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Summary

The vortex matter in the high transition temperature superconductor BisSroCaCusOg
offers a system in which interactions, thermal fluctuations, and quenched disorder closely
compete, giving rise to an intricate thermodynamic phase diagram. Early on the notion of
a perfectly ordered Abrikosov vortex lattice was abandoned in favor of the quasi-ordered
Bragg glass. Thermal fluctuations at high temperatures and random pinning at low
temperatures and high vortex-densities destabilize further the Bragg glass phase, giving
rise to an amorphous vortex configuration. We found evidence of a novel second-order
glass transition in the local magnetization, made reversible by the application of vortex
shaking. It further splits the phase diagram into four distinct phases: At high fields
reside the amorphous liquid and glass vortex phases. At low fields the glass line separates
a Bragg glass from a thermally depinned variant of it, possibly reintroducing long-range
spatial correlations of a vortex lattice phase.

The novel glass transition, and particularly the intriguing thermally depinned Bragg
glass phase, called for further characterization. We thus studied the evolution of the glass
line with oxygen doping, which enhances the coupling between the superconducting lay-
ers of BisSroCaCuyOg, while introducing additional pinning centers to it. Surprisingly,
we found that the glass line evolves according to a simple disorder-free scaling law to-
gether with the thermally induced part of the melting line. Further insight came from a
theoretical model that was found to describe well the experimental phase diagram. We
found that the reduced anisotropy with doping reduces the role of pinning, even though it
becomes more abundant. To complement this, we initiated a study of the phase-diagram
dependence on the defect density, which we found to be greatly enhanced via proton
irradiation.

The vortex dynamics within the thermally-depinned phases and close to the glassy
phase boundary was studied next. The nonlinear parasitic contribution arising from the
dynamical response along the c-axis was eliminated via a novel ion-irradiation scheme.
As transport sensitivity does not suffice for studying the exponentially-small resistivity

at such low temperature, we devised an indirect approach for extracting the bulk resis-



tance. In it, we monitor the current distribution in the sample, which results from the
interplay between the thermally-activated resistances and geometrical inductances of the
sample bulk and edges. We first resolved the electrodynamic nature of the T, transition,
below which the edge inductance dominates the sample impedance. Then, we used the
depinning transition, T, below which only the ratio between bulk and edge inductances
determines the flow pattern, to reproduce the bulk resistance. Unlike vortex liquid, the
lattice phase results in a non-Ohmic resistance. However, preliminary results do not seem
to indicate the glassy resistance predicted for the Bragg glass. In addition, the tempera-
ture dependence of the resistance showed deviation from a thermally activated behavior as
the glass line was approached both from within the liquid and the lattice phases, signaling

criticality.
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1. Introduction

The various energy scales and processes that contribute to the diverse thermodynamics
and dynamics of the vortex matter in BisSroCaCusOg are portrayed below. Superconduc-
tivity and the resulting vorticity are introduced first. Then we describe the inter-vortex
interactions, and various sources of fluctuations in the system. Finally, the vortex response

to an external force and finite size effects are discussed.

1.1 Superconductivity

Superconductivity is an intriguing electronic state in which below a critical transition
temperature, T, the electrons condense into the seemingly bosonic ground state as a
superfluid despite their fermionic statistics. As shown in the BCS theory of supercon-
ductivity [1], the Fermi surface develops an instability in the presence of an attractive
electronic interaction, which in conventional superconductors is mediated by phonons. As
a result, time-reversal-symmetric pairs of electrons in the vicinity of the Fermi surface
form, so-called, Cooper pairs and condense. The fermionic nature of the electrons, how-
ever, is still retained as the separation between paired electrons, termed the coherence
length and denoted by &, is larger than the inter-electronic separation by 2-3 orders of
magnitude. Accordingly, the Fermi sphere does not collapse, but an excitation energy
gap opens below T, about its surface. This gap permits the dissipationless flow of a
supercurrent [2].

