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Abstract

The discovery of high temperature superconductdisSC) in 1986 [1] renewed both extensive
academic research and industrial commercial intémesiperconductors. The HTSC materials are
type Il superconductors (SC), which within a certainge of applied magnetic fields and
temperatures allow partial penetration of magriéic in the form of quantized vortices. These
vortices carry magnetic moments which lead to i@pelinteraction.

From an academic point of view Vortex Matter (VBBrves as an appealing physical system for
fundamental many-body research, as it providesnaneable example of a condensed matter state
with parameters tunable over many orders of madeif@]. Some examples of tunable parameters
are the following: Vortex density is simply corlted by the intensity of magnetic field, thermal
fluctuations can be changed by varying the tempegatnhomogeneities and defects in the sample
serve as pinning centers trapping vortices, ingkelds in platelet crystals increase vortex
concentration along 1D lines, and electrical curegplies Lorentz force on the vortices.

From a practical point of view, if current alongetHTSC is applied, motion of vortices
perpendicular to the current produces energy disisip and an effective resistance. The industrial
interest in this research is in better understapthe forces acting on the vortices, thus succegedin
to localize them and provide dissipationless curren

This work will deal with position dependent forc®¢hile thermal fluctuations and inter-vortex
repulsion will occur the same way in any place astihe sample, pinning will depend on the exact
location. The Meissner currents also graduallyelzse towards the sample’s center. Near sample
edges there are two barriers for vortex penetragiangation due to vortex line energy change, and
the Bean-Livingston (B-L) surface barrier. All tieelocation dependent forces will contribute to
hysteresis in various regions of the temperatursugemagnetic field (T-H) phase diagram.

In this work, these contributions and ways to seppithem will be studied mostly in
Bi.Sr,CaCuOg crystals with magneto-optics techniques. In secddi.1 the geometrical barrier is
discussed, and it is shown for the first time thainly in-plane dc magnetic fields suppress
hysteresis through geometrical barrier suppresdibis. provides an insight into the physics
underlying the shaking method [3], which is exteali used to equilibrate VM.

In section 4.2 a region in the sample is pattemitla a periodic surface hole matrix which gives
rise to induced pinning. There is found to be aibafor vortex penetration to the patterned region
This barrier has similar effect on vortices asBRe surface barrier for vortex penetration into the
sample.

In section 4.3 a novel system is tuned and triedyigding measurements of vortex penetration into

the sample and hysteresis due to the pinning mesrhan
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1. Introduction

To give a fairly intuitive understanding of the ,ars vortex states, an explanation of the physical
origin of vortices will first be given. Considefflat crystal in the presence of an external magneti
field. Within the Ginzburg-Landau (G-L) theorys iree energy density can be expanded in powers
of a complex nonlocal variablg, that serves as an order parameter [4].

=t raly P 2yl v -2y 1
Herefyois the free energy of the normal state at zero eiagfield, « and S are parameters
depending on the temperature and the materialreauode are the mass and the charge of the
electron respectively. A is the magnetic field wegiotential, and H the external magnetic field.
|w F has a physical meaning as the superconductiny@hscdensity.

Due to energy minimization principle, we minmmieq. 1.1 by variating it with respectito
Integrating eq. 1.1 over the sample volume we alitae free energy, and by minimizing it we get
two G-L equations. The first equation allows thdasrparametey/to be calculated in the presence

of the field, while the second gives the distribatdf the current. The first equation is eq. 1.2.

1 7 2e
ay+Bly Fy+—EV-—=~A%y=0 OL-2
am | C

There are two homogeneous trivial solutianseduation (1.2):
1. Normal phase obeys =0  where A is deterdonly by
H=VxA

2. SC phase obeys =y, = /—a/,b’ and H=A=0 (1.3).
In the normal phase, the magnetic field fully pesiets the

sample and there are no superconducting electtaik @hile the
SC phase is a phase of perfect diamagnetism whialso called

the Meissner state. In this state, the field is pletely expelled out T>T, TeTs

of the sample and all the electrons are supercaimgud he field  Fig. 1.1: Field linesare seen as bla
lines of the two phases are shown in Fig. 1.1. arrows. Superconducting sample marked as

Consider now the superconducting and normal preses blue ball. (a) sample in normal phase.

boundary conditions. What will then be the fieldlatensity (b) sample in superconducting state
behavior at the interface?

G-L theory points out two different typical lengtfes relaxation due to boundary conditions: one
is the field relaxation scalke called penetration depth and the second is thsitgarelaxation length
¢ called coherence length. For &, the resulting field and order parameter behaaidhe

normal/SC interface is shown in Fig. 1.2. The inbgeneous 1D solution for (1.2) is given by



_ (e X (1.4)
w(X) \Etanh(ﬁf)

The interface domain energy is given by

= 1=y -y @

Calculations show that fot /& >v2 ¢ thomain
wall energy becomes negative, making it favorable t

normalphas : || . SC
: | phase

have interface area as large as possible. Thisne 8y  Fig. 1.2Field and order parameter relaxation at
dividing the sample into cylinders of normal phase an interface between superconducting and
parallel to the applied field surrounded by a normal phasesRef. 4

superconducting phase. The division is continued tin@ quantum limit is reached (magnetic flux
guantum). These cylinders are called Abrikosovigest Figure 1.3 presents Abrikosov vortices

arrangement and structure.

b
.
7 Vs
|
0 é A r —-

Fig. 1.3 Vortex structure in type Il superconductor.

(a): Magnetic flux lines in mixed state. (b) Orgearameter and magnetic field of a single vortex. Re

Abrikosov vortices are vortices of supercuri@urrent that consists of superconducting
electrons), which according to Maxwell equationsulate around the region where field penetrates
the normal (i.e. non-superconducting) core of eamtex. The core has a size of the coherence
lengthé . The magnetic field (and also supercurrentsageon the length scalefrom the center
of the vortex. Each vortex has a total flux eqoad tsingle flux quantung, = 2—2 = 207-10'G-cn? .
These vortices are therefore called fluxons. Insidertex, the field penetrates the sample
competely. Figure 1.4 is an image of local magneticiction topography on Nb surface where
Abrikosov vortices are visualized.

Thus, magnetic fields penetrate the sample indgh@ bf cylinders which are Abrikosov vortices.

Vortices do interact, and the interaction is repel$5]. It is similar to two magnets with the same



polarity which repel, as can be seen in Fig. 1tBs Tepulsive interaction gives rise to a lattice
arrangement as can be observed in Fig. 1.4. Raisngxternal magnetic field will raise the density
of Abrikosov vortices proportionally, as the magodtux of each vortex is fixed.

Applying a current on the sample will activateorentz force on the Abrikosov vortices and

move them. The force is given by

F,_=j><ﬁ
C

(1.6).

Fig. 1.4: Magnetic vortices in superconductors seen as niadiedd distribution
peaks on surface according to Fig. 1.3 b. Imagairet by Lorentz microscopy on
Nb films by Hitachi lab [6].

Fig. 1.5: Magnetic vortices repel each other similarly tam:

magnets.



2. Theoretical background

2.1 Layered superconductors

In 1986 Bednorz and Muller discovered the first ICT[R]. Although its critical temperature was
35 K, this discovery is considered revolutionaiyjtavas one representative of a whole family of
similar ceramic oxide materials, among thenSBICaCuyOgs (BSCCO), that were found to be
superconducting at elevated temperatures. Manyeshtare SC well above the liquefying
temperature of Nitrogen. Common to all memberdisffamily is a layered structure of Cu-O

planes, separated by various metallic or insulabunfers, resulting in lovg and highi values,

which make them extreme type Il materials. It igntyathe Cu-O .

planes that are superconducting; therefore thersapéducting o T : T ¢ JT ' T

state inherits the layered structure. These twaeedsional = 2 2 ?

superconducting planes are coupled to each othmudgh 0,

Josephson coupling. Ca 2 o < 3
Most of our measurements in present work will deigh the 03 9o,

layered anisotropic material BSCCO. It is mainlg @u-O 3

planes that are superconducting and they are sepdrg g_m [ - _LJ : [ 7 L

insulating interfaces as can be seen in Fig. Zh&rdfore the S S b 4

superconducting state inherits the layered stracfline layered B0 2 e 2

structure introduces a distance between the supeucting oo L : IJJ = L : IJ

planess as a new length scale to the problem.

When a field perpendicular to the Cu@anes is applied, Oz A L

Abrikosov vortices will be formed. However a figida direction “ 9 b 9

parallel to the planes (in-plane field) will pers# a layered Oz 1 5

superconductor also in a quantized manner, knowheas

S0 T . ) T
- JT )
) o
. J

Josephson vortex (JV). This vortex is of differphysical nature; - T 2

it resides in between two adjacent supercondudaiyers, saving )

the cost in condensation energy, as the order gaeapin the Fig. 2.1: Layered structure ¢
neighboring layers is only weekly perturbed. Thefip of the Bi,Sr,CaCuyOscrystal. Cu@
screening supercurrents, associated with the Jdwe closely the  pjanes separated by insulating
continuous anisotropic case becaliggt>>s, whereabdenotes  jznes
in-plane direction, and axis denote the out of plane direction. Let



us define here the anisotropy. 2= . A gy A
i Ccsy
JVs create magnetic field with the c_
total flux equal togh, just like = [ s
Abrikosov vortices. JV separation T

depends on the in-plane field in the

following way [7,8] :

g way [7,8] D - ~

Vo s )
d,, = ¢ (2.1) ~Z

2H L <l e
wherey is defined above. The out-of- N v e
plane distance between JV also scales Pancake * o—r
with the in-plane field [7,8] and is sroper , |

F '§1D vortex chains

given by % &id %

24,
d, = [P 2.2). < |

JaH, e

-]

When a magnetic field is applied

perpendicular to the layers, the energy
S Fig. 2.2: Sketches of vortex structures in isotropic andriey
balance is distributed among the

. . superconductors. (A), (B), An isotropic supercoridug/here an
individual superconducting planes, P ). (B) pic sup

where the screening supercurrents areordered Abrikosov lattice is formed independertheftilt angle.

restricted to flow. Once penetration of (C) C-axis field creates 2D pancake vortices simia the Cu-O
a quantum of magnetic flux into a plane. (D) In-plane field form Josephson vorticémge cores

single layer becomes favorable, the reside in the spaces between Cu-O plafisCrossing lattices sta

flux pierces through all layers, (a) If PVs and JVs do not intersect, no interactioaurs. (b) Where

establishing a two-dimensional a PV stack intersects a JV stack, small PV dispieces (indicated

pancake vortex (PV) in each one. The , _ ,
by white arrows) driven by the underlying JV superents lead to

PV has the same cross-sectional
) an attractive interaction. (F) Zoomed-out viewlod tLD vortex
structure as an Abrikosov vortex

(normal core of radius,, and chain state when all PV stacks become trapped ritalestacks of
b

magnetic flux decaying radially over JVs. Sketches were taken from Ref. 39
Aap), therefore PVs, that reside in the same layé&erhthe mutual repulsion of the Abrikosov

vortices, whereas PVs in adjacent layers are weaklyled by magnetic [9] and Josephson [10,11]
interactions. The magnetic interaction is justukeal interaction between two magnetic moments.

The Josephson coupling originates from the endrgtyrieeds to be invested in establishing a JV to



redirect the magnetic flux between misaligned PA&sa consequence PVs gather into aligned stacks
along the c-axis to form a weakly coupled threeatsional structure, while the repulsive
interaction between the stacks leads to the foonaif the PV lattice.

When both in-plane and perpendicular fields ardiegpand in other words a field with some
orientation to the sample is applied, both PV andavill be formed. The reason is that in highly
anisotropic materials such as BSCCO stacks of PMsot follow the tilt of the external field away
from the c-axis. In these materials the couplingyveen the PVs is predominantly magnetic, while
an in-plane field interacts with PVs only througk losephson coupling. Therefore, it is
energetically favorable to respond independentihéoc-axis and in-plane components of the tilted
magnetic field [10] (up to corrections due to theak Josephson interaction between the two),
establishing the crossing lattices configuratioh-£1], in which a weakly interacting c-axis PV
lattice and in-plane JV lattice coexist. Crosdatgjces state introduce a new ground state of WM,
which PVs are attracted by JVs, see Fig. 2.2. Ama@ngus arrangements of vortices in this state,
1D arrangements of ordered PVs, which are trappddatiached by underlying JV, are called vortex
chains. The JV and thus also vortex chains separatiales with the in-plane magnetic field

according to formula (2.7). Thus, measuring PV dgndV can be visualized by PV decoration.

2.2 Magnetic phases

The region in magnetic field (H) - temperature fhase diagram for which vortex creation is
energetically favorable is called the mixed sta@tee qualitative behavior of the mixed state region
in the T-H phase diagram is shown in Fig. 2.3fabt, experimentally the mixed state of BSCCO
has been shown to consist of at least three sepainases [22]. This will be discussed in detail in
section 4.3.

State * Normal

H ............

state
Hcl(T)

Meissner state

T Te

Fig. 2.3:Phase diagram of type Il superconductor in fieldgerature plane. The separating lines are calledrtl H,.

