Glamarchi, Le Doussal '96
2
(w(x) —u(0)? ~ 7 In(z/a)
for 2<d<5

—a 0 a Uy
< a’lvergem‘ shear modulus: 5#2:1; ~— 92A//(0)Mz:c5f

for Bose glass,

M, => © ) WY — O'C/‘azua:’ Balents ‘93
r

“Shear Meissner” effect: vanishing response to shear stress —0 ;05U



L.R., arXiv 2021 3 . (@) :"==;\= """"" [l
Absence of dislocations: Bragg glass i
* dislocations proliferate for weak disorder? No! )" TN “‘

* (Du,=0 atT=0
(i) convergent thermal fluctuations in 3d
 (iit) all observables are z-independent at T = O

-> no dislocations in xz plane: 'y -V x Vu; =0b;(r)=0

-> no dislocations in xy plane: B = By(0yu,,—V -u,0,u)

u, = 0 gives B, = ByOyu, , By = —By0yu,

V-B =0 %80, 4 — 0j8, v



Summary “:\\-';j}
* Overview of 30+ years of vortfex physics in il
type-II superconductors with strong fluctuations*
Tg
o Smectic vorfex glass’| \_ ,

Y N

Y

"Bgzgn "Smectic" Q==

el vortex glass Hé [\ / \ / \ ”
| % T

Bragg glass -
¢ "\’—’\r——

novel structure function .

divergent resistive anisofropy: +R

Pxx / Pz2%42°
divergent shear modulus, ., -> co

shear Meissner’ effect




Thank vou