In high-T, superconductors in general, and specifically in BisSroCaCusOg, the ex-
act pairing mechanism seems to be different, though it is yet unknown. It results in a
more complex phenomenological picture, that includes a pseudo-gap that survives above
the superconducting transition temperature [3] and may even indicate the existence of
competing ground states [4, 5]. Nevertheless, the pairing of electrons itself is essential
for obtaining a superfluid behavior in a fermionic system. Another characteristics of
the cuprate family to which BiySroCaCuyOg belongs is their layered structure, in which

the two-dimensional CuQOs planes are the ones that superconduct. This results in a



1.2 Vorticity

pronounced anisotropy between the in- and out-of-plane directions, which may be mod-
ified by the oxygen doping level [6]. BiySraCaCuyOg is the most extreme among the
cuprates in that sense because its CuOy double-layers separation is comparable to the
coherence length. Therefore, it is usually treated as a truly layered compound, rather

than anisotropic.

1.2 Vorticity

Breaking time reversal symmetry by the introduction of an external magnetic field breaks
the electronic pairing. At low magnetic fields the system maintains its superconducting
state by driving supercurrents that exactly cancel the applied field within the sample,
which is known as the Meissner effect [7]. The sample manages to do so to within a certain
screening distance, called the penetration depth and denoted by A, from its surface. With
increasing magnetic field the superconducting system invests more energy in its screening
until a point is reached beyond which magnetic field screening is no longer beneficial
energetically. At higher fields two scenarios may take place. In type I superconductors
the system turns back normal. In type II superconductors, such as BisSroCaCusQOsy,
the energetic cost involved in flux expulsion is reduced by forming interfaces between
superconducting and normal regions. To maximize such interfaces the system allows
the penetration of magnetic flux in the form of vortices with normal cores of minimal
volume (of radius £). The amount of magnetic flux carried by each vortex, ®, = hc/2e,
is quantized by the coherent condensate that surrounds it with a magnetic profile that
decays radially due to circulating supercurrents along the typical screening radius A. At
high enough magnetic fields, at which the normal vortex cores begin to overlap, type II
superconductors also turn normal. The layered structure of BisSroCaCuyOg gives rise to
two kinds of vortices depending on the orientation of the magnetic field: in the out-of-
plane direction, two-dimensional pancake vortices form on the superconducting planes,
stacked by weak inter-plane coupling [8]. In the in-plane direction, Josephson vortices are
formed in the intrinsic Josephson junctions between the superconducting planes [9, 10].
At intermediate angles various vortex structures may form [11] such as kinked vortices

[12] and the crossing lattices configuration [13].

1.3 Interactions

The shielding currents carried by two parallel vortices exert a repulsive inter-vortex Mag-

nus force. It takes the form of a Lorentz repulsion between the shielding current of one
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vortex and the magnetic flux carried by the other. Therefore, the mean-field ground state
for a vortex system is in the Abrikosov lattice configuration [14] that minimizes the inter-
vortex repulsion. Calculation shows that the triangular lattice is the most favorable, with
a lattice constant of a, ~ \/m . In practice, however, disordering pinning potential
and elevated temperatures give rise to strong vortex fluctuations that compete with the

vortex-matter elasticity.

1.4 Quenched disorder

Various defects in the crystalline ionic structure locally supress the superconducting order
parameter. It therefore becomes energetically favorable to localize the vortex normal core
on such defects, giving rise to an underlying random pinning potential for vortices. The
resulting disordering energy landscape competes with the interactions that promote a
vortex lattice configuration. It was predicted that the smallest amount of point pinning
inevitably reduces the long-range vortex correlations of the lattice to quasi-long-ranged
ones, characteristic of the Bragg glass phase [15, 16, 17]. This phase is quasi-ordered on
one hand, but shows glassy dynamics with energy barriers that diverge with vanishing
current on the other.

With increasing vortex density, which increases the role of disorder, the vortex mat-
ter was shown to undergo a disorder-induced first-order transition [18, 19, 20, 21] across
which topological excitations in the form of vortex loops proliferate [22, 23]. This ren-
ders the vortex matter completely amorphous and glassy. However, direct study of the
disorder-dominated regions of the vortex phase diagram is hindered by the diverging en-
ergy barriers between metastable states, that result in slow relaxation and off-equilibrium
hysteretic behavior [24]. In addition to the dynamic-like vortex friction, pinning gives rise
to a static friction in the form of a minimal critical current required to initiate vortex
flow. According to the Bean model [25], the relaxation of a non-equilibrium current dis-
tribution associated with an off-equilibrium magnetization profile halts once the current
drops below the critical current, which is the main source of hysteresis. While Bragg-glass
and amorphous glassy phases are the only constituents of the phase diagram of low-T,
type II superconductors (such as NbSey [26]), in high-T, superconductors thermal fluctu-
ations also play a dominant role introducing additional thermodynamic phases, as will be
discussed below.