10



Normal
Fhase

The normal and Meissner statesinm | Abrikasou

|

|

|

| Phase | Mized Phosze
I i

f

are described by homogeneous
solutions of eq. (1.2) given in eq.
(1.3) while the mixed state is the

inhomogeneous solution given by

eg. (1.4). Based on these
equations, Fig. 2.4 presents the
qualitative response of type Il SC
to applied magnetic field. Above
Hc, B=H, while below H; B=0.

M is the magnetization, which

is sample’s response to the

external field. It is given by 0 Hey Hee H

Fig. 24: Sample response to applied magnetic 1

(a) Magnetization of the sample. (b) Total fielchpeating the
B=H+47zM = -42M =H -B  (2.3)  sample. Ref. 4.

However the real picture is a bit different: Theseves may differ a lot depending on whether H
is raised or lowered during the scan. This phen@mes called hysteresis. This will be the subject
of the next section.

2.3 Magnetic hysteresis

There are three main reasons for magnetic hysseresi
1. Geometrical Barrier
2. Pinning (Bean model)
3. Bean-Livingston (B-L) Surface barrier

The B-L surface barrier [23,24] for vortex pémtion is a result of barrier current, which cen
represented as image anti-vortices outside the lsanipch attract the vortices inside the sample.
The geometrical barrier [25-30] arises due to cditipe between the elongation energy of a vortex
penetrating into the sample corners and the Lorfente of Meissner currents. However, the usual
source of hysteresis in superconductors is bulkexgrinning due to material defects or
inhomogeneties. However, in low pinning HTSC, atee mechanisms affect the vortex behavior,
while in relatively dirty samples, pinning is therdinant factor. The present work will concentrate
mainly on the first two reasons for hysteresis.

11
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The differences between bulk and layered sasripd@avior under in-plane and perpendicular
fields were discussed and shown in Fig. 2.2. Now Itnsteresis models will be considered. The first
is general for all type Il superconductors, white second holds only for the layered samples.

Section 2.3.1 considers an infinitely longtplet sample of width 2W and thickness d, where
d<<W. A perpendicular geometry will be consideredey namely a field is applied perpendicular to
the surface of the platelet. In absence of bulkipiy, the field penetration will be governed by
geometrical barrier.

Section 2.3.2 will concentrate on Bean madglinning in bulk isotropic superconductor of
width 2W and infinite in the two other dimensioAsparallel geometry will be considered here,

namely the applied field is parallel to the surfatéhe sample.

2.3.1 Geometrical Barrier

In a Meissner phase, Eq. 1.3 shows that the sampkrfectly diamagnetic. In order to screen the
external flux, shielding currents are formed. They called Meissner currents. A current
distribution needed to screen homogeneous extBetcis maximal in the sample edges and

minimal in the center of the sample. This can @nge Fig. 2.5.

o o ’

a y

(D)

Fig. 2.5:In-plane current distribution in superconductorelket of constant thickness with applied perperldicu

J

\

—— ——— — . —— —

external field. (a) 2D topographic view of currelitribution. (b) Radial dependence of Meissnerentr The images

are taken from Ref. 31.

So, let us consider now a long strip geometry sarapividth 2W and thickness d<<W in
Meissner state. Because of the current distributidfig. 2.5b, it is favorable for vortices (if tige
have to be vortices) to be in the center of theptanvhere the Lorentz interaction energy between
the vortex and the Meissner current is minimal.ties will start penetrating only when the vortex

energy at the sample edges will vanish.

12



But even before vortices start penetrating intobink, they will penetrate into the sample edges
as shown in Fig. 2.6. The reason for this is timethe@ edges there is a resisting force for vortex
penetration due to vortex elongation energy.

Vortex energy is proportional to its length inside I H,
the sample (line energy). Vortices near the edges
are curved cutting through the corners as can be

=d/2
seen in Fig. 2.6. So, vortices have reduced length ‘ \
inside the sample, and thus reduced energy. To ;-9 -\ -- - ______] }

minimize the elongation line energy, a force will /
z=-d?2

expel vortices outside the sample, opposite to the
force of Meissner currents, resulting in a balance

which will leave the vortices in the sample edge.

»

This energy balance will be calculated x=0 X=W-d/i2 o\
Fig. 26 Vortex penetration into the edge. 1

guantitatively in section 4.1.2. This force dudite
effect of sample edges on vortex line curvature.

energy stops acting when the two vortex segments
gy P g g 2W is sample width and d is sample thickness.

merge at z=0, and this happens approximately wheg,. image is taken from Ref. 27.

vortices reach the point x=W- d/2 for |z|=d/2 ig.Fi

2.6. Thus, vortices will gradually fill the regidrom x=W to x=W-d/2. When x=W-d/2 is reached, it
becomes energetically favorable for vortices toeprete into the sample bulk. The field for vortex

penetration is given by
Field penetration are

d
H,=Hg, ™ (2.4).

Applied field is denoted hetd,. ForH, > H , penetrated

vortices are carried and focused by the surrounding

Meissner currents towards the sample center, fgmin | | —
0 b W-d2 e W X

\

droplet of vortices. Vortex distribution then hask-like

shape, where the maximum concentration is at theece 119 27 Vortex distribution in the sample samg

b is the dome half width, and e is the coordinate

x=0 according to the Meissner current density contines .
of vortex penetration from the edges.

in Fig. 2.5. This distribution is called vortex depand it 2W is sample width and d is sample thickness.
can be seen in Fig. 2.7 in the region 0<x<b wheigetbe
vortex dome half width.

The half width of the dome increases with until it reaches x=W-d/2. The functional dependenc

of this behavior is given by the following formula

13



by _2Hg VW2 —b? + W2 —ge?
‘ooz Je? —b?

where b is the dome half-width and e is the coatéirof vortex filling of sample edge as in Fig.

(2.5)

2.12.B(x) inside the sample is described by the followingagpn:

oy JIe? —x? [W2 —b?) +[b? X} [W? —¢%)

B,(X) = |x|<b or |x|>e
V(€ - b)) W? - x|
B,(X)=0 b<|x|<e (2.6)
And J(x) inside the sample is described by the followingatmn.
J(X)=0 |x|<b,
2 2 2 2

J(X) = +23e aretan W)X =b) b<|x|<e,

T (WZ _bZ)(eZ _X2
J(X) =+J¢ e<|x|<W (2)7

whereJ :%[25] and c is the speed of light. Figure 2.8 pres a plot of Eqgs. 2.6 and 2.7.

Thus on increasingl,, for 0<H,<H,, b=0 is constant and e grows from e=W to e=W-dt&ding

to equation 2.5. Fdi,>H,, e=W-d/2 is a ) C
.e 2
. 1 T T .
constant and b grows from b=0 until b= W- . H 03, while increasiog B /'W—0.1
However on decreasird,, the situation 0; s ; o !
is different. The vortex dome half-width 0 =Y
1
b=W-d/2 remains constant and vortices
leave the sample while the parameter e is s
determined by equation 2.5 bl. In all this -4 05 o 0 ]
XIwW

process, B is determined completely by Fig. 2.8 Plot of (a) B(x) and (b) J(x) calculat
equation 2.6. Thus, the behavior of vortex dome igom equations 2.6 and 2.7. b=0.7W and
not reversible, and this contributes to the e=W-d/2=0.95W.
irreversibility of B.

Assume now that fieltH; is increased till b<W-d/2 and then decreased. id@stwill be
prevented from exiting the sample until b=W-d/2.réa dome expands to a maximum allowed
value b=W-d/2 and only then vortices begin to letheesample. While vortex droplet expands on
decreasing field, constant flux is kept as no eesileave the droplet. Along the red arrows, F@. 2

shows the path in the e-b plane while making thgmatization loop. Along the red arrows in Fig.

14



2.9, H1=40 Oe is taken, arid; is increased to 15 Oe. While sweepkhgdown, the dependence of

b-e follows the constant flux contour marked bylgwlcolor in Fig. 2.9a, while Fig. 2.9b indicates

thatH; is indeed lowered. When the vortex dome half-wididgiches b=W-d/2, flux starts to escape
as seen in Fig. 2.9a. All flux exits whep=8 is reached and at this point e=W.

®/W[G]

0.995

0.99

0.085

n.9s
e/ W

0.875

097

0.865

096

0.955

e=W-d/2 095

0 0.1 02 03 0.4 bW 05 0.6 07 0a 09

b=W-d/2

0.935

089

0.985

088
e/W

0.975

0.97

0.985

0.96

0.985

0ss

i] 0.1 0z 0.3 04 05 bW 06 07 0a 09

b
Fig. 2.9: Theoretical charts of (a) flux per unit lengthtteé stripp = J' B(x)dx and (b)H; as function of b and e.
-b

d/W=0.1 and =40 Oe. The red arrows show typical path in eamelof vortex dome while increasing and

decreasind-.
15



2.3.2 Pinning - Bean model

In every natural material, there is a certain cotr@gion of inhomogeneties and defects. Disorder
in the sample is brought about by inevitable strradtand chemical imperfections in the crystal.
Superconductivity is locally weakened at the defesites, making them energetically favorable
positions for vortices. Disorder acts as pinniegters for vortices, creating potential walls [32].
The dynamic behavior of the vortices in the presasfdoulk pinning can be qualitatively understood
by the Bean critical model [33], in which point ping is averaged into a spatially uniform pinning
force.

An impurity serves as a potential wall that the t  Vortex pinning
vortex needs to overcome in order to leave it. The potential
attraction potential is approximately harmoniccan
be seen in Fig. 2.10. Current in the sample applie
Lorentz force on the vortices. As long as the cedi
stay pinned by the pinning centers, their motion is

prevented and the current remains pure R — distance between vortex and defect
Fig. 2.10Potential well for vortex pinning

>
>

superconducting. If a current is high enough, It wi
overcome the pinning force, thus moving the vogtiaeross the sample and resulting in a non-zero
resistivity.

The pinning forces are, therefore, limited and ehexists a critical current densityand it is
determined by the balance between pinning forceLamnenz force. At currents lower than the
critical current there is no vortex motion and heno voltage drop across the superconductor. Thus
the pinning force is quantified k. This means that if an external magnetic fieldpplied, the
field inside the sample will be given by a Maxwedjuation of the form:

4
VxB= il J. (2.7)
C
with appropriate boundary conditions. Taking amité sample in the y-z planes, will reduce Eq.

2.7 to a 1D equation of the form

dB 4
= -+ _
dx c ° (2.8)

where the signs depend on the field sweep history.
Let us assume thal, does not depend oB orH,, and a sample width is 2W (in the x

direction). Then, a spatially uniform gradient chgnetic induction in the bulk is obtained, instead
of a constant magnetic induction in the equilibricase. Risindd, will start flux entrance with

16



constant derivatives and boundary valueB(x = W) =H,,B(x=Vv) =0 where v is the

penetrated depth. When v reaches 0, there willtbarggular shape of flux distribution. This will

happen, according to Eq. 2.8, for
H, =W (2.9)
C
which is the maximum applied field that can be snezl out at the midplane x=0 of the sample.
However, on the decreasing field, the sign of thevative in Eqg. 2.8 will change. Vortices will sta
to exit from the sides with the flux in the centemaining the same. This solution can be seen

qualitatively in Fig. 2.11.

9
a
B(x) e
T
H, . ¢
H

5 H=0 B

N1 T .

X —H; A

X=-W X=W

Fig. 2.11:Magnetic profile across the sample for differextemal fields. (a) While sweeping external fiefal u
(b) While sweeping external field downs I4 the maximum applied field that can be screemédt the midplane x=0.
Ref. 4.

Bean model describes the hysteretic } f,"
behavior, where changes in the externally 1
applied field can propagate into the bulk onIy'-"fE 2
along these critical gradients. As before, here} : = H
I J bR A, HAT)

the flux is trapped again, but this time due to a
different physical origin. A very substantial

amount of flux may be left trapped in the slab

i ; . Fig. 2.12: Superconductor witand withouthysteresi.
even after B=0. As is evident from Fig. 2.11, 9 up uctor witand withoufhy: i

Curve 1 without hysteresis is the equilibrium magraion

there is much hysteresis and associated as in Fig. 2.4. Hysteretic superconductor has the

irreversibility in this cycling of field. For magnetization behavior described by curve 2. Ref. 4

example, if the external field is cycled through a
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maximum field H.<Hs, one can see that the area inside the hysteoerps]ngdH (and hence the

energy Q dissipated as heat per cycle) will in@essH’. On the other hand, if f>Hs, then
Q=<H,.

The switch in derivative sign is the hysteresisreeuyand the reason for the switch is the pinning
force which, as every dissipative force, is anviersible force. The resulting effect of these

irreversible mechanisms on magnetization loop nreasent can be seen in Fig. 2.12.

