Dynamics of Vortex Structures
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Superconductors and vortices
Vortices and point disorder
Critical currents and creep
Quantum mechanical mapping and
Bose glass

Competing localization




Superconductors

The Meissner Effect
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Abrikosov vortices

H
- A
v Nl
H Js
«

Js
quantum of flux

hc/2e

X 20.7 Oe-uym 2

A>E



... vortices...

Union City tornado
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Vortex lattice

decoration by magnetic smoke
image in electron microscope

Nbat T=1.2K H=985G
U. Essmann, H. Trauble, Phys. Lett. 24A, 526 (1967)




line tension g; i3 equal to the line cnergy e

F = Efdzz’ (&a';")EJrr_zJ,fﬂ'EﬂTZ’v[ﬂi(EJ—“j(f]]
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Disorder
®

Single vortex line pinned by the collective action of
many weak pointlike pinning centers. Only fluctearions in the
pin density are able 1o pin the voriex. In order (o accommodats
optimally to the pinning potential, the vortex hine deforms by §
(the minimal transverse length scale the vortex cora is able to
resolve equals the scale of the pinning potential) on a longitudi-
nal kengih ecale L, the collective pinning lengih.




Exemplary system: elastic medium in random environment fA”"

%’%,,“w"g
Models a wealth of physical systems and phenomena:
- 2
J
H = fd”x|i ¢ (u) + V(x,u) — F - u:|
2 \0x

Dislocations in crystals CDW and SDW
Domain walls Interacting electrons

Wigner crystals on disordered substrates
Spin- and other glasses...



Collective pinning

: - :”*‘f
— .(]'-pz'r:z = (flgmnz'E_;ZL) /2
: J

'{}_L ﬂ E]'(I)()L/C

For(Le) =2 €.8% /L ~ Epin(Le)

fpfﬁ NL/LC recovers pinning



Critical current is defined by the relation:

Le .‘sz’n (Lc) — .TL(LC)

Pinning
force

Lorentz force
and reads:

Jo = Jo(&Y/€2)*, Y~ n& 17,



vortex dynamics

Three regimes of vortex motion:

Vo
creep
regime - v~ ( £ fp)B
o -

f

T. Nattermann and S. Scheidl, Vortex glass phases in type Il superconductors,
Advances in Physics, 2000, vol. 49, No. 5, 607, 704



We consider creep regime

- On n'est pas sérieux, quand on a dix-sept ans
Et qu'on a des tilleuls verts sur la promenade.

(One isn’t serious when one is seventeen,
And when there are green lime-trees on one’s

promenade.)

Arthur Rimbaud




Linear response

Experiments show that if a force F is imposed to a

system, its response is a current ; vanishing as the S
force vanishes. Thus for F' small X g ==
0X g4
i=IL.F nZ
= L-F+O(F7), ﬂ'.rﬂ__ E ¥
B et 2bB
i)

Here L is a matrix of transport cefficients.

Examples:

1. FOURIER's law: a temperature gradient produces a,
heat current j,.,, = —AVT.

2. OuM’s law: a potential gradient (electric field) pro-
duces an electric current j, = —oVV.

3. F1oK’s law a density gradient produce a flow of
matter ]matm — _h’vp

For vortices: V=l
find L4 7



 Ver} Being placed in disordered medium elastic object ge“"‘“"“ “
X )15\% 2 adjusts itself to rugged potential relief A
u . “’%n B o&c;

K?‘ (Vx,u)V(x',u')) = A?8P(x — x")f(lu — u'|/&)

7\ N\
\\ Roughness: w(L) = {((u(x + L) — u(x)]2>l/2

On the intermediate scales where u < a,

A L L T ¢ <1 1s the roughness exponent
W~E&| —
u L.
L X I,
Ebarrier = Ep L f "
L. w(L)
v D-2
_ E, =a,AL;

Le S (CE/ATER y=D-2+42¢



Thermally activated vortex dynamics in random media
Ny o

Activated vortex motion:

Creation a vortex loop

Nucleation of new phase
in first order transitions




E (0)

barrier

Driving force f : ( ] T 7.\
—E :
p

f 1/(2-¢)
Lf = Lc (Tp) Lf

Meaning of L., :
At distances L > L
pinning Is not effective

f

U
Ebarrier (Lf ) = EB — Ep (Tp)




Thermally activated dynamics of random systems:

Governed by the wide distribution of barriers

time to overcome barrier E:;
L= exp (Ej
° T

Basic law of relaxation in random (glassy) systems:

E=TIn(z/z,)




Consequences of general law of relaxation: CREEP

U

f
By =Ey| | =T:In(z/z;)

E,(f,(T))

p

__X
T f H=5"

Motion under ~ -1 V ~ expl| —
Constant force: V (4 p

No linear response!

Current (magnetization
relaxation: J 0

no ~
f=NBoy o I | Uy
O Snail,
Climb Fuji slope, slowly, slowly
Up to the top...

Matsuo Basho
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Experiment Unambiguous proof: divergent barriers: E oc J 7 &?
By op
PHYSICAL REVIEW B VOLUME 42, NUMBER 4 1 AUGUST 1990

Dependence of flux-creep activation energy upon current density in grain-aligned YBa,Cu3;0;—

M. P. Maley and J. O. Willis
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

H. Lessure and M. E. McHenry
Department of Metallurgical Engineering and Materials Science, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213
(Received 2 April 1990; revised manuscript received 21 May 1990)
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% 800F H gumllel ¢ ax
~ c H = 10 kQe . .
= s . Observation of flux creep through columnar defects in YBa,Cu;0; crystals
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FIG. 4. (a) Plots of nonthermally cycled data: TIn(dM/dt)
vs M — M., for temperatures 10, 15, 20, and 30 K. (b) Plots of
the same data shown in (a) with 18 T added to each data set
where T is the temperature. As discussed in the text, this repre-
sents U, vs M — M ..



BOSE GLASS:

VORTICES + COLUMNAR DEFECTS

13 Ch2 DAYVID R, NELSON AND ¥. M. VINOKUR
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A PROBLEM:
Four ships,

Ship A ‘collided’ with ships B, C, and D; B collided with C and D (triple collisons
excluded).



Prove that C collided
(or will collide) with D
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Quantum mechanical mapping

Vortex trajectories can be mapped onto
world lines of the 2D Bosons

TABLE I. Boson analogy applied to vortex transport.

Pair Electric
Charged bosons Mass #i 53/ potential Charge field Current
: ZX]J .
Superconducting () T L 20K o(r /Ay) oo 6

C
Vortices




Y w~exp| -

LERP

E, J;

T J
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TABLE [. Boson analogy applied to vortex transport.

Pair Electric
Charped bosons Mass #i febs s potential Charge ficld Current
Supercanducting :, L 2eKolrhg) do z - ] é
Yartices

HALF-LOOP EXCITATIONS: v exp(-const/J)

W = exp




Variable range vortex hopping

§ . :
I i 1/37]
R E [ Jo
O p ~ eXp
IR T \J
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FIG. 15. Doublesuperkink configuration required for
variable-range hopping. The “tongue™ of vortex line secks out a
compatible low-snarpy pin 5o that the line ean gprapd.

Variable range hopping
(Shklovskii formula for semiconductors)
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Experimental evidence for Bose-glass behavior in Bi,Sr,;CaCu,0; crystals with columnar defects

M. Konczykowski and N. Chikumoto*

Laboratoire des Solides Irradiés, Ecole Polytechnique, 91128 Palai: France Ty of o
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Superfast Vortex Creep in YBa>CuzO7—;5 Crystals with Columnar Defects: i
Evidence for Variable-Range Vortex Hopping FIG. 4. Energy barrier for flux creep (1/S) vs stray field H,

recorded at 300 Qe and 60 K on BSCCO:2212 samples irradiat-

1. R. Thompson.! L. Krusin-Elbaum,? L. Civale,” G. Blatter,* and C. Feild® ed to various doses.

T — T T T 7T T

10000 %

B,=24T |
70K ,aOH=0.5T:

—~—~—
% 1000k 7 E
D - LR} E
% 0.08 w:‘H\._ ]
= 008 E
- sk
0.00 J
100 | ' Lu-r(mm “ lVRH I.hl 3
C n M IR S | N M P | 7
0.1 1 10
J (106 A/cm?2)
, ~ ) CURRENT
FIG. 4. U(J) for the By = 2.4 T crystal in a 0.5 T magnetic

field. The solid line is the fit to the full glassy expression for
U(J) (see text) with g = 1. The slope p ~ 1/3 (dashed line)
fits the data well between 23 and 40 K. Crossover currents are
indicated by the arrows. Inset: Fit to variable-range hopping
[Eq. (3)] with g2 = 1/3 (see text) is shown as the solid line. HALF-LOOP EXCITATIONS: va exp(- const / J)
The decreased rate on the high-T side of the peak is due to
slower creep in the collective regime.
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PHYSICAL REVIEW LETTERS 26 JANUARY 1998 Creep iS a general phenomenon

VOLUME 80, NUMBER 4

Domain Wall Creep in an Ising Ultrathin Magnetic Film

8. Lemerle,' J. Ferré,) C. Chappert.” V. Mathet,” T. Giamarchi.,! and P. Le Doussal®

VOLUME 89, NUMBER 9 PHYSICAL REVIEW LETTERS 26 AUGUST 2002

Domain Wall Creep in Epitaxial Ferroelectric Ph(Zr,;Tij ¢)O; Thin Films

T. Tybell."* P. Paruch." T. Giamarchi,” and 1.-M. Triscone'
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FIG. 3. Natural logarithm of MDW velocity as a function of i N .
(1/H)"* (room temperature, H = 955 Oe). 107 D “ 1
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FIG. 3. Domain wall speed as a function of the inverse applied
electric field for 290, 370, and 810 A thick samples. The data fit
well to v~cxp[—“%(%!.l)“] with w = 1, characteristic of a
creep process.

Other random systems?
All of them?
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Vortex lattice (1957)

Vortex liquid (1988)



: A,
melting

Mean-field (cage) approach

2
C66u L - elastic energy to deform vortex in a cage

T - energy of thermal fluctuations

// [u, y
< > C66u2L:ggT; C66%8£/a§:> Lzao
/ a'0 E : 2
‘ p R nergy balance: C66u ao ~T

Melting condition: C%ag =] —— U = CL a.o

c, =0.1+0.2



melting and disorder

Glass
Melting _ trans_ltlon

|ne

e Vortexnnnn |
e fattica st
3:3:3:3:3:':3:3:3:3:3:3:3:3:3:'&;' :

HoD e

T T disordered system
clean system

Weak disorder does not influence melting much since disorder becomes relevant
on the scales of the order L and melting characteristic distances are ao ,

and
L. > a,



Bose glass transition and
vortex localization
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disordered system



Energy Lindemann criterion

ground-state energy: iy /2 =1 f/m

—————————— fluctuation amplitude ( R2) ~%q / f

f—¢& /a2, m—g, #->T, 0—1/a,

T Ta
b = <ut2h> =—
d, &,

A2
Lindemann criterion: <Ut2h> =c/a, ———— Tm =C_&,q,

Energy criterion: gth (Tm) — Cigg — Tm — Cfggao



Shift of the melting line due to columnar defects

Bound state in the rippled parabolic well
Bound state in the parabolic well

In the first order with respect to
disorder the correction to the energy
is zero (after averaging with respect
to disorder). Thus the first correction
appears in the second order of
perturbation theory. But the second
order correction is always negative.
B Therefore, the bound state in the
rippled well is more deep.