Disorder can be also introduced artificially by particle irradiation. While light el-
ements such as electrons [27, 20] and protons [28, 29] increase the density of point-like

defects, heavy ion irradiation leaves columnar defects along the particle tracks [30]. When
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aligned in the out-of-plane direction these increase the c-axis correlations of vortices, once
pinned, and thereby reduce the anisotropy of the layered materials [31]. In the presence
of columnar defects the associated phase diagram is altered, consisting of an amorphous
Bose glass phase at low temperature [32], while at high temperatures thermal fluctuations

play the dominant role.

1.5 Thermal fluctuations

The discovery of high transition temperature superconductors [33] revolutionized the per-
ception of superconductivity in terms of both applications and fundamental research, and
with it the field of vortices. It allowed the study of vortex matter at elevated temperatures,
at which vortices are subject to strong thermal fluctuations. On one hand, thermally as-
sisted vortex excursions destabilize the vortex correlations within the ordered phase. On
the other, they facilitate vortex depinning, thus rendering the disordering potential shal-
lower. The material structure of layered two-dimensional planes enhances even further
the role of thermal fluctuation.

This has a striking effect on the first-order disorder-induced transition. At first, with
increasing temperature, the transition line shifts to higher vortex densities in order to meet
the critical disordering strength in the presence of the shallower pinning potential [22, 34,
35, 36]. But then the line reaches a maximum and reverses its slope, signifying a smooth
crossover from disorder to thermally induced first-order transition. Accordingly, at high
temperature the (quasi) ordered phase melts into a vortex liquid phase [19, 37, 38, 39, 40].
The melting transition into the amorphous liquid state seems to occur simultaneously with
a decoupling transition into a pancake vortex gas [41, 42, 43, 44].

At high enough temperatures, as the pinning potential weakens, the system manages
to relax to its equilibrium state, and the hysteretic behavior is suppressed. Whether this
crossover in the vortex relaxation signifies a thermodynamic depinning transition is a key
issue targeted in the research reported herewith. At high magnetic field the possibility of
a glass transition separating the glass from the liquid was previously accounted [37, 45,
46, 47, 48]. In contrast, the occurrence of such a depinning transition below the melting
line was rarely considered [46, 47, 49, 50]. Theoretically, the Bragg glass phase was
usually found to be stable under thermal fluctuations so long as topological excitations
are excluded and the system is not treated as two-dimensional [51]. Thermal fluctuations
have their effect also in ion-irradiated samples. Indeed, the Bose glass transition, above
which vortices are thermally depinned from columnar defects and melt into liquid, was
predicted [32] and later detected [52, 53].
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1.6 External force

An externally-injected current applies a transverse Magnus (Lorentz) force on the in-
dividual vortices. As the vortices flow, they dissipate energy via electronic excitation
within their normal cores. At high current densities this may become a dominant en-
ergetic consideration, extending the thermodynamic phase diagram to a dynamic one
[54, 55, 56, 57, 58]. The scope of the research reported, however, is restricted to low
current densities, which do not alter the thermodynamic phase diagram, but rather probe
its dynamics.

The inter-vortex correlations, and even more so the pinning efficiency of the various
thermodynamic vortex phases, give rise to diverse vortex dynamics. While the thermally-
depinned vortex liquid has an Arrhenius Ohmic response [59], the resistivity of the glassy
phase should vanish with vanishing current as the energy barriers separating metastable
states diverge [48, 60, 61].

The material’s anisotropy, imposed by its layered structure, complicates further the
interpretation of the experimental results. As a result of this anisotropy, the current is
distributed unevenly along the superconducting planes and perpendicular to them, where
it has to tunnel across insulating buffers separating the superconducting planes [62]. This
gives rise to high current densities that flow only a few layers near the surface through
which current is injected, and therefore to strong current gradients across these few layers,

that result in shear effects of pancake vortex stacks in the respective layers [63, 64].