Magnetization behavior while sweeping H up or dasvgualitatively different.
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3. Experimental setup

3.1 Principles of conventional Magneto-Optical system

The standard magneto-optical (MO) setup is showfign3.1. MO measurements utilize
magneto-optical garnet indicators (MOIs). Due targe Faraday rotation, magnetic induction
translates into a rotation of the polarizationhad tight upon passing through the MOI. Such an
indicator is placed on top of the superconductegsle, with the mirror immediately above the
sample, or with no mirror on it when the sampla good reflector. Incident polarized light passes

through the indicator, is

reflected, and then passes cCD Bi5B
through an analyzer with J\ | b, ol
. . . == | analyzer <_X
polarization axis at 90 amn T . THZiS H. hE
| T o
degreego the solarizer / “\\\
polarization of the ‘N - g A\
L Y { H = =
incident light. The 2D solenoid | — — :
6 AT Mo | |
magnetic field \ T l)/%:mm
. . . <_ __________ >
distribution across the He cryostat \‘HM\_(?_44QH_11_,«“"

sample's surface is

) ) ) Figure 3.1; The dfferential magne-optical (DMO) setup. The enlarged rec
translated into an intensity o . . . .
shows the magneto optical indicator (in white) hwitirror (dark grey) adjacent to

image by the formula the sample (light grey). The polarization of reféetlight is rotated by angle

1(x,y)=1, sin? O-(X,Y). O (X,y) =V -B(X, y), whereB is the local magnetic induction. The geometry of
(3.1) experiment is also shown. Sample dimensions argewriCurrent flow and

magnetic fields directions are shown.
Here Io IS the intensity

when the polarizer and analyzer axes are aligned,
6-(X,y) =V -B(X,Y) is the Faraday rotation due to the local magrietiaction andV is the
Verdet's constant of the MOI. As the light soureegh Hg lamp is used.

To improve the resolution of the magnetic distrnbatpicture, a differential technique was
applied. This means changing one of the paramgtéhe system by a small amount, and
subtracting the measured picture from the pictefere the change. This gives improvement in
picture resolution by several orders of magnitides conventional approach is to make modulation
by changingH, or T [34].

Au contacts were evaporated on a BSCCOalryetd instead of modulatitdy, or T, a
transport current with periodically alternating quatly was applied to the sample and a
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corresponding differential image was acquired amegratedtypically over a hundred cycles. As a
result, the self-induced magnetic field generatgthle transport current according to the Biot-Savar
law can be measured to a very high precision. ¢ticge 4,1 andH, modulation is compared showing
the supremacy of the first.

Differential MO (DMO) measurements were performgdimdulating the currentby di=60mA.
B(dI/2)-B(-dI/2)was measured upon increasing and decreé&siag constant temperature T=82 K
and constant dc in-plane fielitk. The geometry of the experiment can be seen ifithe3.1 inset.
Using a typical camera exposure time of 0.5 sexh) eseasurement point required averaging 8ver
CCD camera exposures, firsttatl/2 and then atdl/2, and calculating a difference image. Each
final DMO image is the average 80 such difference images.

3.2 Novel Bragg Magneto-Optical system

Few experiments were done measuring the Long Ra@nder (LRO) of the VM, which is a good
probe of the various phases of VM. The main toalisnalize LRO is by diffraction, and this work
presents a novel attempt to make optical diffracfrom vortices with a system which was called
Bragg Magneto-Optics (Bragg-MO), shown schematcallFig. 3.2.

In the Bragg-MO system, the main interest lieshmfirst-order structure of the light reflected off
the mirror at the bottom of the MOI. The incideight must therefore be coherent. Thus instead of
using an Hg lamp, here a laser with532nm (green) is used. In addition, the image of ggers not
the real-space MO image of the
sample, but instead the Fourier-
space image. This means that

the physical location that must

ar

. . \

be imaged is not the sample ;@ \

itself, but rather the location botarzationt | '.

-

within the setup that images & I.l
: I AW WAWALAN .

Fourier-space - namely, the W I LLL/

back focal plane of the lens \\H___ ﬂﬁlBUJ}____x’/

placed closest to the sample. Figure 32: The BragcMagnet-Opticssetup. The enlaed regior
. . . shows vortices (black columns) in the supercondgctmple (light
For imaging Fourier-space, the grey). The polarization axis is rotated more fghtithat is reflected

: : above a vortex (left ray) than for light reflectegtween vortices (right
MOl is placed as close as possible ray). For a periodic vortex lattice, this produegseriodic modulation of

to the sample. Coherent polarized polarization, shown schematically in the Magnetdi€ Indicator
(white region). The maxima of the resulting diffian pattern (see Eq.

|ig ht is reflected off the mirror of 3.2) are measured by the detector (orgers,1,-1 are shown
schematically).
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the indicator or the sample. The magnetic flux gqaa@ssociated with vortices produces local, quasi-

periodic maxima in the Faraday rotation of theeetd light. This leads to a diffraction pattern,

which for a lattice with ideal periodicity followBragg's condition

0. -0 :ni
a,

(3.2)

whereé and§ are the incoming and outgoing angles of the ligkgpectively is the wavelength

of the light, a, is the period of the lattice, amds the diffraction order.

In Fig. 3.3 the difference between conventidi® and Bragg-MO can be seen. In conventional

MO we collect the scattered light, while in BraggoMve collect diffracted plane waves.

a light source |:|

focusing lens )

imaging lens

beamsplitter

back focal plane -

objective \—

sample

| H
| Ji}{ focal plane
| H
\ i

0 coherent

light source :|
focusing lens l‘__JI

imaging lens

—

\I

beamsplitter paan

'[/f;. :
[./ imaging plane

L

back focal plane -

- 1
objective (]
L

sample

Fig. 3.3: Comparison between conventional Magneto-Optical Bragg Magneto-Optical systems. In both cases the

incoming light (yellow) is focused by a focusingéeto the back focal plane of the objective, anthésdent on the

sample as a plane wave. The reflected light (blémkjeal-space imaging (a) is a multi-point sourtes transformed

into plane waves by the objective. The sample'géria located on the focal plane of the imaging.Iéfor imaging of

Fourier space (b), the diffracted or plane-wave phthe reflected light is measured. These plaaees are focused to a

point on the back focal plane of the objective.sljplane is imaged on the imaging plane using tfaginy lens.

In this work the main focus of performed measureménon the zero-order of the Fourier image.

Higher diffraction orders from Nbger BSCCO crystals haven’t been detected yet. €asan is

the large noise the system produces. The mainmdasohis noise is diffraction rings called also

“fringes”, formed by diffraction of different optad items in the system. The diffraction signal from

Abrikosov vortices is very weak, and in order te®tve it all these fringes should be eliminated.
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4. Results and discussion

4.1 Conventional magneto-optical measurements

4.1.1 Comparison of vortex dome behavior to theory

Here, an attempt to verify experimentally the getical barrier model [25] discussed in section
2 is presented. Experimental verification was dpaely by N. Morozov in references 26,27. Here it
is done more fully showing one-to-one agreemertt thie model of vortex dome (vortex filled
region) with no in-plane field. To distinguish itape and perpendicular fields, let us denote kire

by H, in contrast with the in-plane field callétl. Let us turn first to experiment.

a

(I

Imiensily |arbiirary|
.

16 300 60 500 500 0o
X |um|

Fig. 4.1(a) DMO B(H,+dH,/2)- B(H,dH,/2) [arbitrary]

measurement of the vortex
dome profile at E16.7 Oe
using field modulation of

Field
down

dH,=1 Oe on increasing field
at T=82 K. (b) Cross section
integrated along the width of  H,[Og]

the strip, marked by white

dashed lines in (a). (c)

_ Field
Evolution of the dome cross up

section upon increasing and

decreasing H The color bar

shows the intensity and is

proportional to
B(H, + dH, /2)-B(H, + dH, /2). X [um]
Blue strips are the dome edges.

Yellow regions are sample edges. Red is outsidsedhwle.

22



Figure 4.1 presents differential MO measumngmesing field modulation of di#1 Oe. Dome
edges are seen as blue regions in Fig. 4.1c. Fig@ehows location of the dome edges upon

increasing and decreasing field obtained from #ta th Fig. 4.1.

700 F T T T T T T T T T -]

50 L _—

BO0 |- (_ .

850 B

800 - B

am - .

350 - .

300 | \ i
VA

H, [O€]

Fig. 4.2Experimental locations of dome edges during irgirepand decreasirtd,. Red and blue curves are the dome

edges for field up scan while green and azuretereldme edges for field down scan.

During field modulation, the flux is kept cdant as can be seen in Fig. 4.3 showing a
theoretically calculateB(x) atH + dH /2. The reason is that during the modulation vort@esot
exit the dome. In Fig. 4.3 the differential domefpe is calculated theoretically on decreasindgfie
while modulating with d&=1 Oe. We evaluate H12.5 Oe from Fig. 4.1c, as the field at which the
dome edges start to appear, and use eq. (2.4jamdth;=40 Oe. The minima points of the
differential curve (red in Fig. 4.3) show the laoatof the dome edges. Plotting them as function of
H, during magnetization loop will produce the cumeFrig. 4.4.
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Fig. 4.2 Field modulation plot of vortex dome foi.;=40 Oe while decreasing,. Blue curve is vortex dormr
for H,+dH,/2 and green curve is vortex dome fordiH,/2 where H=3.67 Oe and d}#1 Oe. Red curve is
their difference. Here d/W=0.1 as it is for oupB,CaCuyOg samples.

(IR=R <
06
0.4+
wH decreasing
r Z
02t _ -
— HZ decreasing
g or — HZ increasing i
a2t e HZ ncreasing -
0.4
0B
08+
i L
0 5 10 15 20 25 30 35 40

HZ [Oe]

Fig. 4.2 Theoretical calculation of the location of voreme edges which is obtained by taking min

points from the differential curves like the redwaiin Fig. 4.3.
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Comparing Figs. 4.2 and 4.4 a good agreeneamiden theoretical model and experimental
measurement is found. On increasing field #13.5 Oe the dome width is about half of sample
width in both Fig. 4.2 and Fig. 4.4 #12.5 Oe seen in the calculation in Fig. 4.4, $®aonfirmed
in both magnetization loop and current modulaticasurements as will be seen later. Both on
increasing and decreasing field, the theoreticakddence of dome edges ongtovides a very
good description of the experimental edges linésisTthe present measurements definitely show

the vortex dome rather than a different flux pheaoan.

4.1.2 Controlled suppression of magnetization hystesis by in-plane
field

In section 2.3, three mechanisms which contriboit@agnetization hysteresis were discussed.
Usually in low pinning HTSC all three mechanismieetf the vortex behavior. It is therefore
important to distinguish between the various cbuotions to the magnetic hysteresis. Thus, finding
a way to affect mostly one contribution in a colitdgle manner is of interest.

In the last decade angular dependence of applidiéldaon hysteresis was studied. It was shown
that in platelet crystals, a one degree deviatidh@applied field angle from the out of plane
weakens the hysteresis by a factor of five [36f ®hentation of the in-plane field with respect to
the crystal axes is also important; one field daéan suppresses hysteresis while the second
enhances it because of linear defects which lisgatme of the crystal axes [37]. Recently the group
of K. Moler measured the interaction of a movingtes with the local disorder potential by
magnetic force microscopy and found vortex pinrangsotropy [38].

Scanning Hall probe microscopy experiments [39fhawealed that the PV mobility along the
chains is considerably higher than in JV-free regiand it suppresses the pinning interaction
between PV and defects, effectively depinning R\vaddition, from previous measurements [13,40-
48] it is evident that PV preferentially enter g@mple along JV, and then enjoy a much higher
mobility along the JV chains [39,40,49]. In-plamgdd was shown to slightly decrease the PV
penetration field. But, until now the prevailingiojpn was that an in-plane dc field suppresses
irreversibility by decreasing pinning effects andreasing mobility of PV along the vortex chains.

However, the striking observation in this wagkhat in a certain region of phase diagram (high
temperatures and low fields), vortex chains supphgsteresis mainly through the geometrical
barrier suppression rather than pinning suppressliatil now there was no experimental evidence
of a particular mechanism in which vortex chaingsess hysteresis.

In order to answer this question, this work is tiarapt to achieve the following:
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(a) Visualize the suppression of vortex dome byesochains using a method never used previously
for vortex chains and vortex dome observation remtrmodulation. (b) Show correlation between
dome width irreversibility suppression to magndi@ahysteresis suppression by an in-plane field.
(c) Explain theoretically how in-plane field moaifi the geometrical barrier. Achieving all this will
provide also an insight into the physics underlyting shaking method [3], which is extensively used
to equilibrate VM.

Au contacts were evaporated onto the surfa8SECO crystal. Instead of modulatirgy or T, a
transport current with periodically alternating quatly was applied to the sample and a
corresponding differential MO image was acquired emegratedtypically over a hundred cycles.

As a result, the self-induced magnetic field getsgtdy the transport current, according to the Biot
Savart law, was measured to a very high precisiath this differential imaging we are able to
determine the distribution of currents as low dsrBA, about 3 orders of magnitude improvement
compared to previous methods [50, 51].

DMO measurements were performed by modulating tineent by di=60mAB(d1/2)-B(-dl/2)
was measured during increasing and decreasira constant temperature T=82 K and constant dc
in-plane fieldH,. The geometry of the experiment can be seen indig Using a typical camera
exposure time of 0.5 sec, each measurement pajuireel averaging oved CCD camera exposures,
first at+dl/2 and then atdl/2, and calculating a difference image. Each DMO ien&sghe average
of 80 such difference images.

Field modulation affects PV density, making 2D exgian and compression of the dome and the
chains. In contrast, current modulation applieshem a Lorentz force, which makes 1D translation
thus succeeding to achieve a better resolutiorurgig.5 compares DMO images of field and current
modulations.

