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e MOTIVATION:

— Basic exciting physics (superconductivity, glassy elastic systems)
— New vortex states of matter (liquid and glass of elastic lines)
— Applications (MRI, train levitation, particle accelerators)
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FIG. 1. Schematic of the behavior of resistance, as function of temperature, for
increasing values of B-field, in low T, conventional superconductors. Note the
sharpess of the transition even at finite B.
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e GINZBURG-LANDAU THEORY: derivable
from BCS (Gorkov)

kinetic
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¥(r) = |¥|e® - Superconductmg order parameter,

‘bosonic BCS pair wavefunction of electric charge 2e .
o' T — T{:M F :

7= ym/m, ,high T, s.c.’s have strong anisotropy, ¥'<< 1

MEAN-FIELD THEORY: find ¥(r), A(r) that minimg‘zﬁ Gar.
J
e Normal Phase: a >0,V =0, 5 = \_,/
« ¥
e Superconducting Meissner Phase:
—a <0 &G'lwl”ﬂ

— U £ 0 = |¥|e®, “broken” gauge invariance, ODLRO
—~ B ~ e "/* = 0 in the bulk of the superconductor
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— Vortex line is a fundamental defect, with ¥(r) — 0

in small core, and phase ©(r) winds 2w around the
vortex line, flux ¢g = hc/2e

—§ ~ h/+/ma coherence length on which ¥ varies

— A ~ 1/|¥|, London penetration length on which B(r)
varies
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ric. 2. Schematic of the an isolated flux line vortex, with relevant length scales



e “Superconducting” Abrikosov Phase:

— Intermediate phase of type II superconductors (k =
AJ€ > 1), Gibb's energy:

g ~ N [(¢o/4m))*log(x) — Hep/4n| = N [H. — H]
vartex !x""'..li'!'_':;:-lf'ﬁq _::;;‘:.4’"& pressurc

—For H, < H < H,y, vortices enter the sample
— Vortex-vortex interaction

' & Vir) ~e 2 forr >> )
o)

~ log(A/r) , for £ << r << A
—3d crystal of infinitely long parallel vortex lines, which
breaks

+ translational and rotational symmetry
# U(1) symmetry of U — We™?
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VORTEX LATTICE



M—M Picture
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dFIG.aL Mean-field phase diagram appropriate for conventional low T, supercon-
uctors.
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Neutfron Scattering
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Figure 4. Reciprocal space image of the Abrikosov flux lattice, obtained using neutron
small angle (~ 17) scattering from NbSe;, a strongly type Il low-T. superconductor
(T. = TK). The image was obtained with 8 KGauss magnetic field applied along the c-axis,
at T = 5.2K. The six hexagonally placed small spots are the magnetic Bragg scattering
from the flux lattice. The large spot at the center is a nonmagnetic background that
includes small angle scattering from imperfections in the sample. The scattering at the
higher-order Bragg spots is too weak to see under these conditions.



High-T_. Superconductors
e Linear Resistivity of BSCCO:
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e High-T,  Superconductors:

Well described by Ginzburg-Landau theory, with unusual param-
eters: £ = A/{ = 100 >> 1, high T, large anisotropy 7 =
mzf m; >> 1

IMPORTANT CONSEQUENCES:

— Strong thermal fluctuations —» melt r'na , diysipation
— Importance of Disorder —» Pinning, fﬂ‘ﬂﬂrﬁﬂbiff’tf
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Physics Today , March 1989 (P,Gnmmel ,etal.
ATEZT Belllaby)
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Flux canfiguralions averaged over 1 sec, the time scale of the “decoration™ experiment, ai
15 K for & sample of Y.Ba-Cu-0) (eft! and Bi-30.Cu-0) iright). Thete scanning eleciron
micrographs of the surfaces of superconduectors placed in an atmosphere of magnetic
particles show the posiions of flux lines becawse magnehc partiches [white spotsl seile
praferemtially on regions of nonzers magnetc flux. AL the field values wed (20 gaussh, the
witrium supercanducior is Tar below is flus-latice meliing lemperature, S0 the flux lines
miove liftle aver the 1-sec decoration time and give sharg points.  The bismuth
supercanducion 15 close 1o Thux-laitice melting, and he whie spots are blurred becavse ol Lthe
micilean of fhux lines. The average disiance bepween the spols is | pm (Cowresy of AT&T