1.7 Finite size

The macroscopic coherence of the superconducting state causes the finite size of an actual
superconducting single crystal to be relevant even inside its bulk, and not just locally at
its edges. Both the Meissner shielding currents have to adopt to the actual geometry of
the sample, as well as the vortices that thread it. The interplay between the interaction
between shielding currents and vortices and the vortex line tension results either in fo-
cusing or expulsion of vortices from the sample center according to the specific sample
geometry. Consequently, the equilibrium magnetic induction, that sets the vortex density
distribution, has a curved profile [65]. This geometric effect alone may result in hysteretic
behavior. In the common platelet sample geometry, for instance, the Meissner currents
focus vortices towards the center of the sample upon their entry. But then, on exiting the
sample, vortices face a geometrical barrier, as they need to overcome that same focusing

force.



1.7 Finite size

Close to the sample edges, the vortices encounter another energetic surface barrier
that impedes their motion [66]. Tt is imposed by the boundary conditions, satisfied by
an image antivortex, which thus attract vortices towards the edge. The surface barrier is

also asymmetric to vortex entry and exit, and thus serves as another source of hysteresis

[67).



2. Methods

A study of the vortex matter phase diagram requires a broad experimental toolkit. Various
mechanisms obscure the desired physical quantities such as the equilibrium magnetization
or the bulk vortex dynamics of the different vortex phases. Therefore, novel techniques,
which are the outcome of deep understanding of the processes involved and accurate
modeling, are required in order to eliminate parasitic effects. Several such methods, which
were developed and implemented in the research work reported herewith, are discussed

next.

2.1 Equilibrium Local Magnetization

2.1.1 Hall Sensor Array

Due to magnetic flux quantization, the magnetic in-
duction, B, at the surface of a superconducting sample
is a direct measure of the vortex density n, = B/®..
However, sample inhomogeneity due to variations in

the doping and defect contents, the pinning-induced

Bean profile, and the presence of a geometrical bar-

rier spatially modulate the magnetic response of the u M : v \ "
sample. Therefore, a global magnetic measurement \ }
reflects only the average vortex density in the sample.  Fig.  2.1: Disk  shaped
Thermodynamic transitions, on the other hand, are = BixSrpCaCusOg sample mounted
driven by the local conditions. A spatially modulated ~ on a Hall sensor array.

density profile may result in coexistence of two phases,

each with its own characteristic magnetization. The transition front that separates these
phases propagates with scanning of an external parameter. Under such circumstances,
a global sensor would smear out the sharp magnetic feature (for instance, discontinuous
magnetization step of a first-order transition) that signals the phase transition.

This raises the need of magnetic sensors that can measure the magnetization locally
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on the scale of the modulation. On the other hand, a single vortex resolution misses the
thermodynamic collective behavior. We, therefore, employ a linear array of magnetic Hall
sensors of 10x 10 um? each, which is much smaller than the typical sample size and much
larger than both the size of a vortex (~ A) and the typical inter-vortex distances. In the
Hall bar geometry, a Hall voltage is induced in a transverse direction to an applied electric
current in the presence of magnetic field in the perpendicular direction Vg, = Ryail B,
by which the sample induction can be easily measured. The array is fabricated from a
two-dimensional electron gas, trapped at the interface of a GaAs-AlGaAs heterostructure.
We choose a relatively low carrier concentration of about 7 x 10! electron/cm? to increase
the Hall resistivity (Rga ~0.1 Q/G) while retaining a reasonably high mobility of 10°
cm/Vsec. Using an extrinsically doped semiconductor results in a negligible temperature
dependence of the Hall coefficient.

In normal operation mode the sample surface facing the sensors is cleaved and then
mounted on top of the chip and fixed with grease under a microscope. A dc current of
up to 400 pA is driven through the central channel, and the Hall voltage induced across
each cross in the array is measured sequentially through a switcher. A sensitivity of 10

mG was obtained with a dc excitation, and of 1 mG in an ac mode.

2.1.2 Shaking

At low temperatures disorder plays a dominant role in the vortex thermodynamics, giving
rise to various glassy phases. This is, however, reflected also in the vortex dynamics, in
the form of a progressively slowed relaxation, that gives rise to hysteretic magnetization
(see Sec. 1.4). The finite size of the sample also adds to that hysteresis (Sec. 1.7). The
resulting hysteresis obscures the equilibrium ground state of the vortex system. In order
to probe the thermodynamic phase diagram we applied ‘shaking’ - a vortex variant of a
tapping technique [68, 21, 69]. It takes advantage of the layered structure of the material
by using the short-range attractive interaction between inter-plane Josephson vortices and
out-of-plane pancake vortex stacks within the crossing lattices configuration [13, 70]. By
applying an in-plane ac field component, in addition to the out-of-plane dc one, Josephson
vortices penetrate and leave the sample, while bisecting pancake stacks on their passage.
These rare events occasionally agitate pancake vortices that are trapped away from their
equilibrium position, and allow the pancake vortex matter to relax towards its equilibrium
local density.

