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Type-II superconductors H-T phase diagram

Mean-field theory



Vortex lattice melting Eilenberger, 1967
D.S. Fisher, 1980
D. R. Nelson, et al, 1988
H. Safar, et al, 1992
W. Kwok, et al., 1992
E. Zeldov, 2000 

Lindemann criterion: 

Beyond mean-field theory

hu2iTm = cLa
2
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point disorder

u

T<Tg Vortex glass
(lattice point pinning)

Larkin, Ovchinnikov, ’70, ‘74
Imry-Ma, ‘75
Fisher, Fisher, Huse ‘91

Larkin length:

Eexc ⇠ Y L✓
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point disorder

u

T<Tg Pinned elastic media

YBCO SQUID microscopy
Wells, et al. 2015

Bitter decoration of pinned vortices

Larkin, Ovchinnikov, ’70, ‘74
Imry-Ma, ‘75
Fisher, Fisher, Huse ‘91(‘baby’ glass)



point disorder

u

T<Tg ‘Bragg’ glass Giamarchi, Le Doussal ’95
D. S. Fisher ‘85, ’97
Kierfeld, Nattermann, Hwa ’97
T. Klein, et al., ‘01

BSCCO, P. Kim, et al., ‘99 

topologically ordered: no dislocations

h(u(x)� u(0))2i ⇡ a2Ad ln(x/a)
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universal



v j, E
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Depinning elastic media
transport

Larkin, Ovchinnikov,
Imry-Ma,
Fisher, Fisher, Huse
O. Narayan, Fisher
Giamarchi, Le Doussal

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

v

v

more general: friction, earth quakes, etc

Bean profile -> m relaxation: m(t) ⇠ m0

(ln t)1/µ
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Moon, Scalettar, Zimanyi ‘96
“transverse smectic glass”

Balents, Marchetti, LR ’97

Moving elastic media
transport

Fukuyama, Lee ‘78
Nattermann ‘90
Narayan, Fisher ’92
Koshelev, Vinokur ‘94
Giamarchi, Le Doussal ‘96
Balents, Marchetti, LR ’97
Vinokur, Scheidl ‘98 



Nelson, Vinokur, 1992

(Anisotropic) ‘Bose’ glass
correlated columnar disorder

Heavy ion irradiation tracks, screw dislocations

Fisher, et al., 1989
Nelson, Vinokur, 1992
Hwa, et al. ’93
Balents, ‘93
L.R. ‘95
Nelson, L.R. ‘96 



Transverse Meissner effect

??????
Nelson, Vinokur, 1992

‘Bose’ glass
columnar disorder

Fisher, et al., 1989
Nelson, Vinokur, 1992
Hwa, et al. ’93
Balents, ‘93
L.R. ‘95
Nelson, L.R. ‘96 
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v

E, v j 

Motivation

• dynamics over a random substrate

• vortex lattice pinning by point and columnar defects 

Fisher, Fisher, Huse ’89
Nelson, Vinokur ’92

??????

Hwa-Nelson-Vinokur

E ⇠ e�1/Jµ
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Experimental puzzles

• measure transverse Meissner effect Ts(H ), melting Tm(H )

Smith, Jaeger, 
Rosenbaum, et al., 01

fects, but remain unpinned for sliding along the columnar defects. Thus such state, dubbed

“smectic vortex glass” (see Fig.2(c)) will display very unusual, infinitely anisotropic electri-

cal properties, superconducting for an electrical current running along columnar defects and

resistive for currents perpendicular to columnar defects and field.

z

x y

T

Tg

H
"Bose"
  glass

Vortex liquid

"Smectic"
vortex glass

(a) (b) (c)

θ

z H

Figure 2: (a) A schematic of a new superconducting state of magnetic vortex lines (black) pinned by cross sections of
columnar defects in (a, b). (c) A schematic, temperature (T ) - magnetic field (H⊥) phase diagram.