Bell Labs
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VORTEX LATTICE VORTEX LIQUID

(Nelson+Seung, Marchetti,
Huse, L.R.+Frey)

e Effective vortex line Hamiltonian (London limit):

2D 2 » |
Quantum  Fi(2)] = o > E’ dz(dr;/dz)? +
Boson 2 =1

Analogy 4+ ¥ [LdaVIii(2) - Fi(2)] + 3 deU(2)

(dun!'-";)'a -

indemann criterion for melting:
kT
g 9 B
{|H(T}| } i (F‘
Lattice melts when:

{|ﬁ(r}|2>1ﬁ ~ Oy —> miifina curve

T (B.)




1 YH

e Point Disorder (O, vacancies):

VORTEX GLASS (Fisher, Fisher and Huse) vortex crystd
: ) i um&l-n.h&

e 4o een weak
— Off-Diagonal Long-Range Order disorder
— Frozen liquid (j__ arkin /# 0)

— Continuous transition into vortex glass
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e Correlated Disorder (columnar defects, twin

lanes): (Civale  etal)

BOSE GLASS (Nelson and Vinokur) ¢ M.RA, Fisher +

—pr = 0 and Off-Diagonal Long-Range Order O.H. I-'“)

— Continuous transition into Bose glass (Fisher, Weich-
- mann, et al.) analogy with guantum Bosons (2+1)
— Upward shift in T;,,(B) — Tge(B), for B < By
— T'wo-fluid model (L.R.)
* Strongly and weakly pinned Bose glass, and inter-
stitial liquid
* Mott insulator - Meissner phase for interstitial vor-
tices
* Analogies with He® films on random substrates

lon Irradiation (Civale, Budhani)

i il




Magnetization Relaxation Rate;
Evidence af Mot insulotor

K. Beauchamp, Rosenhaum
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Mod:fied Beon model for
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Electrical Transport Properties:

CURRENT (.J) s==e®@ FLUX MOTION (,) s=slip DISSIPATION ()

e ik LmrEﬂfE
e Current I ~ driving force F' = J x ¢y ) 2

( sereening) Magnus
e Voltage V' ~ vortex velocity o, ( Josephson Effect )

d
°p= (B/H)pn (Bardeen-Stephen) ﬁ" %v

e Need pinning disorder to stop vortex motion and dissi-
pation that it causes

Hi

!



¢ Dissipation in Vortex State:

INDEPENDENT PARTICLE MODEL (Anderson and
Kim)

E e~ Uo—Ja)/T _ ~(Ug+Ja)/T

E  sinh(Ja/T)eY/T
. —Up/T
}IE}]E x J (E |
e #0
Pnnrl'ﬂl!

Q

a.:i:fthlily)

o m/
finite slope = Fe~€ kT




NUCLEATION DRIVEN DISSIPATION IN DIRTY SU-

. . T ] ™ 71N~ - —=m 3 o=
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b
\.'.
U J H"‘-,H

— Nonequilibrium state (vs globally well-defined free en-
ergy)

— Vortex line defects Up(L) ~ L' (vs domain walls
Up(L) ~ LTT)

—Current J is the driving mechanism (vs H in spin
systems)



Dissipqhon in SC. Fidms
(2D warm up)

Kosterlita - Thoudess Phase 1€ Ty
H= 2_ Pa Sd"‘r-(?e)"

— ““'-.
o Y= ‘Eup-ercyrran'l'

Ral.":'
3

HLR] = T"F; N R/q — @.TdR
minimize: -5—

+
Er*h

(J: =2 )
2 H[R. (T = TPy n T}ﬁ- + Const.