Typically an in-plane shaking field of 350 Oe amplitude and 10 Hz frequency was

applied at low temperatures using superconducting X-7 coils, immersed inside the liquid
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“He dewar. The relevance of the in-plane field to the vortex thermodynamics in the out-
of-plane direction is small due to the extreme material anisotropy. Nevertheless, an ac
in-plane field does couple electromagnetically to the experimental setup that surrounds
the sample, which demanded a careful design of the sample space on top of the mounting
rod. One source of coupling is by excitation of eddy currents within metallic plates, such
as the stainless steel cryostat. These currents partially screen the applied ac field on
one hand, and produce heat on the other. Therefore, the sample space was built solely
from insulating materials such as ceramics and G-10. The ac field attenuation within the
cryostat double walls was measured to be on the order of 10%.

The second source of coupling is inductive,

through open loops in the wiring of the device. This _ sapphire
) o . holder chip | holder chip
is usually reduced by twisting the ‘high’ and ‘low’
leads as to have a minimal cross-sectional area be-
tween them. However, the Hall bar geometry sep-
arates the highs and lows to opposite ends of the
chip, as demonstrated schematically in the top view

of Fig. 2.2(a). Using this bonding scheme, the pair

of leads are twisted only outside the chip-holder, re-
sulting in the several cm? pickup loop, shown in the Fig. 2.2: Top and side views
side view, that encloses a large amount of flux. There- of (a) The common sample space
fore, in the revised design (Fig. 2.2(b)-top view) the  with a large pickup loop, and

chip is first mounted onto a sapphire plate with pho- (b) the revised version with the

tolithographically defined metallic (Cr-Au) channels Isjf Iff;rfo op;j _ate that shrinks the
that short one constituent of a pair from the far side of

the chip to the opposite side at which the other constituent resides. The resulting pickup
loop has a ~100 times smaller cross-sectional area (Fig. 2.2(b)-side view), and the actual
pickup signal was attenuated by about 30 dB to less than 1 pV.

An additional requirement of the setup is to minimize the projection of ac fields
applied by the X-coil onto the out-of-plane direction. For that purpose the entire sample
space was stretched by a spring onto two screws that can be manipulated from the rear
end of the mounting rod. This allows rotation of the sample space by up to 5 degrees
away from the axis of the rod in any desired direction. We then rotated the sample space
at cold temperatures (but above T.) as to minimize the ac Hall signal detected by the
Hall sensors in the presence of a strong ac field applied by the X-coil. The extremely low
pickup of our design enabled the alignment of the Hall-sensors plane to less than 0.01°.

The actual angle between the axis of the X-coil and the sample is probably somewhat
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larger, due to small misalignment between the surface of the chip and that of the cleaved

sample. Nevertheless, the overall projection onto the out-of-plane direction is surely well

below 1%.

2.2 Transport

2.2.1 Multi-terminal Measurements

The basic four-probe magneto-resistance measurement of a superconducting sample, in
which current is driven between two external contacts and the voltage induced is mea-
sured on two internal contacts (see Fig. 2.3(a)), is indicative of the vortex phase [38, 71].
The quality of the contacts (Ohmic two-probe resistance
lower than 10 Q) dictates the measurement noise floor,
typically not lower than ~ 10=7 €. To achieve such
a sensitivity we evaporate 2000 A thick gold through a
shadow mask on a freshly cleaved (or ion-milled) surface.

25 pm gold wires are than glued with silver-epoxy under

a microscope to the gold contacts, and cured in an oven
at 160°C for 2.5 hours. Their other ends are bonded  Fig. 2.3: Contact geometries:

with a ball-bonder. An ac lock-in technique is used for (a) Four-probe measurement

) (sample bottom is glued to ion
the actual measurement, where a low-noise transformer

irradiation shadow mask). (b)
with turns ratio of 1:100 is used for impedance matching.  corbino disk.