In presence of field modulation (Fig. 4.5 b), tleere is visible as dark contour around the dome
due to the negative local permeability resultirgnrfrcompression of the dome M,. For current
modulation (Fig. 4.5 a), one of the edges of thaelds visible as bright strip while the other askda
due to the small translation of the dome by thegpart current. Inside the dome, diagonal defects
can be distinguished. In the bottom of each pictargex chain stripes are seen outside the dome.
Apparently, current modulation provides more cle@ges. The vortex chains are not visible in the
top part of the images due to poor proximity betwte crystal and the MOI in this part.
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B(dI/2)-B(-dl/2)

Fig. 4.5: Comparison of the same image for two modulatidh& grayscale is proportional to the differentiaB,
while modulating with (a) current modulation of 6-mA and (b) field modulation of dH=1 Oe,H17 Oe and
H,=11.5 Oe while sweepinig, up, taking same averaging. Arrows show samplesdgearrent and fields directions are

shown on the top right.
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Fig. 4.6: Linear dependence of vortex chains separation Mgtff. From theoretical prediction of Eq. 2.1, the atrisoy

parameter ig=406.

Vortex chains appear in the flux free regions al&she dome like "whiskers" parallelith. We
observe the whiskers both in presence of field radaun and current modulation, although current

modulation gives clearer images. The scaling oftdiknce between the whiskers Mg.is
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consistent with vortex chains formed by JVs. Figlu@ shows a linear dependence of vortex chains

separation o,

in agreement with eq. 2.1. The slope of the ftoading to eq. 2.1 gives the
anisotropy parametee406.

Y.Yasugaki et al., [41] succeeded to visualize 8O vortex dome fatd, <30 Oe and vortex
chains forH, >30 Oe using field modulation. In their measuretsgvortex dome appears as black
boundaries perpendicular kg, expands towards the sample edge and finally pgesas. At the
same time white strip structures emerge from adfp@sition at the edge of the sample indicating
the vortex chainddy sweeping [42,43] were also done and it was sesrfah slow sweeping rate
vortex dome is visualized as the flux dominant objerhile for fast sweeping rate JV motion
cancels the dome structure, so that vortex chainde visualized.

Our measurements visualize vortex chains only detdie dome in contrast to Y.Yasugaki.
Dome boundary orientation does not seem to charitipeHy direction and the number of chains
does scales with,Has expected. These differences can be explaingaelfact, that their sample
geometry is not long strip but a square sampledaas not allow vortices enter the dome through
vortex chains. If so, JV can be seen only where &¥s&t to decorate them, and PVs are only inside
the dome.

In Fig. 4.7, DMO images of current modulation aregented. Each image is taken from a
separatéd, loop, on decreasing,, for a differentHy value. Vortex chains with different separation
can be seen in the bottom of each image, conneittengulk vortex dome with the edges of the
crystal. The density of chains has an affect ordtirae width. As we risklx from H=0 Oe to
Hx=17 Oe , the black strip, which indicates the damige, is moving up and the white strip which
indicates the opposite edge is moving down deangagirtex dome width.
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Fig. 4.7 Comparison of images with differert while sweepindd, down. T=81.9 K E=10.5 Oe dI=60 mA. The
dashed white lines show where vortex dome profds measured.

The measurements in Fig. 4.7 could not bealized so efficiently by any technique other than
magneto optics. Magneto optics gives us immedidtedydome profile in very high resolution and in
the range of the whole sample, thus making it jdes$o observe clearly the instantaneous changes
of whole vortex dome profile by changing the fields

There are many parameters affecting the ge@akbarrier. It was shown theoretically [27] tha
prism geometry samples do not have geometricaidogsyiand magnetization loops of platelets and
prism shaped crystals were compared to show tlsiefesis of the latter is weaker and closes at
lower fields than the former [52,27]. Our measurete@xpand this finding and show gradual
contribution of vortex dome to hysteresis by aplane field rather than the discrete effect of
changing sample geometry [52]. Our purpose now &et the effect of an in-plane field on
geometrical barriers and on hysteresis, showingreelation between the two.

In Fig. 4.8 we see a profile of the data alongwhé@e dashed lines in Fig. 4.7, where the y axis
between the dashed lines was averaged. We measkige 4.7 the upper bright strip of vortex dome
profile, and take an intensity threshold of 1 téedethe point where the dome starts to appeas Thi
point is the definition of the parameter b, whicasaiscussed in section 2.3.1. The point b can be

seen in Fig. 4.8. We take here the location polmne& the dome starts to appear, as this is the
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determination of b. An intensity threshold of -Ida¥il for the intensity minima and maxima was

chosen, as an indication to the x location wheeeditime starts to appeatr.

Sarmple Edges
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Fig. 4.8:Intensity profile inside the region marked by wrdeshed lines in Fig. 4.7. Sample edges and douiih are

shown. Intensity thresholds of 1 and -1 for the imaxand minima peaks respectively are defined esltime edges.

The profile in Fig. 4.8 results from the Lorent
force that shifts the dome. Figure 4.9 shows
two vortex domes which were shifted by the
current. Their difference reproduces the
experimental result of Fig. 4.8.

Using the threshold analysis of Fig. 4.8 th
curves in Fig. 4.10 for positivd, were
obtained. A4, increases, vortex dome edge
position becomes progressively more
reversible, as the separation between the

curves on increasing and decreadihg
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Fig. 4.9 The effect of applied current on dome positione
dome was calculated using Eq. 2.6, and shifteditqtia&ly
to the right and left to show the effect of appleedrent. The
red curve is the expected differential profile tamplains the
experimental curve in Fig. 4.8.4#40 Oe was used here.

diminishes. In Fig. 4.10, hysteresis is about to
close at =17 Oe suggesting that this is the field needesbtalibrate the dome. In Fig. 4.11 we

plot the width of the hysteresis at49.4 Oe as marked by the dashed lines in Fig. Z40.kinds

of hysteresis will be studied: hysteresis in donrthvor equivalently in dome edges locatlmand
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in local magnetization determined ByH,. Both types of hysteresis will be evaluated atgbmt
H.,=9.4 Oe to obtained the largest effect. The twesypf hysteresis could be different if other
sources of irreversibility, like pinning, are preséNe expect that pinning plays relevant role, and
JVs help to overcome the pinning force by enhanttiegmobility along the chains. However, as
shown below, we find that for 420 Oe and high T=82 KHy affects hysteresis in local
magnetization mainly through geometrical barrier.

Figure 4.11 is obtained by subtracting the valddsan decreasing and increasidgat H=9.4
Oe for the variously curves. Clear vortex dome hysteresis suppressidiy loan be seen. ForED
Oe the hysteresis width &=25um, while for H=15 Oe it isAb=5 um, showing hysteresis
reduction by a factor of five from,H0 Oe to H=15 Oe.

b [rm]

10 20

H_[Oe]

Fig. 4.10: The location of vortex dome edbéH,) while sweepindi, up (blue lines) and down (green lines) for various
positive in-plane fields. The poinbgH,) were obtained by threshold of 1 described in &if. In the measuremerits

was swept in steps of 1 Oe frong=8 Oe to 20 Oe and back.
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Fig. 4.11: Width of the vortex domr edge hysteresis vs. x obtained from the dain Fig. 4.10 at 1,=9.4 Qe.

Now let us observe the effect of in-plane fieldagnetization loops. Figure 4.12 shows various
magnetization loops for different values of in-gdreld. The dashed lines show where the
hysteresis will be evaluated. Figure 4.13 showsnagzation hysteresis suppression with an in-
plane field calculated the same way and in the datteH,=9.4 Oe as in Fig. 4.11. According to
Fig. 4.13, for H=15 Oe the width of the hysteresis\iBB-H;)=1.5 G while for H=2 Oe it isA(B-
H,)=7.5 G. As in Fig. 4.10, here also hysteresigikiced by a factor of five fromy=2 Oe until
Hx=15 Oe suggesting that one hysteresis behavios leathe other. The functional dependence in
Fig. 4.12 and Fig. 4.10 also looks quite similaneTequilibration field for which the hysteresis is
about to vanish k17 Oe is evident also in Fig. 4.12. In contragbrevious studies [40,49], Fig.
4.12 does not show a decrease in the first peratrield H,. It seems that fremains constant vs.
Hy.
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Fig. 4.12:Local magnetization loops of BrL,CaCyOg sample for various positive in-plane fields. Theasurement is

an average on square 10X1®? in the center of the sample.the measuremenks$, was swept in steps of 1 Oe from
H,=0 Oe to 20 Oe and back at T=82 K.

] 12
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Fig. 4.12: Suppression of local magnetization teresis by i-plane field. The hysteresis is evaluated by subirg

the magnetization of field up scan from field dogsean for B=9.4 Oe. This is shown as dashed lines in Fig..4.12
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Hysteresis suppression with increaskhgcan be also compared for these two cases. Acaptdin
Eq. 2.6 we expect that hysteresis in the dome bdgall give rise to hysteresis in B, and thus also
in B-H. However this is true only if the geomettibarrier is the dominant source for hysteresis, an
there are no significant effects of pinning and Btlrface barriers. Here we will check the
geometrical barrier dominance.

Experimentally a similarity in hysteresis suppressivithH,can be observed. This will be
presented for negatitgy to show that the sign of in-plane field does riwdrgge the similarity. In
figure 4.14a vortex dome edge loop for=HL5 Oe is shown, and it is compared to the magaidin
loop for the samel,. At H,=12.3 Oe marked by the dashed line, a strong rigsucan be
distinguished in the magnetization on increasiefifigiving rise to significant hysteresis reductio
for H>12.3 Oe. At the same field#2.3 Oe, the irreversibility in dome edge is ctbsempletely.
This suggests that the sudden suppression in theatiaation hysteresis is caused by the fact that

vortex dome ceases to contribute to hystereslasapoint.
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Fig. 4.14: (a) Dome edge loop as functionHf (b) Local magnetization lodB-H, as function oH,. At H,=12.3 Oe a
sudden decrease in magnetization is observed fetldwy significant suppression of the hysteresi® ififeversibility
point of dome edge in (a) also corrssponds todineesH=12.3 Oe. K=-15 Oe, T=82 K.

As can be seen in Fig. 4.10, the decreasing fidddh of the loop (green) gradually approaches

the increasing field branch (blue) upon increasingrhis decrease in dome edges location for
decreasingd, which leads to equilibration can be observed aidéig. 4.15. This figure shows the
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location of dome edges for#lf Oe on decreasing field in Fig. 4.10 for differek. It can be seen
that while risingHy, vortex dome reduces 35% of its width from&440um to Wyome=290um
while increasindHx from 0 Oe to 17 Oe, proving a very strong efféddtg As expected, the
equilibration field |H|=17 Oe is visible here, as we see a constant dadik above |H=15 Oe.
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Fig. 4.15: Location of the two dome edges t#. Every point is taken from a separatgloop while sweepingi, down
at H=7 Oe. Inset: the dome width |4, showing equilibration for [{j>15 Oe.

Our novel explanation to the way in whichHcfield suppresses hysteresis is based on the
statement that JV create 1D channels (which wexalized in Fig. 4.7) from the sample bulk to the
sample edges. Along these channels the potentiatext by shielding currents is reduced and vortex
exchange between bulk and surface is possible.rAsudt, the geometrical barrier is suppressed. In
Fig. 4.15 we see th&t, changes dome edges, and thus affects the efficanortex exchange. We
will now try to explain this effect based on theeret models of geometrical barrier and JV-PV
interaction.

Let us try to understand theoretically theagian in which there is @ortex dome with "whiskers"
of vortex chains in the flux free regiolRor this, we need to calculate the reduction oferoenergy
due to interaction with JV in order to explain thag whiskers sticking out of the dome.

Basically an in-plane field does two things to éWanges JV out-of-plane separation by eq. (2.2)
and changes JV in-plane separation by eq. (2.15ign4.6 the anisotropy parameter was measured

to be y=406. In section 4.1.1 another important parameter wasiodd by showing agreement
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between theoretical vortex dome width to experiménivas found that H(T=82 K)=40 Oe. Now
we can use these results in our calculation ofgpesr
According to A. Koshelev [8,12], the intermtienerg}/ between single JV and single PV is given

e 2l
X 2 2 355
4 4 S'InT 041

ab

by

where Aap IS the penetration depth, s is the Gu@anes separation, andis the anisotropy
parameter. The c-axis distance between JVs is diyezqg. (2.2). Assuming sample thickness d, the

total number of JV layers is

- <[

c

0.