I plan to develop a detailed model of such magnetic vortex lines in the presence of columnar

defects in this tilted geometry and to study the electrical and elastic properties of this novel

superconducting smectic vortex glass state using modern methods of statistical mechanics

and field theory. I will explore its stability, static spatial correlations, and electrical transport

in the presence of ever-present crystal’s imperfections and thermal fluctuations. I will then

make a direct comparison of the theory with past experiments [3] and stimulate new ones.

I anticipate that the outcome of this research will have a substantial impact on our basic

understanding of superconductivity in an applied magnetic field and random pinning, as well

as on its potential applications.
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Experimental puzzles

• measure transverse Meissner effect Ts(H ), melting Tm(H )

fects, but remain unpinned for sliding along the columnar defects. Thus such state, dubbed

“smectic vortex glass” (see Fig.2(c)) will display very unusual, infinitely anisotropic electri-

cal properties, superconducting for an electrical current running along columnar defects and

resistive for currents perpendicular to columnar defects and field.
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Figure 2: (a) A schematic of a new superconducting state of magnetic vortex lines (black) pinned by cross sections of
columnar defects in (a, b). (c) A schematic, temperature (T ) - magnetic field (H⊥) phase diagram.

I plan to develop a detailed model of such magnetic vortex lines in the presence of columnar

defects in this tilted geometry and to study the electrical and elastic properties of this novel

superconducting smectic vortex glass state using modern methods of statistical mechanics

and field theory. I will explore its stability, static spatial correlations, and electrical transport

in the presence of ever-present crystal’s imperfections and thermal fluctuations. I will then

make a direct comparison of the theory with past experiments [3] and stimulate new ones.

I anticipate that the outcome of this research will have a substantial impact on our basic

understanding of superconductivity in an applied magnetic field and random pinning, as well

as on its potential applications.
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Model

• Bulk (1+1)d model:

elasticity with tilt hµ H^ pinning

• Reduction to (0+1) d model:

Sine-Hilbert model

long-range elasticity induced by deformation of the bulk

=3

(K�2
z + B�2

x)u(x, z) = Bu0(z)�x�(x).
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�z�(z)|z=0,L = h
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with

soliton: us(z) = �a/� tan�1(1/z)
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Soliton tilt transition

• Soliton (commensurate-incommensurate) tilt transition at                                :

EC =K h2L2 - vL

uC = 0

EI =0

uI ≈ h zus= -a/p Tan-1(z/z)
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Results

• Thermal depinning (roughenning) transition at

Hofstetter, et al, 2004

Friedel oscillations in the vortex density:

x

• Tilting transition at , crossover at

L.R., PRB 2006
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Phase diagram

linear tilt response
overlapping solitons

vanishing tilt response (transverse Meissner effect)

nonlinear tilt response
via solitons proliferation

1

2

3

Hc1 Hc2 H
1 2 3
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Large-angle tilt
fects, but remain unpinned for sliding along the columnar defects. Thus such state, dubbed

“smectic vortex glass” (see Fig.2(c)) will display very unusual, infinitely anisotropic electri-

cal properties, superconducting for an electrical current running along columnar defects and

resistive for currents perpendicular to columnar defects and field.

z

x y

T

Tg

H
"Bose"
  glass

Vortex liquid

"Smectic"
vortex glass

(a) (b) (c)

θ

z H

Figure 2: (a) A schematic of a new superconducting state of magnetic vortex lines (black) pinned by cross sections of
columnar defects in (a, b). (c) A schematic, temperature (T ) - magnetic field (H⊥) phase diagram.

I plan to develop a detailed model of such magnetic vortex lines in the presence of columnar

defects in this tilted geometry and to study the electrical and elastic properties of this novel

superconducting smectic vortex glass state using modern methods of statistical mechanics

and field theory. I will explore its stability, static spatial correlations, and electrical transport

in the presence of ever-present crystal’s imperfections and thermal fluctuations. I will then

make a direct comparison of the theory with past experiments [3] and stimulate new ones.