Naively, the measured resistivity should reflect the
global flow characteristics of pancake vortices across the sample bulk, p,,. In reality, the

quantity measured in such a four-probe experiment is dominated by many other processes:

e Sample anisotropy - due to the layered structure of BisSroCaCusQOg, the measured

resistance is dominated by the highly non-linear c-axis resistance.

e Edge barriers - below a certain temperature most of the current flows on the edges

of the sample, thus probing the vortex flow at the edges and not in the bulk.

e Edge inductance - at lower temperatures the impedance of the sample edges is
dominated by their geometrical inductance (this is one of the main findings, reported
in detail in Sec. 3.3).

In order to extract the desired in-plane bulk resistance, these processes need to be iden-

tified, and their contributions eliminated.

10
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The amount of current that penetrates across the sample thickness can be monitored

in a flux-transformer measurement [62]. In this contact geometry, an identical set of

contacts is prepared also on the opposite surface of the sample. For its measurement, one

set of contacts is connected with silver-epoxy to matching evaporated Cr-Au contacts on

the surface of a sapphire substrate in a flip-chip technique. The other set of contacts is

wired in the usual manner. Such geometry allows to measure both the secondary voltage,

induced at the bottom of the sample when injecting current from top, and the primary

voltage measured at the top, and also the c-axis resistance alone.

As for the edge-related vortex mechanisms, one way
of avoiding them is by employing the corbino-disk con-
tact geometry (Fig. 2.3(b)).

radially. It exerts azimuthal force on the vortices, which

In it, current is injected

thus flow in a circular path without ever crossing the
sample edges. The induced voltage is also radial and is
measured between additional sets of contacts at inter-
mediate radii [72, 73].

2.2.2 Current Contact Irradiation

In order to eliminate the c-axis contribution to the mea-
sured resistance we took advantage of the effect that
heavy ion irradiation has on the vortex matter using
a novel irradiation scheme. After preparing four-probe
(or preferably flux-transformer eight-probe) contacts, we
glue the ~ 20 pum thick sample with a droplet of crystal-
bond to a 38 pm thick stainless steel strip, that was
cut with a guillotine to a width of 800-1000 pum. As
shown in Fig. 2.3(a), the strip is placed between the
external (current) contacts, but completely covers the
central (voltage) contacts. The strip, with the sample
glued beneath it, is then taped to a designated stage
and shipped to the Grand Accélérateur National d’lons
Lourds (GANIL, Caen, France). There, it is irradiated
with a high dose of 1 GeV Pb ions with a resulting
matching field of 0.5 T. TRIM calculations for lead ions
at such high energy give a stopping distance of 38.9 pym

Fig. 2.4: Double (flux-
transformer) Corbino-disk
with ion irradiated current

contacts. (a) Top view: sample
masked for irradiation.  (b)
Bottom view: flip-chip contact
geometry.

11



2.3 Self-induced Field

in BisSroCaCuyOg, and 22.4 pum in stainless steel. Accordingly, the ions pass through the
sample volume below the current contacts, leaving columnar defects along their tracks,
but are stopped in the stainless steel, leaving the central region of the sample pristine.
After irradiation the sample is removed from the strip with acetone and contacts are
made in the usual procedure. Below the Bose-glass transition temperature (see Sec. 1.4),
the vortices below the current contacts are trapped by the dense columnar defects, which
greatly reduces p. there. As a result, the current distributes evenly among the CuOq
layers before it flows in the pristine central region. This allows to measure the induced
voltage under uniform current distribution along the sample thickness.

Figure 2.4 shows a sample fabricated for conducting transport measurements under
optimal conditions in a similar manner to a theoretical proposition [74]. The sample
has the Corbino-disk contact geometry both on its upper surface (Fig. 2.3(b)), and on
its bottom surface which is contacted to a sapphire substrate in a flip-chip technique
(Fig. 2.4(b)). The central and circumferential current contacts of the sample were then
ion irradiated through a matching shadow mask, as shown in Fig. 2.4(a). Consequently,
below the Bose-glass transition transport measurement in this sample should be free of
all the drawbacks mentioned above, thus allowing the direct measurement of the desired
bulk pu, induced by the vortex flow there. Unfortunately, measurements of these kind of

samples are beyond the scope of this thesis.