Thus total interaction energy is the sum of inteosms between PV and all the JV across sample

thickness and is given i, (H,) = N - E,. We have estimated from the measurements thenioip

parameters: H=40 Oe, y=406. Substituting also the typical values for BSCCO :
ﬂ’ab(T = O) _ ﬂ’ab(T = O)

\ﬁ_(TT)Z 04

_ JH
s=15-10°um , $=20.7G- um®  we obtairE, (H,)=N-E, =- 26¢ =

Aab (T=0)=0.2um, soi_ (T =82K) =

where we used, = % in order to write the energy in termsayf andHy is in units of Oe.
T

T. Tamegali evaluated [53] the crossing energy exytally and found it to be significantly larger

than the theoretical prediction, with a ratio gﬁ = 015. If we use this ratio we obtain
ex

X

Ext(Hx)=—%eod (4.3)

Shielding currents are location dependentyasseen in Fig. 2.8b and 2.5. Therefore, Lorentz
force applied on PV is also location dependent. dréex energy per unit length due to the Lorentz
force is given by [25,54,55]

£(X) = &, (L+ :—”VIVJ ,(H)dt) (44)

cl x

According to the geometrical barrier model [25§ thurrent is given by Eq. 2.7.
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For b<x<W-d/2 if we usel, = 20 we get

0

£(X) = £,{1- 2[W - e+ 2W* | (x,b, )]} &.
d V4
b
ow @ () ()2
where I(x,b,e) = [ arctan Vt\)/ S W gt ®
XIW (1_(W) )((W) -1%)

For x>W-d/2 we have to add the linear potertiad to elongation energy described in section
2.3.1.

g(X) =eo{1—§[\N—e+%W* | (x,b,e)]—[g(x—(W—%)]} :eo{l—g[x—e+%+§w* I (x,b,e)]}
WhenH; is varied, b and e behave as was described imeetB.1. Using this, we can plot

energy across the sample for variblysThis is shown in Fig. 4.16. It coincides with th&ves in

Ref. 25. Figure 4.16 shows that there is no bafolevortex penetration fad>H,, because

g(x) < 0everywhere. In presence of JVs, the energy of Pfb&reduced by E given by Eq. 4.3

to penetrate along the JVs, and this is the exgtamaf images in Fig. 4.5.

Fig. 4.16 Vortex energy across the sample for vario,. The green curvH,=H, correspond to the

equilibrium penetration field, but vortices startenetrate only at higher+H, due to the energetic barrier at
the edge.
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Now we can understand the gradual suppressionroéduysteresis bMy. Hy raises the JV-PV
attractive interaction, and thus lowers the engdwrrier for vortex exit. For §0, [25] there is no

thermal activation over such an extended barriaichvinvolves macroscopic energy of- g, (eq.

4.3). However in the chains scenario, we see kbimextended macroscopic barrier reduces, and due
to thermal fluctuations of PV, some percent ofvewill overcome the barrier according to
Maxwell-Boltzman probability function. Raisirtdy will increase the probability and thus contribute
more to vortex dome equilibration.

Thus, the suppression of dome irreversibility vatiains was visualized by using a new method
for this purpose - current modulation. It was fodhat the in-plane magnetic field, which dictates
chains density, tunes the dome reversibility. Threng is made by tuning the c-axis density of JV
and thus tuning the interaction between JV andd®®ercome the barrier strength. Measurements
of hysteresis were provided which show direct ddpene and strong correlation between the
irreversibility of the dome behavior, and the ireesibility of the sample's magnetization. The
correlation was shown both as a functiortHgindHy. Vortex dome contribution to hysteresis
caused by the in-plane field was separated fromratbntributions to hysteresis. Magnetization
hysteresis for high temperatures and low fieldrasnly due to geometrical barrier. This hysteresis
can be suppressed by in-plane field which has arefiect on geometrical barrier.

These finding can explain the mechanism that sigspeethe geometrical barrier in presence
of vortex shaking by akly [3]. Apparently PV can penetrate the sample andemoto or oubf the
vortex dome along the whiskers formed by JV.

Thus we confirm the hypothesis that magnetizatigsidresis is affected in a controllable manner
by an in-plane field through its effect on vortente hysteresis. This effect is shown to be achieved
by creating vortex chains which serve as 1D chanioelflux exchange between sample bulk and
the sample edges.

4.1.3 Phase transitions from 2D vortex dome to 1Chains

Another novel phenomenon which was observed irethesasurements is a phase transition from
2D vortex dome, to 1D vortex chains with edgesragea as a dome profile. This phase transition
occurs only whem; is swept down, and thus may be a source of irsdverbehavior. However
there is a minimal fieltHy, only above which a phase transition is seen.etjlibration field from
the previous sectiond15 Oe was chosen to show the phase transitioigirdF.8. During the
phase transition, apparently much flux exits thafga. The phase transition occurs at6126 Oe.

For fields above H6.26 Oe the dome is observed and the dome widttedses with decreasih.
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However for fields below E#6.26 Oe chains are formed and their edges expavards the sample

edges with decreasirtdy..

320 400 480 G600 B40
X [um]

Fig. 4.18: Phase transition from (a) 2D vortex dome to (b)viditex chains while sweepind, down for H=-17 Oe.
dI=60 mA. (c) Evolution of dome profile on decreasH, at H=15 Oe. The signal was integrated over the strigketh
by the white dashed lines in (a). A1=#6.26 Oe there is a phase transition from domé&ins. For £k6.26 Oe we see
that the location of chain edges increases towdelsample edge with decreasing the field.

To understand this transition, let us take a laak@energy inside the dome by using Eg. 4.

The energy inside the dome is givendy go{l—g[\N—eJrEW* [ (b,b,e)]} wherel(b,b,e) is
T

given by Eq. 4.6. It is plotted in Fig. 4.19.
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Fig. 4.19:Energy inside the dome given by Eq. 4.6. The blaxekshows the zero energy curve. The pink arroswsh
the trajectory of decreasirty.

WhenH; is decreased along the pink arrow in Fig. 4.18pate field the energy inside the dome
turns to be positive, as can be seen in Fig. 4:4é.structure of PVs rearranges from the dome
configuration to the chain configuration, as isrsgeFig. 4.18. After this phase transition, the
concentration of PV increases much on the 1D chaimg elastic repulsion between PVs results in
their exit outside the sample as is evident in Ei@8c.

A theoretical explanation to the phase tramsitvas described in Refs. 8,12. It considers the
phase transition to be as a result of an energuedileration between the PV-JV attraction energy
given by Eq. (4.1) and the PV elastic repulsionrgnén the chains. According to E. Koshelev
[8,12], the critical field for a stable chain wi#V/ repulsion is given by

4
H, = (4.8)
ﬂ’abdab In( C;':Jlbys)

2
ab

whered,, is given by eq. (2.1). This means that the isolatetln state is stable wheh andHy
satisfy the following inequality:

H 2 24,

z

<
H, \/:_3‘7'/1abz'|n2(iabzs)

ab

(4.9).

All these features of crossing lattices agree vl with our experimental observations.
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Eq. (4.9) shows weak dependence of the transitiam pnH,, and indeed checking the rangaif
from O to 20 Oe showed only a small variation @f fihase transition point from#b to 7 Oe.

4.2 Vortex behavior in presence of periodic surfacholes

As was discussed in section 2.3.2 and was shoWwigin
2.10, any kind of inhomogeneity in the crystal ssras a
potential well which pins vortices. In order todyuhis
effect, artificial pinning of different types is fparned in our
lab. Earlier in our lab, S. Banerjee [56] and Nraham [57]
studied BSCCO with columnar bulk defects made avie
ion irradiation. BSCCO samples were irradiated iithh
energy ions of Pb, and columnar defects disordierdee a-b
plane were obtained.

For measurements presented in the current work, the

focus is on another type of artificial inhomogeestiperiodic

surface holes. BSCCO samples, prepared in ounate
patterned with periodic surface holes arrangec

in a triangular lattice. The typical spacing
periods range from 048m up to a few microns.
Surface holes were created on a square regio
170X170un? using the focused ion beam (FIB
facility either in the Technion (Haifa) or Bar
llan Univ. (Ramat Gan). An example of a
hexagonal array with lattice constait 2.17
um, is shown in Fig. 4.20.

The goal of section 4.2.1 is to discuss the

Fig. 4.2( Surface holes iBi,S1,CaCi,QOg crystal made br
static behavior of vortices in the presence of  focused ion beam: (a) zoom out, (b) zoom in images.

surface holes, while section 4.2.2 presents trahsp@asurements which point on dynamic
properties.

Statically, we expect that columnar defects pronaigerder in vortex matter while surface hole
promote order. Dynamically, at temperatures abov@s$uming that the current flows mainly on the
sample surface where the contacts were evaporageexpect to see reduced conductivity in surface
holes compared to pristine region because of rebllooaducting materials, in contrast to columnar

defects. And indeed S. Banerjee did not distingthehpatterned regions above T
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4.2.1 Matching effect and melting with field moduldéion

Using field modulation on the patterned regioneayvinteresting physical phenomenon can be
demonstrated. This phenomenon is called matchi@8®®. When the applied field corresponds to a
vortex density which is identical to the hole denstnhanced pinning and reduced compressibility
of the vortex matter is expected. A vortex phadeene every vortex sits on every hole, is formed
and there are essentially no free remaining vaticéis state is energetically favorable and wadlys
SO up to some elevated temperature. In this stagxtna vortices will be allowed to enter the
patterned region. Matching fields [58,59] are gigrthe formula

5 m-B, (4.10)
where B, = ¢—SO = \/gf;)z , S is the area of a unit cell of the holes ardaig, the interhole

distance and m is an integer number.

Figure 4.21 presents a DMO image of the BS@6Gtal with field modulation showing a region
patterned by periodic surface holes
with a lattice constant of d3im
corresponding to 823.9 G seen in
the image as a dark square, because
reduced vortex reversibility in this
region.

Figure 4.22 shows the signal,
integrated over the entire patterned
region versus temperature and field.
dB/dHis represented by the color. Th
blue region is the irreversibility region
of vortices wherelB/dH s close to
zero. Modulating the field does not
move the vortices and thus B is
constant. The red region is the

reversible region wher@B/dH=1 In
this region pinning forces stop playing

arole. As can be seen, the matching Fig 4.21: DMO image of th measured BSCCO sample wdH,=1 Oe,

field in Fig. 4.22 is |=25 Oe. It H,= 25 Oe and T=83.3 KThe patternedegionis seen as a dark square

agrees with the calculated£3.9 The black triangles on the top right side are mtgm®mains of the MO
G. The reason for the difference indicator.
between experimental and calculated matching feelecause H>B in mixed state (see Fig. 2.4b).
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At the matching field in Fig. 4.22 the blue irresile finger extends to slightly higher temperasuyre
demonstrating that pinning forces play a stronglr at matching fields. Further details about the

dB/dH
1

H [Oe]

matching effect can be found in Ref. 35.
Fig. 4.22Matching effect in BiSr,CaCyOg sample using field modulation. Color represetBsgdH At H,=25 Oe,

enhanced irreversibility of vortex matter is digtiished. It agrees with the calculateg23.9 G.

The same kind of measurement in the pristine (atiemed) region visualizes another interesting
effect called vortex melting. Theory predicts thaing the temperature will lead to increased
thermal fluctuations, which lead to melting of threlered lattice into a vortex liquid of mobile flux
lines [60]. This melting transition is a thermodyma first-order phase transition [58] associated
with a loss of translational periodicity [62]. Quasdered Abrikosov lattice turns into randomly
fluctuating vortex liquid and the long range oréelost. This effect was measured for the firstetim
in our lab in 1995 [62]. The melting transition Wik explained more quantitatively in section 4.3.

The melting transition in Fig. 4.23 is seen asrk ded strip on a red background. The melting
phase transition occurs in a region where vortettana reversible. The main reason for vortex
irreversibility is the pinning force due to sampibomogeneties, while the reason for vortex
solidification below the melting line is the repuls interaction between vortices [62]. The dark red
color of the transition line indicates that vortdensity jumps up at the transition, which is n@ th
general case in molecular melting:(His an example of molecular melting anomaly wlaghibits
higher density in liquid water phase than in sad&l phase like the vortex melting.
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Fig. 4.23Vortex melting in pristine region of EBrL,CaCyOg seen here as dark red strip in red domain ditfdH>1

4.2.2 Edge and bulk flow by current modulation

Another interesting direction is observing 200

| 1

B narluo- T
vortex dynamics in the hole patterned region. This 150 " liquid iLhOm"ge"e"“s
_ i ’ liquid
can be done by current modulation. Y "
inni i iti ; o A By exp(-T/7,)
The pinning energy for the interstitial vorsce = 100t 1 Ze 2

is predicted to be weaker than that of the pinned

vortices [63, 64], resulting in new heterogeneous s _eoc
w =

phases of the vortex matter [65, 66]. Current

0 L L L

50 60 70 80 90
. T(K) .
resolve this new state of vortices called vortex "9 424 Vortex matter phase diagramBi,St.CaCi,O

L . with columnar defects taken from Ref. 56.
nanoliquid. In presence of columnar defects it was

modulation was already used in our lab [56,67] to

found that current modulation is much more sersitovvortices that are pinned by columnar defects
and thus can detect a small amount of pinned (fed)l vortices, while field modulation is sensitive
mainly to the majority of mobile vortices which atelocalized in the nanoliquid state. This is
because field modulation measures how many voréingsy/exit a region in response to an external
modulation dH. This does not detect regions with pinned vortaaesve the depinning line of the

interstitial vortices because any change in flunsiky can be achieved by a change in the number of
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interstitials, which are fully mobile. However, ping suppresses vortex motion, and thus
suppresses dissipation of energy and as a regidingewith columnar defects have higher critical
current.

Figure 4.24 shows the various vortex phases in@3@ith a low dose of columnar defects.
The pristine melting line, B, is shown in Fig. 4.24 by the black line while thelting of the
interstitial vortices in presence of columnar defe®,“° is shown by the blue line. The resulting
nanoliquid phase consists of liquid droplets iniated in a porous solid matrix of pinned vortices.
Current modulation revealed the melting of thisqua solid matrix into homogeneous liquid,B
shown by the red stars in Fig. 4.24. The theorkliicgs8,69] to the data, is shown by the red line
Fig. 4.24 and fits the experimental results.