D ERT) = P(T)T = e ~HJlA T




DISSIPATION IN MEISSNER (H < H..) and GLASS
PHASES

— Excitation energy:
UE'. i psL

— Area of excitation "“bubble”:

A~ I? An L -
— Energy from current J:
Uy~ fjA~ JL? Uy~ JLT
Ut
ap\=JA — Critical “bubble” size, balance E, ~ E;:
L(J) ~1/J L(J) ~1/J=)
L
— Barrier size Eg[L] ~ LY to activate over via eVBIL/T:
V(J) ~ e W - U YiJ) ~ eV
Af”f‘l'\ﬁ.ﬂiua F‘ﬂ'}‘ﬁ Q‘,F Fl“ﬁﬂ{{l&fﬂﬂ: o (;'I' o TI"/(T i 9))
but with diuerg_m_i barriers fUsCT] G' a—)?ﬁ
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Dissipation near qlesy transidion :

e Bose glass scaling theory {F-I—F+H N+V, L.R.)
ain « siwm

—€1 ~ |T = Tgg|™, & ~ €&, TN& — 00

— Free energy density:
f~1/(€1§)

—Vector potential A ~ V.
Ay ~1/€1, A~ 1/ _

— Current J = af |OA: ¥ Q;—:g‘_ —
Jo ~ 1/(§1&p), Iy ~1/€1 } .

— Electric field E = —3&?/ ot H
el B~ UGG

e
— IV relation: Jl -0, asT-T,

~ 3 &
c
T>T™, nen- B~ 17 J1G1(€0§J180/cT e 3, E((h J

- "‘!I'mr |~ Ell—lgi—zjllcl gj_J”‘i}a/CT) - 'E;E
s<d Llﬂm wuld (11 ) L B




—T > Tgg, E;i = piJ;: Oy

-

T
MR

*p) ~ |T — Tpe|"*~2
%o~ |T — Taal™
*tan(fg) o< tan(8;) /(T — Tgg)®

Op(T — Tgg) = n/2— (T —Tpg)* cot(0;) — /2

A

_T:TBG1 ;’9:0

*EJ_ & il-!—z};"ﬁ

(24+2)/2
* By~ Jj

3 L E-—J.f.ﬂ‘



e Bose glass scaling ﬂl@l‘l (FEtF4+H N+V. LR.)

£ |T_i T ¥ | 2 —E—M by
L™ — gl ) 5” o~ ‘EJ_: T gj_ o) Gnﬁﬂ”?f‘e ;;ﬁn!
,41*:1' r:qcrd

—E(J) = JpFy(J/Ju) '

By R R

.Ntlsun*l-f_,ﬂ_ * P~ IT it TBG|F(3—2}

(1996¢)  *py ~ |T — Tpg|”®

—T = TBG p= 0: | : Irr—r,uum |
(1+2)/3 T_T'l
J Reverse {'}‘F iﬂ?trlgﬁfﬂ

{2+z]f2
*Eu Iy  material anisofropy

(P, <«
L e S Ps << Pu)
-1/ J* |

. E~e / TsTﬁ ( POill'l' d\‘ str‘tr)
R, !{a; uh:.( (1989) Data collapse
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Vv

Meissner and Glass phases are true superconductors:

pi=0 (incontrast o vortex Liguid)

cd. Aﬂdwﬁ- Kim
Pe~ @ “/Tso0

0 nonflinear 1
IV Je ]

Slow (logarithmic) magnetization relaxation:

Bean modef (1562
i
dx :Ibl;‘
SMnnnl 'pﬂ(‘fﬂc
B,T

M(t) ~ Jy(t) =7
dE,/dt ~ %(psI?) ~ IdI /dt ==IV (I

dI/dt ~ dM/dt ~ V(I) ~ e V1" Expecimealy:
i Beauchamp etol
M(2) ~ My [1 - ”% lﬂg[t/tﬂ}l *  Nowak, efal.




e EQUILIBRIUM VORTEX STATES IN DIRTY S.C.’S:

(lattice is unstable for d < 4 (Larkin))

TE" T

(Brogg s H = IK(Y9F + vyt

— Elastically disordered but tﬂpﬂlnglca,lly ordered

e (assumed by Giamarchi+LeDoussal '94)

dislocations (simulated by Gingras+Huse "96)
(proved for XY model by D.S. Fisher '97)

- (u(r)u({])) ~ (4—d)In(r/&), for2 <d < 4
universa ¢ (Giamarchi+LeDoussal "94)
(Villaia + Fernandez ;3‘6)