2.3 Self-induced Field

2.3.1 Local Magnetization with Transport

A third type of measurement combines transport with
local magnetization. As shown in Fig. 2.5, the array of
Hall sensors, situated across the sample width, is used to
measure a cross-section of the perpendicular component
of the magnetic field self-induced by the transport cur-
rent driven along the sample. A dc magnetic field and

ac current are applied to distinguish between external

and induced magnetic fields using a lock-in technique.
The measured magnetic profile is then translated nu-  Fig. 2.5: Contacted sample
merically via the inverse Biot-Savart law to the current  mounted on Hall sensor array
distribution profile across the sample. A single central for self-field measurement.

voltage contact is shorted to a single contact on the chip

12



2.3 Self-induced Field

(circled in Fig. 2.5) to eliminate gating of the two-dimensional electron gas by the sample,
which would otherwise result in undesired variations of the Hall resistivity.

This method was employed before in a qualitative manner to study bulk versus edge
flow patterns [67, 75|, which result from the competition between bulk and edge energy
barriers. In the current study we pursued this track, while gaining deeper understanding
of the electrodynamics involved. It allowed us to render this method quantitative, and
measure indirectly the actual resistances of the sample edges and the bulk below transport

noise floor (reported in Sec. 3.3 and 3.4, respectively).

2.3.2 Local Magnetization with Flux-transformer

Finally, Fig. 2.6 shows a setup which allows simultane-

ous Hux-transformer and self-field measurements. For
its fabrication the chip was first coated in a photolitho-

graphic technique with a thin (less than 1 pm) layer

,\‘* ‘\‘,\‘ 9

Ny

of polyamide that serves as an electrically insulating

m ‘

buffer. Metallic (Cr-Al-Au) contacts were than evap-

orated on it through a shadow mask. UV glue was ap-

plied around these contacts and Ga-In eutectic droplets
were placed on top of them under the microscope. The Fig. 2.6: Flux-transformer
sample was then pressed against the wet surface inside  configuration, flip-chip con-
a mask-aligner, followed by a short exposure of the chip ~ tacted on  polyamide coated
and sample to UV light that cures the UV glue and fixes

the sample to the chip. The upper surface of the sample

Hall sensor array.

is then contacted in the usual manner.

This delicate procedure yields an overall separation between the surface of the chip
and the contacted bottom surface of the sample of less than 1 ym. It enables to study
the way current distributes along the out-of-plane axis by comparing the self-induced
magnetic profile measured at the surface of the sample to that measured one sample
thickness away. Furthermore, when current is injected along the c-axis between top and
bottom contacts (for e.g. between red and blue +1 contacts in Fig. 2.6) it first distributes
across the upper planes, then tunnels through the layers, and eventually is collected by the
contact at the bottom plane. This unique flow pattern is induced by the layered structure
of BiySroCaCuyOg that yields p. > pap. Therefore, currents of opposite polarity flow on
the top and bottom layers. In this scenario the Hall sensors measure the induced quantity
B.(z,z4+d)—B.(x,z) ~ 0B,(x)/0z. Using Maxwell’'s V-B = 0B, (z)/0z+0B,(z)/0x = 0

13



2.4 Cryogenics

information can be inferred about the in-plane self-induced component B,(z). This is
somewhat similar to the gradiometer device of Ref. [76] in which the 0B, (z)/0z component

of the sample dc magnetization was measured by a double-layer Hall sensor array.

2.4 Cryogenics

The cryogenic system (Fig. 2.7) is composed of a liquid

helium flow cryostat for temperature stabilization and  electronicse—&=j==—» temperature
a superconducting magnet, both immersed inside a 110 He, ool
liter helium storage dewar with a 3 inch wide neck. The C—Z:BOE:—LE E:_E:
cryostat is a homemade double-wall vessel with a nee- | |.rod
dle valve, enabling controlled flow of liquid or gaseous /—~/ | | cryostat
helium into the sample space. The walls of the cryostat o lwdewar
are vacuum-pumped before cooling to achieve thermal ol =5 -
isolation. The flow of helium is facilitated by the pres- g’ % g

sure, generated within the dewar, which is maintained at :"C—\

about 5 psi by a back-pressure valve. Helium escaping edlevalve

the system is constantly transferred via recovery lines to
the helium liquefying station. Fig. 2.7: Setup.
Temperature stabilization is achieved by careful con-
trol of the flow and of the temperature of the gas entering the sample space. The temper-
ature is measured and stabilized using two temperature controllers: one in close proximity
to the sample and the other at a heat exchanger copper block, located where the gas enters
the cryostat. The temperature sensors used were factory-calibrated Lakeshore TG-120PL
GaAs diodes. The diodes cover a 1.4 K-500 K range, have low magnetic field dependence,
and require no periodic recalibration. The two 25 €2 heaters used for controlled heating
were wound from NiCu 5 mil wires. For temperature control we used a Lakeshore 340

temperature controller.
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3. Results