I anticipate that the outcome of this research will have a substantial impact on our basic

understanding of superconductivity in an applied magnetic field and random pinning, as well

as on its potential applications.
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• θ = π/2 tilt

Smectic vortex glass

fects, but remain unpinned for sliding along the columnar defects. Thus such state, dubbed

“smectic vortex glass” (see Fig.2(c)) will display very unusual, infinitely anisotropic electri-

cal properties, superconducting for an electrical current running along columnar defects and

resistive for currents perpendicular to columnar defects and field.
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Figure 2: (a) A schematic of a new superconducting state of magnetic vortex lines (black) pinned by cross sections of
columnar defects in (a, b). (c) A schematic, temperature (T ) - magnetic field (H⊥) phase diagram.

I plan to develop a detailed model of such magnetic vortex lines in the presence of columnar

defects in this tilted geometry and to study the electrical and elastic properties of this novel

superconducting smectic vortex glass state using modern methods of statistical mechanics

and field theory. I will explore its stability, static spatial correlations, and electrical transport

in the presence of ever-present crystal’s imperfections and thermal fluctuations. I will then

make a direct comparison of the theory with past experiments [3] and stimulate new ones.

I anticipate that the outcome of this research will have a substantial impact on our basic

understanding of superconductivity in an applied magnetic field and random pinning, as well

as on its potential applications.
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I plan to develop a detailed model of such magnetic vortex lines in the presence of columnar

defects in this tilted geometry and to study the electrical and elastic properties of this novel

superconducting smectic vortex glass state using modern methods of statistical mechanics

and field theory. I will explore its stability, static spatial correlations, and electrical transport

in the presence of ever-present crystal’s imperfections and thermal fluctuations. I will then

make a direct comparison of the theory with past experiments [3] and stimulate new ones.

I anticipate that the outcome of this research will have a substantial impact on our basic

understanding of superconductivity in an applied magnetic field and random pinning, as well

as on its potential applications.
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Smectic vortex glass
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I plan to develop a detailed model of such magnetic vortex lines in the presence of columnar

defects in this tilted geometry and to study the electrical and elastic properties of this novel

superconducting smectic vortex glass state using modern methods of statistical mechanics

and field theory. I will explore its stability, static spatial correlations, and electrical transport

in the presence of ever-present crystal’s imperfections and thermal fluctuations. I will then

make a direct comparison of the theory with past experiments [3] and stimulate new ones.
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Smectic vortex glass
elasticity

fects, but remain unpinned for sliding along the columnar defects. Thus such state, dubbed

“smectic vortex glass” (see Fig.2(c)) will display very unusual, infinitely anisotropic electri-

cal properties, superconducting for an electrical current running along columnar defects and

resistive for currents perpendicular to columnar defects and field.
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I plan to develop a detailed model of such magnetic vortex lines in the presence of columnar

defects in this tilted geometry and to study the electrical and elastic properties of this novel

superconducting smectic vortex glass state using modern methods of statistical mechanics

and field theory. I will explore its stability, static spatial correlations, and electrical transport

in the presence of ever-present crystal’s imperfections and thermal fluctuations. I will then

make a direct comparison of the theory with past experiments [3] and stimulate new ones.

I anticipate that the outcome of this research will have a substantial impact on our basic

understanding of superconductivity in an applied magnetic field and random pinning, as well

as on its potential applications.
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• θ = π/2 tilt

Phase diagram 
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I plan to develop a detailed model of such magnetic vortex lines in the presence of columnar

defects in this tilted geometry and to study the electrical and elastic properties of this novel

superconducting smectic vortex glass state using modern methods of statistical mechanics

and field theory. I will explore its stability, static spatial correlations, and electrical transport

in the presence of ever-present crystal’s imperfections and thermal fluctuations. I will then

make a direct comparison of the theory with past experiments [3] and stimulate new ones.
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in the presence of ever-present crystal’s imperfections and thermal fluctuations. I will then
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Elasticity & correlated pinning
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I plan to develop a detailed model of such magnetic vortex lines in the presence of columnar

defects in this tilted geometry and to study the electrical and elastic properties of this novel

superconducting smectic vortex glass state using modern methods of statistical mechanics

and field theory. I will explore its stability, static spatial correlations, and electrical transport

in the presence of ever-present crystal’s imperfections and thermal fluctuations. I will then

make a direct comparison of the theory with past experiments [3] and stimulate new ones.
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Beyond Larkin scale: functional RG