As stated in the beginning of section 4.2, we itigase periodic surface holes. It will be
interesting to apply current modulation to thisckof defects and see if similar results are obthine
D. Fuchs et al., [70] found that the B-L surfacerieas for vortex penetration discussed in sec#ion
force the current to flow mainly at the edges of8® crystals rather than uniformly in the bulk.
The current flow can be divided into three modessshschematically in Fig. 4.25. At low
temperatures material disorder pins the vorticespavents their motion, resulting in a finite
critical current. In this case the transport curismexpected to flow in a way similar to the case
the Meissner state wheBad{X) is expelled from the sample as shown in Model(edhe presence of
significant surface barrier, the transport curf@ws at the edges of the sample as shown in Mode
(b). Vortices enter and leave the superconducttiveaédges, and the current drives the vortices ove
the barrier. In a highly dissipative state, therent is expected to flow uniformly across the sampl

as in a normal conductor, as shown in Mode (c).

“(j) (b)r T c)
a C
BJ—r =

X=-W X=W

Fig. 4.25Flow modes in BiSL,CaCyOg sample. (a) Bulk pinning state dictates zero mégfield change B=0 in
sample bulk. From inverse Bio Savart law this gi@esurrent profile that has a maximal flow at tdges. (b) The main
energy is required for vortices to overcome surfaagier for entering and exiting the sample, amastcurrent flows

mainly at the edges. (c) Uniform current flow avalted temperatures. Figure taken from Ref. 71.
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In Fig. 4.26 the BSCCO sample is seen in a DiM€xasurement with current modulation di=60
mA , T=77 K and H=82.2 Oe. The grayscale in evamnpof the image scales witB(dl/2)-B(-
dl/2). Let us denote hef@s= B(dl/2)-B(-dl/2) The contact locations are denoted by curved brown
lines. The current flow directions in the samplékare shown by the orange arrows. The patterned

region is seen as a square above the green reztang|

Fig. 4.26 DMO image with dI=60 mA, T=77 K and H=82.2 Oe.dRectangle: inside patterned region at the lowigee
of the region. Green rectangle: outside patteregin. Purple rectangle: inside the sample. Bluéside the sample.

B [arbitrary]
90 6

Figure 4.27 shows cross section near the
edge of the sample for various temperatures g5
integrated along the width of the strip marked - ----- - - 0
by white dashed lines in Fig. 4.26. The three
current flow modes in the figure are separated ;5. , " | -

by two black dashed lines. It shows agreement
70

with the current flow modes in Fig. 4.25.

-6
The three current flow modes at the sample  !!* Y o g 120 M

edges are shown in Fig. 4.28, integrated OverF'g' 4.27: Differential measurement with curit modulation

. .. ofdl=60mA. H= 46.9 Oe. Temperature scan is made and
the blue and purple rectangles regions in Fig. _ _
cross-section near sample edge is preseiitage flow

4.26. The transition lines in T-H phase regimes can be sedtwo black lines show the separation

between the regime.
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diagram between the modes show good agreementheithodes transition lines discovered by D.

Fuchs in our lab in 1998 using arrays of Hall popél]. _
Bsr [arbitrary]

=
3
4
5

Bsr [arbitrary]

bIs

7

lm - = - -/ N

70 74 80 8 ]
TIK]

Fig. 4.28Average ks measured near the edge of the sample, corresgptaithe (a) purple and (b) blue regions in |
4.26. The modes are illustrated on the correspgnulirase regions, and the integrated region is rddrkeectangle.
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As expected, both figures 4.28 show the sametiton of transition lines between current modes.
The modes in the figure are colored differentlyd ane accompanied by illustrations of the relevant
modes with measured region marked with dashedngletaThese are the modes (a), (b) and (c)
from Fig. 4.25. In mode (c) in both figureg® B(dI/2)-B(-dI/2)~2 which means that the edges of
the sample are not seen. This agrees with ther¢@)go— sample edge does not change the sign of
the self field. In mode (b) Fig. 4.28a showg86 while Fig. 4.28b showsds=6, which
demonstrates an edge flow of the current accontdirklg. 4.25. Finally in mode (a) Fig. 4.28a
shows Br=0 inside the sample while Fig. 4.28b shows=H3 outside. This corresponds to the bulk
pinning mode (a) in Fig. 4.25.

Let us examine now the current flow modes at tlgesaf the patterned region. One would
expect some level of similarity to the result offichs et al., [70], because there would be adrarri
for vortex entrance to the patterned region madiéyepulsive interaction with the vortices
already pinned by a hole. The pinned and the higgightive states are also expected to be
reproduces inside the patterned region.

The strip between the white dashed lines o Ei26 was integrated, and line scans like Fig.
4.29a were obtained for various T and H valuesndufi scan. Figure 4.29a showd a@can withl
modulation for H=78.2 Oe. Three flow regimes are resolved and a&garby the black dashed
lines. Figures 4.29 (b), (c) and (d) show threeaspntative current profiles, one from each regime.
Regime 1 is a low temperature regime whege 8 inside the patterned region. Regime 2 is an
intermediate temperature in which flow concentraiethe edges of the patterned region. Regime 3
is present at high temperatures and correspondsrnmgeneous flow in the patterned region which
seems to be reduced comparing to the flow in pestegion.
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Fig. 4.29 (a)Differential measurement with current modulatiordsf60mA. F,= 782 Oe during temperature sci
Three flow regimes can be se@wo black dashed lines show the separation bettveeregimes). A representative
of each regime is presented: (b) regime 3, (cymed?, (d) regime 1. Patterned region edges andleagdges are
shown denoted by dotted lines. Profiles are evarager region between dotted lines in Fig. 4.26.
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Regime 1 in Fig. 4.29 is similar to the bulk pingnimode Fig. 4.25 (a). Inside the patterned
region there is zero differential field becausersgrvortex pinning by holes occurs. Regime 2 is the
regime where vortices have a barrier to enter #teeped region because of repulsive interaction
with the pinned vortices, thus the current behdikeswith surface barriers in mode (b). Regime 3 is
similar to the uniform flow in Fig. 4.25 (c) excdpt one interesting detail; current direction seem
to be reversed.

A way to understand the reversed current is tlauthform current density in the patterned
region is less than in the pristine region, resglin a relative negative flow. The reason mayhae t
for high temperatures the patterned region hasciediuesisitivity because of reduced conduction
material. Thus, at elevated and low temperaturésipday the opposite role. At low temperatures
they lower resistivity of the patterned region layrpng the vortices, while at elevated temperature
they raise the resistivity by reducing the condurcinaterial. Interestingly, a similar behavior was
reported in our lab in the PhD thesis of Dr. Aleoitfel 2001 [72]. He found that at low
temperatures current is attracted to a defectdrctistal and exhibits enhanced flow, while cloge T
both above and below,Tcurrent avoids the defect.

Let us discuss the differences between regicred2egime 3. In regime 2 all pinning sites are
occupied, and thus vortices that enter the pattlieregion experience a repulsive force. This
behavior is of the same physical nature as wasisigtl in section 4.2.1 and plotted in Fig. 4.22. In
Fig. 4.27 at T>84 K there are no barriers for vogienetration and the current flow is homogeneous.
We conclude that in this regime vortices are ddioed and no longer pinned. Thus the transition
line from regime 2 to regime 3 is the delocalizatime transition where a nano-liquid state melts
into homogeneous liquid.

We now find the transition lines change over T-lagdhdiagram between the three flow regimes.
The green and red rectangles in Fig. 4.26 arecpems over which signal is averaged.

In Fig. 4.30 self field measurements from currentiolation obtained near the inner side of the
patterned region (red rectangle in Fig. 4.26) aesented. If we look at Fig. 4.29 (a), we will see
that measuring near the inner side of the patteregidn located at sample coordinate=@#4®will
reveal the starting point of the blue strip. ThiguFe 4.30 shows the transition line between regime
1 and 2. The transition is colored by the greencathere B=0.

The black dashed line shows the pristine melting ineasured by field modulation dH=1 Oe in a
pristine region of the sample close to the pattenegion. These two lines agree. Thus we conclude
that the transition between regimes 1 and 2 iptistine melting line. This result will be explathe
later following Fig. 4.32.
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Fig. 4.30:Measurement near the inner edge of the pattermgohreThe transition between regimes 1 and 2 is sdgle
Bsr turns from positive to negative indicating thensiion line between the regimes a3=B0 colored here by green-
yellow. Pristine melting line is marked by the Matashed line. An agreement between the two linasbe seen. The

steps in the green transition line are seen bedhesdiscreteness of H which was measured in stieps Oe.

In Fig. 4.31 the same kind of measurement out$idgatterned region (green rectangle in Fig.
4.25) is introduced. If we look again at Fig. 4.2®&a will see that measurement right to sample
coordinate 64@m will demonstrate the place where the red strjpeaps. Thus it visualizes the
transition between regimes 2 and 3.

This transition as discussed before may be sintoléine vortex delocalization line introduced by S.
Banerjee [56,67] and shown in Fig. 4.24 as When vortices delocalize from the surface hdles,
barrier disappears and uniform flow begins. Thefiemal dependence of the delocalization line
looks similar to Fig. 4.24 even quantitatively. Bdines reach the value H=150 Oe around T=80 K.
The transition line in Fig. 4.28 seems to be exptiakobeying the same behavior 971% as the
result of S. Banerjee. The homogeneous liquictdtatks differently in our measurements
compared to S. Banerjee because heavy Pb ionstdatmmaluce reduced conductive material while
surface holes do introduce. For this reason imt@asurements the patterned region was not

resolved in the homogeneous liquid state whileunroeasurements it is resolved.
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Bsr [arbitrary]

H [e]

Fig. 4.31Measurement averaged over the green rectandie isample marked in Fig. 4.26 outside the patteragion.
The red colored region is regime 2 where curremwdl at the edges of the patterned region andideistified as a
nanoliquid phase. The blue colored region is reddméhere a homogeneous current flow in vortex topfiase occurs.
The red strip in the black rectangle region indisahe melting line.

Let us now focus on the area in the phase diagfdfigo4.31 inside the black rectangle. A clear
red strip can be distinguished. Figure 4.32 (ajvsh@® zoomed view of the region marked by the
black rectangle in Fig. 4.31. Figure 4.32 (b) &dimodulation measurement gl Oe of a pristine
area in the sample near the patterned area. Témihrthe two figures clearly coincide, which
suggests that the red line in Fig. 4.32 (a) conerdp also to the melting line inside the patterned
region. It is visualized by current modulation the same reason as the results in section 4.1 were
visualized, see Fig. 4.9. This result remarkabhgag with the result obtained by S. Goldberg in Ref
35. She succeeded to visualize melting in the pegteregion by shaking method, and it appeared to
be located at the same temperatures and fieldegwistine melting line .
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Fig. 4.3Z Melting line for low H fields. (¢ Curren modulatior visualization of melting line (red) inside t

patterned region. (b) H modulation visualizatiomadlting as dark red line in the pristine regiohe3e two ok
lines clearly coincide confirming the same agredand&tusses in Ref. 35. In this Ref., patternedbremelting

line was detected by shaking rather than by cumarulation.

53



Now we will try to explain why the meltinghk coincides with the onset of current flow at exdge
of the patterned region. Multiterminal flux transfeer measurements made in our group [73] and
Corbino disk geometry measurements [74] on BSCG@aled that the melting ameaxis
decoupling transitions occur simultaneously atladiswation transition of the vortex lattice.

Thus below F, surface holes pin the whole 3d stack of coupkatcpke vortices. Pinned 3d
stacks in the patterned region make the pristinst&cks entrance more difficult. However aboye T
only surface 2d pancakes are pined by the holelesHin 2d pancakes much weaker than they pin
the whole 3d coupled stack of pancakes, and asudt lilk pinning is lowered increasing the
relative importance of edge pinning. As a resuidbve T, 2d pancake entrance into the patterned
region is enhanced and the onset of current edgedtives the 2d pancake vortices into the
patterned region helping pancakes to overcomedye barrier of the patterned region. The edge
barrier raises from the repelling 2d pinned pansakéus, the delocalization line, in Fig. 4.31ths
delocalization of 2d pancakes from surface holes.

Concluding, three regimes of current flow are iifeatt in the patterned region. This indicates
three corresponding regimes in vortex arrangenternhe lowest temperature regime, 3d stacks of
pancake vortices are pinned in the patterned rggeen by enhanced current flow compared to
pristine region flow). In the pristine region vaes are also in a solid phase, and as a resulnpris
vortex lattice is pinned in the a-b and correldatethe c direction in the pristine region and thus
vortex flow is suppressed because of enhancednarigsinning [75]. In the intermediate temperature
regime both the pristine and the patterned regiwadiquid. Mobility in the pristine region is
enhanced while the bulk pinning is reduced botinépatterned and pristine region as a result of c-
axis decoupling of pancakes. Thus edge effectiseopatterned region begin to play more important
role in this regime, and this results in currergeeflow. In the high temperature regime, 2d pansake
delocalize from the surface holes and all vortaesin a liquid phase, giving rise to homogeneous
flow which is slightly reduced in the patternedicggdue to reduced conducting matter. The T-H
range of the transition from nanoliquid to homogrreeliquid is close to the one obtained in
BSCCO irradiated with columnar defects (see Fig4).