— Algebraic “Bragg” peaks S(q) ~ |q — G| ™", 2¢d<4




— Pinned glassy state, described by 7' = 0 f.p.
A = E(w) o)

* Static FRG _LE';S- Fisher '85):

gamo-t-a-ta—.. \ N\ A N[

T (8) = —(d—2)T \_/ ‘"‘“i.ﬂ‘:’; AT

cusps in A(u) develop in finite RG time (£)

* Vanishing linear response = slow £ 09 (¢) redaxa dion of M(%)
- Scaling theory (D.S.Fisher+Huse '85, Nattermann "90)

.Y

B | Ay
Uﬂ ar HLJHE 25 JLd i L. U, 4 nu EE@A :ﬂTﬂ
e 1 J {d—E]fE —» 0O [ 1] L =
l‘-{ti)ﬁm { f } as =0 e Q "‘O"
iﬂtrgz l
i Le(h) \ L
« Dynamic FRG (Radzihovsky '97, Balents+D.S.Fisher '97)
drnqm.g—"l’-""z{f} = 2 -+ I&”([L f}| — 00 E Non-Ohmic creep.
0 v e -e'
"E-l'l-'ﬂt ;E‘ZH - {d - 2];2 0 :""""“.ﬂr]
for excifation v ﬂfﬂﬁr‘g binear rel ponse
of size L (Pr=0)

* Strongly contrasts with Anderson-Kim independent particle picture

| E Ohmic creep
L—’—'E-[{]—ﬁi’_/,‘
J X

. J
E ~ e -Ja)fT _ g=(UptJa)/T ~im j40 (E*UMT) J
LN

T J- )




* Dynamic Functional Renormalization Group
of Vortex Glass (Ml ( Baleats, Fisher ,L.R)

— Equilibrium equation of motion: "7

YOuu(r, t) = KV?%u + Fylu,r] + ((x,t) ,

—Quenched Gaussian random pinning force (zero
i Y e
mean):

Fylu(r, ), r]F[u(r, #), '] = A(u(r, t) — u(r, ') 84r — 1) .

* Alu—u') = 9 Ag cos[Q(u—u')] is a periodic func-
tion due to descreteness of vortex lines

*For d > 2, T = 0 fixed point — all harmonics are
equally relevant

— Thermal Gaussian noise (zero mean):
S oy

e L]

(C(r, t)¢(r',t)) = 2Ty8%x — ¥')é(t — t') .



MARTIN-SIGGIA-ROSE (MSR) FORMALISM:
—Map EOM onto field theory:

Z = (0(y0ru — KV?u — F[u, 1] = {))

7

Z = [|dii du]e=Sotbul=Spliu]

S = ):-,: l2u(r, t) (f;f@t ~ K?E) u(r,t) + vTa(r, t)?]

Sp = 5 g (e, )i, V) Aulr, &) - u(r, £))

* 1(r, t) is auxiliary response field

* treat Sp[ii, u] in Wilson’s perturbative RG

* need dynamic functional RG for 2 < d < 4

* controlled with e = 4 — d-expansion
—High k mode elimination and rescaling:

u(r,t) = u=(r,t)+u>(r,t), integrate out shell Ae~¢ <
g<A

r=ret,

t=te*,
u<(r,t) = eXu(r’,t), x=0
a<(r,t) = eXu(r, ') .



— Correlation and response functions:

C(q,w) = (u(q,w)u(—q, —w)) ,
2Ty
(Yw)? + (K¢?)?’

G(qi LrJ) = (H(Q:-w)ﬁ(_qy —!'..-.I)} 7
1
—Yw + iKq?’