• replicated model for ux :

• 𝜖=5-d, RG for pinning U(r, u) :

• T=0 fixed point : 

• divergent shear modulus:

fects, but remain unpinned for sliding along the columnar defects. Thus such state, dubbed

“smectic vortex glass” (see Fig.2(c)) will display very unusual, infinitely anisotropic electri-

cal properties, superconducting for an electrical current running along columnar defects and

resistive for currents perpendicular to columnar defects and field.
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I plan to develop a detailed model of such magnetic vortex lines in the presence of columnar

defects in this tilted geometry and to study the electrical and elastic properties of this novel

superconducting smectic vortex glass state using modern methods of statistical mechanics

and field theory. I will explore its stability, static spatial correlations, and electrical transport

in the presence of ever-present crystal’s imperfections and thermal fluctuations. I will then

make a direct comparison of the theory with past experiments [3] and stimulate new ones.

I anticipate that the outcome of this research will have a substantial impact on our basic

understanding of superconductivity in an applied magnetic field and random pinning, as well

as on its potential applications.
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Absence of dislocations: Bragg glass

fects, but remain unpinned for sliding along the columnar defects. Thus such state, dubbed

“smectic vortex glass” (see Fig.2(c)) will display very unusual, infinitely anisotropic electri-

cal properties, superconducting for an electrical current running along columnar defects and

resistive for currents perpendicular to columnar defects and field.
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Figure 2: (a) A schematic of a new superconducting state of magnetic vortex lines (black) pinned by cross sections of
columnar defects in (a, b). (c) A schematic, temperature (T ) - magnetic field (H⊥) phase diagram.

I plan to develop a detailed model of such magnetic vortex lines in the presence of columnar

defects in this tilted geometry and to study the electrical and elastic properties of this novel

superconducting smectic vortex glass state using modern methods of statistical mechanics

and field theory. I will explore its stability, static spatial correlations, and electrical transport

in the presence of ever-present crystal’s imperfections and thermal fluctuations. I will then

make a direct comparison of the theory with past experiments [3] and stimulate new ones.

I anticipate that the outcome of this research will have a substantial impact on our basic

understanding of superconductivity in an applied magnetic field and random pinning, as well

as on its potential applications.
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• dislocations proliferate for weak disorder? No!
• (i) uz = 0, at T = 0
• (ii) convergent thermal fluctuations in 3d
• (iii) all observables are z-independent at T = 0

->  no dislocations in xz plane:

->  no dislocations in xy plane:
uz = 0 gives
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fects, but remain unpinned for sliding along the columnar defects. Thus such state, dubbed

“smectic vortex glass” (see Fig.2(c)) will display very unusual, infinitely anisotropic electri-

cal properties, superconducting for an electrical current running along columnar defects and

resistive for currents perpendicular to columnar defects and field.
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Figure 2: (a) A schematic of a new superconducting state of magnetic vortex lines (black) pinned by cross sections of
columnar defects in (a, b). (c) A schematic, temperature (T ) - magnetic field (H⊥) phase diagram.

I plan to develop a detailed model of such magnetic vortex lines in the presence of columnar

defects in this tilted geometry and to study the electrical and elastic properties of this novel

superconducting smectic vortex glass state using modern methods of statistical mechanics

and field theory. I will explore its stability, static spatial correlations, and electrical transport

in the presence of ever-present crystal’s imperfections and thermal fluctuations. I will then

make a direct comparison of the theory with past experiments [3] and stimulate new ones.

I anticipate that the outcome of this research will have a substantial impact on our basic

understanding of superconductivity in an applied magnetic field and random pinning, as well

as on its potential applications.
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• Overview of 30+ years of vortex physics in
type-II superconductors with strong fluctuations

• ‘Smectic vortex glass’

Ø Bragg glass
Ø novel structure function
Ø divergent resistive anisotropy: 

𝞀xx / 𝞀zz -> ∞
Ø divergent shear modulus, 𝝻zx -> ∞ 
Ø ‘shear Meissner’ effect
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