These results are intriguing. Further flux transfer measurements of BSCCO samples patterned
with surface holes are needed in order to confirat in the liquid phase bulk pancakes penetrate
into the patterned region while surface pancakegemed by holes. To obtain quantitative values
of current, it is possible to perform a currentdrsion calculation, as suggested in Refs. 31,76-78.
Current inversion analysis to the measurement&pted above can provide better understanding to
the resolved flow regimes. This will give a moreagtitative understanding of the vortex scenarios

which were explained in this section.
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4.3 Long range order examination with novel Bragg Mgneto Optics

The experimentaB-T phase diagram 10° R SRR :
of the mixed state in a clean BSCCO \1 xxHCE
sample is shown schematically in Fig. 104 \1'1. Vortex liquid |
4.33. The diagram can be understood in 03 Entangled 5“1‘ II -
F % |

terms of these three different energy a

scales mentioned previously in this work =

102 | 3
[79,80]: Eq is the elastic energy keeping o
the vortices near their equilibrium 101 i uasiaoe i
itions in the latti introduction e
positions in the lattice (see introductio 0 20 10

100

and Figs. 1.4 and 1.5y is the energy

of thermal fluctuations (see section 4.2.1 and Fig. 4.33Phase diagram of three phases due to three ene
) ) L Remark: more recent phase diagram [81] separatesiajtice
Figs. 4.23 and 4.32), atfhin is the pinning into two phases: Low temperature Bragg Glass phagddiigh

energy due to material disorder (see section :)ehmaggr:r%r; 'ﬁ]t\tjgfsghgzﬁi' nzr;?c?cgslis[gf‘elts iemgled
2.3.2 and Fig. 2.10). The diagram is divided
into three main vortex matter phases, each correBpg to a different dominating energy.

The lattice melting was observed experimeytatid is a first order transition in clean samples
[62], as was seen also in this work in Figs. 4.28 4.32. Recently, it was shown that the quasiatti
to entangled solid transition is also a first-orttansition [3]. There has also been evidence of a
second-order transition from the entangled phaskettiquid phase, whel,i, = Er [81].

In section 3.2, we introduced the Novel Bragg MGtsegn which aims to measure optical
diffraction from vortex matter. From the diffraatigpattern, it is possible to deduce the average
lattice period, its orientation relative to the gdenedges and vortex long range order. This tool
could provide an additional way of detecting phaaasitions, utilizing changes in the long-range
order of the vortex lattice rather than the tramspod magnetization measurements that are standard
in our lab. For instance, the quasi-ordered phasenb dislocations and the orientational LRO is
preserved with power law correlations, resultin@@nagg peaks [82,83] in neutron diffraction
experiments. Neutron scattering in BSCCO has inddcéhat there is structural change in LRO of
the VM in the vicinity of the solid-liquid transitn [84]. Weak point disorder produces
displacements at short length scales, but retaiasidong-range order [85-87]. The correlation
function of vortex displacement can scale withahse [88,89] as a constant, power law or
exponentially, defining LRO, quasi LRO, and sharge order respectively.
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While neutron diffraction techniques [84] also me&asorder of the vortex lattice directly, using
visible light is more convenient experimentallychase neutron diffraction requires an accelerator.
However neutron diffraction can measure with batésplution, diffracting from vortex lattice with
a lattice constant much lower that @& which is the limit of visible light. The main aaintage of
Bragg-MO system is its potential to measure latsicacture instantly, allowing measurements in the
presence of transport. This would be a local tookfudying vortex dynamics, as opposed to
thermodynamics.

The many interesting questions that may be studigda direct probe of LRO based on
magneto-optics, and the limited experimental respfithe existing tools that measure LRO of
vortex matter, provide motivation for the new Brag@® setup.

In this chapter we will briefly summarize teperimental work using Bragg-MO. Sections 4.3.1
and 4.3.2 deal with the process of signal/noiseavgment of the existing Bragg-MO setup, while

sections 4.3.3-4.3.5 focus on the physical measem&what were carried out.

4.3.1Reducing noise

Our goal was to improve the signal-to-nois@rathich compares the level of a desired magnetic
signal to the level of background noise origingtirom scattered light and from mechanical, optical
or thermal fluctuations. In the beginning of tresearch, it was assumed that the different trassver
modes of the laser beam cause speckles in thad#l image and thus reduce S/N. Therefore,
removing all the modes except the Gaussian modeew@ected to improve the S/N. For this
purpose a fiber optic spatial filter was addedh® system. However the signal to noise ratio

remained the same.

Then the system was tested by removing evatigad item
and comparing how this item changes the S/N. Evigesvery
optical item added some noise which together gavglanoise
level. It was realized that the source of the n@deom the fact
that laser light is coherent, and thus is senstbveechanical

movements on a scale comparable to the wavelergiie green

light (0.5um). All the fringes from the various optical
; Fig. 4.34 Magnifiedview at zerc

components, produced by the coherence of the lagnform order laser difiraction peak

large movements determined by the size and dimesigibeach

optical component. In Fig. 4.34 a magnified imafeevo-order reflected beam is shown. Each ring

is a diffraction fringe from different optical compent.
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4.3.2 Increasing and testing magnetic signal

We were not able to visualize diffraction from Srples. The following work was done to
improve the strength of the signal. The main cimgiein any optical system is to improve the
resolution by increasing the S/N.

Obtaining the needed sample-MOI proximity for sengbrtex resolution is not a simple task.
Until now only two groups, one in Oslo [90] and anelapan [91], succeeded to visualize single
vortices in NbSgcrystals using the MO method.

As was discussed in section 2, the magneto optigabl measured by the MO-Bragg setup is a
local rotation in the polarization of the reflectieght. Carneiro and Brandt [92] showed that tleddfi

from a vortex can be approximated by a magneticapole of charge24, (flux quanta) and
positioned az, = -1271, however calculations [92] show that t

field modulation of a periodic vortex lattice desagxponentially
with z. Therefore Bragg diffraction will be genexdtmainly in the
lower part of the MOI that is closest to the sanguleace and
closest possible proximity between the MOI andsieple is

required. To obtain this proximity, a crystal witlry flat surface

is needed so that the crystal-MOI gap will be smiiis o o _
Fig. 4.35 Opticaldiffraction peaks fron

proximity is examined by monitoring Newton ringsitgh surface holes with inter-distance i,

adjusting the pressure between the sample and @le Bding Reducing the distance between holes
MOI without a mirror. will increase the distance between the

The distance between sample surface and MOI isatfinc peaks.

obtaining strong signal. The physical reason istt@EM field propagator in vacuum obeys the
Laplace equation. This equation gives sharp devagh stronger than optical signal decay. And
indeed, all the orders of optical diffraction pedksn periodic surface holes patterned on BSCCO
sample were clearly observed, as shown in Fig..4.B6 result demonstrates that the optical
construction of the system achieves the requiretoemieasure Bragg peaks for strong enough
signals. Thus the only challenge in obtaining M@raiction is to increase the magnetic signal
strength.

Different samples were selected and measured,Niofie and BSSCO with different surface
properties and quality. Different types of MOI wexlso tried. Mirrored (evaporated layer of Al on
the indicator) and not mirrored MOI were examinklitrored MOI has higher distance between the

sample and MO layer, but reflects the laser beadrtlaus makes the signal stronger. Not mirrored
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MOI, however, has the advantage of closer proxitatthe sample. Indicators with different
thickness of MO layer were tested. For the conesiali MO setup, we use thick indicators, since the
spatial-averaged MO signal does not change muehasction of height at our spatial resolution
and any additional thickness gives a larger ratagiccording to Eq. 4.15. However for the Bragg-
MO (or for single vortex imaging), a thicker indioameans adding the averaged signal to the
periodic modulation. This could transfer spectralght into the zero order of the diffraction, cade

to a worse signal/noise ratio in real space sihedarger background of constant light could not be
cancelled exactly by the exit polarizer. The bagta/noise MOI were chosen. Indicators from
different manufacturers where also tested, as iseiy. 4.36.

Fig. 4.36Beam transmission through different indicatorstldfect beam 100%. Middle: Indicator with 11.°
transmission. Right: Indicator from a different méacturer with 39.6% transmission but worse quality

Low transmission of indicator means that it wé& heated and will heat the sample. We have
faced this problem while trying to cool NbSeith liquid He, below T= 7K. In this case, low laser
intensity and maximally transparent indicator weeeded to reach the sample superconducting
phase.

Theoretical calculations [92,93] and the seioh program of E. Brandt from Max Plank
institute were also used to calculate the sigrnah drom vortices as a function of distance from the
sample surface. Figure 4.37 presents a calculafitime signal above a lattice of vortices taking th

distance between vortices agg, so that the field B=5 G.
200

AB, (G)

15p
100 (

0 05 1 15 2
z (um)

Fig. 4.37Field modulation intensitfrom the vortex lattict vs.
height above the surface of NRSer inter-vortex distance of

So=2 pum.
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The signal is defined as a differenceBinbetween a positioR; above the center of a vortex and at
R, halfway between vortices. Hence we defineABg(z) = BR1,2)-B,(R2,z) where z is
the measured distance from the NpSerface.

A distance of 0iim above the sample surface, which is comparable antortex lattice
constant, will provide only about 7% of the signafe can see this in a more visual way by the
simulation of E. Brandt that makes an iterationcedure of G-L Eq. 1.1 [93], where 3D GL solution
of ideal vortex lattices for any induction and syetny is given. Figure 4.38 presents the magnetic
signal from a vortex lattice measured at heightz=@f.1, 0.5 and 1.25m above the surface. As can

be seen, in Fig. 4.38 (b) the field modulation@s@ while the average field is 5 G.
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x [nm]

Fig. 4.38B,(x,y) above vortex lattice with lattice constagt2 um which corresponds to,#5 G and sample
thickness d=2@m at a height of (a) z=0dm , (b) z=0.5um and (c) z=1.2fwm above the surface.
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4.3.3Flux penetration in NbSe and Bi,Sr,CaCu,Og crystals

The following measurements demonstrate tleatzéro-order reflection of the Bragg MO can be
used to locate the penetration field &hd H. of different superconducting samples. Two crystals
were measured: BSCCO and Nb®ath T, = 92.0 K and 7 K respectively.

Beam intensity measurements which are propmatito magnetic field B on the sample surface
were taken. In general the reflected beam interisipyoportional to B However if the
measurement is not performed while the polarizatithe two polarizers are crossed, the
dependence is approximately linear. We also difégihtial measurements with field modulation.

In this section the reflected beam intensigswot converted into field values, since the
important information here is only the transiti@miperature between different vortex states. In
sections 4.3.4 and 4.3.5 the beam intensity wasested into a field. Figure 4.35 presents
differential measurements with field modulation npocreasing and decreasing temperature. The

sharp drop in the signal indicates the irrevergibiemperature if;.
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40 . &l | Q&Qfﬁ} 80 w:: m
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Fig. 4.39:Irreversibility temperature in Bsr,CaCuyOg samples obtained by field modulation during T sddre different
plots show sharp drop in dB/dH indicating Tor different values of Hand dH.
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Figure 4.40 presents the resulting irreversibliitg Hi(T).
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Fig. 4.40 Vortex penetration line fcBi,Sr,CaC,Og in the
H-T phase diagram

Now let us look at irreversibility in Nbgerystals, as shown in Fig. 4.42.
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Fig. 4.42:T scans with H modulation in NbSgamples showing irreversibility onset.

It is evident from Fig. 4.42 that at low fieldsNbSe irreversibility occurs roughly at the same

temperature for all H.
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4.3.4. Hysteresis in NbSeand Bi,Sr,CaCu,Og samples

Using the zero order of the Bragg-MO diffraction 150

pattern, we measured the irreversibility ling €I) of /

SC samples. 100 /
In Fig. 4.43, increasing and decreasing H scan /

NbSe show that the penetration field i$#20 Oe B[G] = /
and the reversibility onset field is##45 Oe. __..af
Similar measurement on BSCCO is presented in Fig. ~
4.44. In Fig 4.44 (a) £40 Oe and H=110 Oe, while

in Fig. 4.44 (b) H=30 Oe and the hysteresis is present o = w0 @ s 1 1w 1o 1
up to 120 Oe. H [Oe]

In Fig. 4.45 dc local magnetization loops were Fig. 4.43 Magnetization loop in Nb% performec
at T=6.5K.

carried out showing B on the left and B-H on tighti
The same theoretical behavior shown in Fig. 2.4bmnbserved here experimentally in Fig. 4.45 for
NbSe.
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Fig. 4.44:Magnetization loops in Bsr,CaCyOg crystals performed at (a) T=52 K (b) T=64 K.
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T=4.55 K
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4.3.5. Verification of Bean model

Using the zero order of the Bragg MO setup, we ek magnetization loop$n Fig. 4.46 the
four steps described in the Bean model in secti@m22are measured clearly both in BSCCO and
NbSe samples. The four different types of curve behairioFig. 4.46 are marked by numbers 1-4.
As mentioned before, all the measurements in tbitien are done by laser, with spot diameter
about 1/4 of the sample width. Let us assume thatbeam reaches the sample near its edge. Thus

-y
the measured signal in our measurement should dEopional tojde(x) whereB(X) is given by
W

Fig. 2.11 and y~W/2. When H is raised, B will remaero untilH, is reached. This corresponds to
type 1 curve. Type 2 curve shows vortex gradual fpatien into the bulk with a constant slope as
seen in Fig. 2.11 (a). When H is swept down, flux bego exit from the sample edges, not covering
yet the whole integrated region covered by the b&2unve 4 starts when the triangular profile of
exiting flux arrives to the point y of the sampleems the integration region ends. From this point

B(x) is decreased in the whole integrated regiorthe decrease & is much stronger.
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Fig. 4.46:Local magnetization loops showing the 4 steps @frBmodel in (a),(b) Nbs@and (c),(d) BiS,CaCuyQs.
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Summary

This work concentrated on examination of the enhayece and suppression mechanisms of the
three main sources for hysteresis: geometricaldsaB-L surface barrier, and pinning.