Melting line shifts upwards




Bose glass melting vs. delocalization process

Formation of the Bose glass phase is equivalent to localization of 2D
quantum particles in the random field of point defects. Melting into a
liquid phase corresponds to the delocalization effect

Then little Gerda shed burning tears; and they ... thawed
the lumps of ice, and consumed the splinters of the Bose-

glass...
Hans Christian Andersen, The Snow Queen

C,, (tilt modulus) is related to the superfluid density of bosons
Cu =(B?/47)| 1+ (4702 )" |

Bose glass transition takes place at n, =0
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Consider vortex liquid state — equivalent to superfluid state of 2D bosons"‘;A‘%

% <

Disorder-induced depletion G

: ) Stiffening of the tilt modulus
of superfluid density

ng =n — 4n,/3 cas = (B*/4m)[1 + (47 A%ny) "]
2..3/2 5
ny, = — 22 ] 1 T*nA d*qq*
AT \/E R - T = v \2 __Z—#
. C44 C44 (ca4)? € g*(q)
g
Any disorder reduces n.. May be interpreted as the fact that some

fraction of the vortices is always localized
(partially pinned)

Intermediate vortex
state liquid+pinned?

Intermediate

What happens to pinned vortices as we raise temperature?



There are always bound states in 2D,
therefore one vortex is always pinned by one columnar defect.

What happens if there are many interacting vortices (take high enough
temperatures where binding is exponentially weak)?

/ Naive picture:

Vortices wander freely and screen each
other out from columnar defect. Thus,
if the defect potential is not sufficiently
strong, vortices may get depinned.

Increasing temperature effectively
suppresses pinning potential. Therefore,
by increasing temperature, one can depin
\ vortices from columnar defects

N N0

\
vortex liquid

\
1,\delocalization line

T
melting line




Calculations: finding the occupation number IN for the columnar defects

Hamiltonian of bosons:
H = [d*ry [ p?r2m—u+U(n) ]y + [d*rd Gy Dy (R) V(5,) v (B ()

Low defect concentration:

U(r)= Zu(r —I) defects can be considered separately
5 2
I ¢o
u(r)=e¢ L &y = >
U r? 4287 (472)

T 2 2
Single defect pinning energy: E1 ~ _29 1B ﬂ — Eogll’o /4T
&5
T

Localization length: 14 IEad e
Eile



Now we use the basis of the exact eigenstates of the noninteracting problem:

v =pb, + o.b, + > ob,
k

N N N

b, —condensate, b, — localized state, b, — excitations

In case of strong vortex interaction double occupation is prohibited |b*b™ =0

Effective model that describes occupation of the localized sates:

Hy =b; (B +a—u) b + B (b +h)

e, L L L C
0 '/I + |

/_l_. —1,

S C C C L

L C C L

B . —|—> —|—>
l + l

—l —1

C C cC C




1 %’& o
y=a|0)+a ) == E, :E(Ei\/E2+4a2)
E=E +a-u

- 2 20[2
Occupation of the lowest state: n=a; =
40° + E2 + ENE? +4a°

no>lwhenE/a<-1 h—=>0whenE/a>1

At E =0 localization-delocalization crossover occurs
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% %qﬁ

§ %
! e
g o

Brary o
E = E,+ 2 [d7rd’ng ()v(n - 1)6, ()
0

\ V, = jdzrv(r)

n,/%e,In(A117))

Localization-delocalization crossover:

B T? KT? ( T j
=~ i =~ i eXp ——
O, el n(All) (©,/47) In(Al¢,) T

T =(1/8)r,/¢¢,



VORTEX PHASE DIAGRAM
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Vortex liquid coexisting i

with pinned vortices Delocalized vortex liquid
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Vo Delocalization crossov;r_line (I)OK4T2 exp(_
(@, /47) In(A11))

Expected melting line
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Schematic phase diagram for the vortex system with
columnar defects. The melting line under assumption of pin-
ning is denoted by Bjs, while the melting line of the pristine

lattice is denoted by Bﬁ).
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Transition occurs due

lines wanderings

FIRST ORDER TRANSITION

S N\ O

\

S

In a liquid

vortices fluctuate

much easier,

thus we can expect the
transition to shift to
higher temperatures,

if we go from the solid
side!
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V ~exp| ——

__X
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Competing localization

Vortex liquid coexisting
with pinned vortices

\
\ Delocalized vortex liquid
]

Schematic phase diagram for the vortex system with
columnar defects. The melting line under assumption of pin-
ning is denoted by Bjs, while the melting line of the pristine

lattice is denoted by B;(p.