- — Diagrammatic corrections to v, T and A:

i

si57), SAY Q
S{a} S(bll

S A% Eﬂm



— Renormalization grgup flow equations:
rrc.il'-'{?'n - gg=4
dynamics d__q{iff & = ::
%i'ﬂ.& dynﬂmic - FDT +

interpr aT T
o e o—-aF, exact (ypy—

_‘_'r,.i__,_._JfSﬂl"dEi"' -'lur'}ﬂ*' Z(d
fecover OA(u) G = 0 - X127 7\2
P % 4—-d+T%§)&(u)—ﬂ(u}
(DS.Fisher) 2

* T(£) ~ Te~(d-2)¢ L.e., T'(£) flows to 0, for d > 2

*Aulsoo)=¢t{u—-n2-Z] ~ g]|u

* AJ(0,4 = 00) = —o0 l—j S Ko
* ¥ ~ time scale diverges, freezing

2=2-A"0)" oo Lt - U
A. (u) ~ A ﬂuj Iy

Uni uer&i ons?.

(0.s. Fisher;

A Awh
._/ \/'\_/\\ U Giamanrchi +

LeDoussal )




* Cut off the cusp divergence by T'(¢)

A,
\AAAL

- o0
A0, 0) m SRl 5 — o0, as {o

* Barriers that diverge with length scale L

A

_I|.._

TR() = yer T
YR(L) = eVl

UL ~Lf , p=0=d—2.

U['L]..,;Eﬂl_ in 2d



Dicky S.C. ARE really syperconduching

* Vanishing linear response p = 1
VfJ) ~ e~ (T*[T)(J* [T}

ﬂﬂﬂﬂ?“‘ Ci hrluﬂ"l

qi\‘.lhbﬂm ﬂﬂﬂC&H;E.

/ dynnmfﬂﬁ dynamics :

| -1 V¥l ar e
o J.Lrhmh‘la { L Balen .x o, e
q-"*li-f‘:lﬁ s [] d

> supercondid, (0s. Fiawe

(LRM7) O Noreyen)
elel. A. Midd(edon
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near criiﬂi C E-I-m;raty
equilibrium de p:‘nnj driven
(Baleats 15, Fiskae transition ( E;;:hh <8

— Important questions about strongly driven regime:
* hydrodynamic modes and equation of motion
* E(J) (unique or hysteretic?)
* phases (classifications, correlation function,. . .)
* phase transitions (universality classes and order parameters)

— Earlier work

* Experiments:
Neutron scattering show increase in &7 (Yaron, et al. '94)
Transport show ordering above dV/dI peak (Bhattacharya, et.al. '93)

* Simulations:
Decrease in dislocation/disclination defect density with increasing
drive (Shi+Berlinsky '91, Koshelev+Vinokur '94)

* Theory:
Current-driven crystallization at Ty jf = T+ T (J), with Ty, ~ A/J?
(Koshelev+Vinokur '94)
Moving Bragg glass with u, = 0 (ordered), u, rough and pinned —
finite transverse critical current (Giamarchi+LeDoussal '96)




— Recent theoretical developments
(Balents, Marchetti, Radzihovsky '97)

*+ Nonequilibrium [atfice equation of motion:

“co Hu{;ﬂ{j? ‘Afefr*_ﬁ-!ﬂ{‘f)’ Hﬂﬂﬂf-:ﬂf Hf:ﬂ;ﬁ
""’\ w
P ; 5 - stability of translational order? nf: P g-m? q‘!’ "Hhermal
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+ Perturbative analysis in weak disorder:
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+ Nonequilibrium smectic equation of motion:
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- periodic stack of liquid sheets
- p and u are independent hydrodynamic modes

. neutron scattering probes r-order: [ (q}'m lg2 + (8qy )4~ 3-"/4
- narrow band noise probes t-order: S(w) ~ (E(w)E(—w))
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* Nonequilibrium FRG analysis of transverse smectic:
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* Transverse force response:
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e SlmUIELt]'[ES (Moon, et. al.’96, also see Ryu, et al.’96)
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— Decoration experiments on /NbSeo (Pardo, et al'97, also
see Marchevsky, et al.’97) 4K 3 SG
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e Summary and Conclusions:

— Rich phenomenology of high T. superconductors
— Strong thermal fluctuations and pinning disorder

—New vortex phases: Vortex liquid, Vortex glass, and
Bose glass (few others)

— Dissipation
— Phase transitions

— Equilibrium and non-equilibrium dynamics of disor-
dered periodic media

e Remaining Questions (many!)

— Topological defects (dislocations)
— Nonequilibrium phase transitions