The theoretical model of geometrical barrier preda very good description of the experimental
vortex dome in section 4.1.1. From this agreemdgtpf the sample was evaluated. The effect of dc
in plane magnetic field on geometrical barrier wesspnted in DMO measurements using current
modulation. DMO current modulation method was foundiow more detailed picture than the
conventional field modulation used before, and &thineasurements of vortex chains and vortex
dome. The effect was shown to be the formation afexochains which connect vortex dome with
the sample edges and contribute to flux exchange.vértex chains are formed due to attraction of
pancakes to Josephson vortices. Josephson vasépasation both in the in-plane and in the out of
plane directions scales with the in-plane fielde Tinplane separation was measured and fitted to
theory, proving that indeed the Josephson voraceseen in the measurements.

Two measurements of hysteresis suppression by e field were presented- one is local
magnetization hysteresis and the second is hysgenedome edge location. In both measurements
the hysteresis suppression withoccurs in a similar manner, suggesting that vodtaxe is the
main source for magnetization hysteresis suppredsian in plane field in BSCCO at T=82 K and
low H; (up to 20 Oe). Moreover, within a sindlig scan, theH; field at which vortex dome
irreversibility is closed is the same field of seddhysteresis suppression in magnetization
hysteresis, providing extra evidence of the impar¢eof the vortex dome mechanism in
understanding the effect of an in plane field osthyesis.

A theoretical calculation of comparison between @oithains and vortex dome energies was
performed showing that the attractive interactietween Josephson vortices and pancakes grows
with Hy. As the attractive interaction is higher, the naacopic energetic barrier for flux exit,
coming from Meissner currents, is reduced and morces can exit. When the energetic barrier
becomes microscopic, the hysteresis is suppressagletely due to thermal fluctuations. All the
measurements, both local magnetization and vorexededges, agree that complete hysteresis
suppression occurs at#L7 Oe.

A novel phenomenon is presented of phase trandigtween 2D vortex dome and 1D vortex
chains. The equation for this transition is presdronfirming that for lowH, inter-vortex elastic
interaction is low and the attractive Josephsona@stenergy is dominant making all pancakes
arrange in 1D stripes along the Josephson vortices.

Studying interaction between vortices and periodifage holes, we visualized matching effects

and pristine melting. In transport measurementsidertified three regimes of current flow in the
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region with surface holes. At low temperatures theiacreased bulk pinning in the patterned

region resulting from pinning of 3d stacks of cagppancake vortices. At intermediate temperatures
we see that the transport current flows at the edfyge patterned region, similar to sample edges
current flow [70] that arises from the B-L surfaceer for vortex penetration into the sample. This
suggests that the dominant mechanism here is edgmg rather then bulk pinning, as a sequence
of c-axis decoupling of pancakes weakening theinipo strength. The barrier in the edge of the
patterned region is probably due to pinned vortiwbgh repel vortices in the pristine region from
the patterned region. It was shown that the tramsiim® to this regime of edge flow in the patterned
region coincides with both pristine and patterregions melting lines.

At the highestemperaturesve observed reduced bulk flow in the patterned regibich is
explained by reduced conducting material. The triamsto this mode is the delocalization line
where vortices unpin from the holes removing thespratiion barrier and thus stopping the current
flow through the edges. This regime behaves likeranal state with reduced conducting material
due to surface holes.

This work also dealt with a novel system, whose aito imeasure magneto-optical diffraction
peaks from vortices. The noise in the system wascestiand magnetic signal was improved,
although not enough to observe Bragg peaks frorarsopducting samples. Noise source detection
procedure showed that every optical component dayslg to the noise, and it is multiplied due to
coherence of the light to produce diffraction fiesgwhich fluctuate. Thus, dealing with noise in
coherent systems proved to be much more diffitldhtassumed.

We succeeded to measure the penetration and isibiigy field using the zero order peak in the
diffraction pattern. We also observed hysteresisgal magnetization loop measurements that can

be explained by the Bean critical model.

References

G. Bednorzt al.,Z. Phis.B64, 189 (1986).

G. Blatteret al.,Rev. Mod. Phys66, 1125 (1994).

N. Avrahamet al.,Nature411, 451 (2001).

M. Tinkham. “Introduction to Superconductivity” 2edcGraw-Hill, 1996.

A. Abrikisov, Sov. Phys. JETB, 1174 (1957).

K. Haradaet al, Nature360, 51 (1992).

A. Crisan, S. Bending and T. Tamegai, Supercondhii@. 21, 015017 (2008).
A. Koshelev, Phys. Rev. 88, 094520 (2003).

J. Clem, Phys. Rev. 83, 7837 (1991).

© © N o g kM wDd P

67



10.
11.

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

22.
23.
24,
25.
26.
27.
28.
29.
30.

31.
32.
33.
34.
35.
36.

37.
38.
39.

L. Bulaevskii, Phys. Rev. B6, 366 (1992).

L. Burlachkov V. Geshkenbein, A. Koshelev, A. Larkind V. Vinokur, Phys. Rev. B
50, 16770 (1994).

A. E. Koshelev, Phys. Rev. Le&3, 187 (1999).

T. Tamegaet al., Supercond. Sci. Techndl7, s88 (2004).

D. Shaltielet al.,Phys. Rev. B7, 214522 (2008).

M. Yasugakiet al.,Phys Rev. B57, 104504 (2003).

C. Bolleet al.,Phys. Rev. Lett6, 112 (1991).

T. Tamegai, H. Chiku and M. Yokunag®&hysica G145-448 201 (2006).

T. Tamegaet al., Physica C392-396,311 (2003).

T. Tamegaet al.,Physica G168 531 (2008).

T. Matsudeet al., Science294,2136 (2001).

V. Vlasko-Vlasov, A. Koshelev, U. Welp, G. Crabtree &d&Kadowaki, Phys. Rev. B
66, 014523 (2002).

B. Khaykovichet al.,Phys. Rev. B56, R517 (1997).

C. Bean and J. Livingston, Phys. Rev. L&f. 14 (1964).

M. Konczykowski, Phys. Rev. B3, 13707 (1991).

E. Zeldovet al.,Phys. Rev. Let{73,1428 (1994).

N. Morozov, E. Zeldov, D. Majer and B. KhaykovjdPhys. Rev. Let?6, 138 (1996).
N. Morozov, E. Zeldov, M. Konczykowski and R. Doykhysica 291,113 (1997).
M. Benkraouda and J. Clem, Phys. Re\a35715 (1996).

M. Benkraouda and J. Clem, Phys. Re\a@315103 (1998).

Th. Schuster, M. Indenbom, H. Kuhn, E. Brandt andkiinczykowskij Phys. Rev. Lett.
73, 1424 (1994).

E. Brandt, Phys. Rev. B6, 8628 (1992).

G. Mkrtchyanet al., JETP34, 195 (1972).

C. Bean, Rev. Mod. Phy36, 31 (1964).

A. Soibelet al.,Nature406, 282 (2000).

S. Goldberget al.,Phys. Rev. B, to be published (2009).

S. Kasahara, Y. Tokunaga, N. Kameda, M. Tokunagalai@megai, Phys. Rev. B,
224505 (2005).

M. Connolly, S. Bending, A. Grigorenko, T. Tamedalys. Rev. B2, 224504 (2005).
O. Auslaendeet al., Nature Physics, 35 (2009).

A. Grigorenkoet al.,Nature (London¥14, 728 (2001).

68



40.
41.
42.
43.
44,
45,
46.
47.
48.
49.
50.
51.

52.
53.
54.
55.
56.
57.
58.
59.

60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.

. Yasugakiet al, Phys. Rev. B5, 212502 (2002).

. Tamegaet al., Physica C160-462,791 (2007).

. Tamegai, H. Chiku and M. Tokunadghysica C463-465,245 (2007).

. Tamegali, M. Matsui and M. Tokungdzhysica C112-414,391 (2004).

. Tamegaet al.,Physica C145-448,201 (2006).

. Tamegai edl., Physica C392-396,311 (2003).

. Tamegaet al.,Physica C168,531 (2008).

. Tamegai, H. Chiku, H.Aoki and M. YokunagPhysica C137-438,314 (2006).
. Bendinget al.,Physica (G412-414 372 (2004).

. Welpet al.,Nature (LondonB76, 44 (1995).

cnw 4 4 44444z =z

. Tokunaga, T. Tamegai, Y. Fasano and F. de la,Gtys. Rev. B7, 134501 (2003).

D. LarbalestierA. Gurevich, M. Feldman and A. Polyanskii, Natureridon)414, 368

(2001).

D. Majer, E. Zeldov and M. Konczykowski, Phys. ReettL75, 1166 (1995).
. Tamegaet al.,Physica C112-414,391 (2004).

. Larkinet al.,Zh. Eksp. Teor. Fiz61, 1221 (1971).

. Huebneet al.,J.Low Temp. Phys6, 275 (1972).

. Banerjeet al.,Phys. Rev. Lett93, 097002 (2004).

. Avrahamet al.,Phys. Rev. B7, 214525 (2008).

. Moshchalkowet al.,Rev B54, 7385 (1996).

. Baert V. Metlushko, R. Jonckheere, V. Moshchalkov and YuyBiseraedePhys.
Rev. Lett.74, 3269 (1995).

D. R. Nelson. Phys. Rev. Le@0, 1973 (1988).

A. Schilling et al.,Nature (LondonB82 791 (1996).

E. Zeldovet al.,Nature375, 373 (1995).

I. Khaln and B. Ya. Shapiro. Physica2Q7, 359 (1995).

L. Radzihovsky. Phys. Rev. Le891-396 4923 (1995).

L. Radzihovsky. Phys. Rev. Leit4, 4923 (1995).

A. Lopatin and V. Vinokur, Phys. Rev. Le®2, 067008 (2004).
S. Banerjeet al.,Phys. Rev. Lett90, 087004 (2003).

J. Kierfeld and V. Vinokur, Phys. Rev. Le®4, 077005 (2005).
A. Lopatin and V. Vinokur, Phys. Rev. Le®2, 067008 (2004).
D. Fuchset al.,Nature391, 373 (1998).

D. Fuchset al.,Phys. Rev. Lett80, 4971 (1998).

= < Z2 nwn xom > -

69



72.

73.
74.
75.
76.
17.

78.

79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.

91.
92.
93.

A.

Soibel, PhD thesis 2001 “Visualization of vortiextice melting transition

and transport current flow in BSCCO wdifierential magneto-optical

technique”.

D.
Y.
S.
T.
R.

Fuchset al.,Phys. Rev. BB5, R6156 (1997).

Wanget al.,Phys. Rev. B'1, 132507 (2005).

Rycroftet al.,Phys. Rev. B50,R757 (1999).

Johanseast al.,Phys. Rev. B4, 16264 (1996).

J. Wijngaarden, H. Spoelder, R. Surdeanu and iRss&mPhys. Rev. B4, 6742

(1996).

R.

Wijngaarden, K. Heeck, H. Spoelder, R. SurdeanaurRarGriessen, Physica C

(Amsterdamp95, 177 (1998).

V.

Vinokur et al.,Physica @95, 209 (1998).

J. Kierfeld and V. M. Vinokur, Phys. Rev. B, 029901 (2005).

H.
. Yaronet al.,Nature376 753 (1995).

. Klein et al., Nature404, 413 (2001).

. Cubittet al., Nature (LondonB65 407 (1993).

. Natterman, Phys. Rev. Le@4, 2454 (1990).

. Giamarchi and P. Le Doussal, Phys. Rev. [7&t1530 (1994).

. Giamarchi and P. Le Doussal, Phys. Re%2B1242 (1995).

. Le Doussal and T. GiamarcRhys. Rev. B57, 11356 (1998).

. Balents, C. Marchetti and L. Radzihovsky, PHgsy. B57, 7705 (1998).

r 9 4 4 4 1m 4 C

Beidenkoptt al., Phys. Rev. Lett95,257004 (2005).

P. Goa, H. Hauglin, A. Olsen, M. Baziljevich and ®hdnsen, Rev. Sci. Instrus0, 141
(2003).

M. Terao, Y. Tokunaga, M. Tokunaga and T. Tamedaysita C426-431 94 (2005).
G. Carneiro and E. H. Brandt, Phys. Re\6 B6370 (2001).

E.

Brandt, Phys. Rev. Left8, 2208 (1997).

70