3.1 Thermodynamic Second-order Vortex Glass Transition

H. Beidenkopf, N. Avraham, Y. Myasoedov, H. Shtrikman, E. Zeldov, B. Rosenstein,
E. H. Brandt and T. Tamegai ” Equilibrium First-Order Melting and Second-Order Glass
Transitions of the Vortex Matter in BisSroCaCusOg”. Phys. Rev. Lett. 95, 257004
(2005).

We detected a novel thermodynamic glass transition of second-order in the vortex
phase diagram of BigSroCaCuyOg. Numerous experimental results indeed indicated slowed
vortex dynamics in BisSroCaCusOg at low temperatures. Most of these experiments stud-
ied the high-field part of the phase diagram above the melting line. This is mainly because
the Bragg glass phase below it was commonly thought to be stable under thermal fluctua-
tions. One of the features studied in this context was the irreversibility line that marks the
onset of hysteretic magnetization. While the hysteresis is interlinked with the underlying
bulk electrodynamics, it is affected by other mechanisms too (Sec. 1.7). In our study
we relaxed the hysteretic magnetization of the vortex matter by applying an in-plane
‘shaking’ field. The resulting reversible magnetization revealed a sharp cusp marking a
phase transition of second order. Moreover, a similar cusp was detected also below the
melting line within the Bragg glass region of the phase diagram. This was the first indi-
cation of a thermodynamic transition underlying the dynamic irreversibility line, relating
irreversibility to the onset of strong bulk pinning on approaching a thermodynamic glass
transition. This transition was detected in all BisSroCaCuyOg samples measured after its
first identification. This result led to theoretical research regarding the novel transition.
A similar transition was detected in an extensive computer simulation, predicting the
thermally depinned ordered phase to have Ohmic resistance [77]. Theoretically, a ther-
modynamic glass transition, below which the replica symmetry of some order parameter
is spontaneously broken, was subsequently derived both from the bare Ginzburg-Landau

energy functional [78] as well as from an elastic description of the vortex system [79)].
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The thermodynamic H-T phase diagram of Bi,Sr,CaCu,0Og was mapped by measuring local equilib-
rium magnetization M(H, T) in the presence of vortex shaking. Two equally sharp first-order magneti-
zation steps are revealed in a single temperature sweep, manifesting a liquid-solid-liquid sequence. In
addition, a second-order glass transition line is revealed by a sharp break in the equilibrium M(T) slope.
The first- and second-order lines intersect at intermediate temperatures, suggesting the existence of four
phases: Bragg glass and vortex crystal at low fields, glass and liquid at higher fields.

DOI: 10.1103/PhysRevLett.95.257004

The magnetic field vs temperature (H-T) phase diagram
of the vortex matter in high-temperature superconductors,
and in Bi,Sr,CaCu,0Og (BSCCO), in particular, has drawn
extensive scientific attention [1]. The commonly cited
thermodynamic phase diagram of BSCCO currently con-
sists of a single unified first-order (FO) melting line. It
separates the low-field quasi-long-range ordered Bragg
glass (BrG) phase from the high-field liquid and glass
phases [1-6]. It is not clear, however, whether the two
high-field disordered phases are thermodynamically dis-
tinct, or rather reflect a gradual dynamic crossover from
liquid into a frozen, pinned state upon cooling [7,8]. In this
Letter we show that the equilibrium phase diagram of the
vortex matter is indeed more diverse than the one usually
considered.

Experimentally, one of the main obstacles in mapping
the low-temperature thermodynamics of the vortex matter
is its logarithmically slow relaxation rate. Consequently,
the phase diagram has been studied in the past mostly
through dynamic phenomena. Two prime examples are
the irreversibility line itself, marking the onset of hystere-
sis, and the second magnetization peak (SMP), observed
along such hysteretic magnetization loops [9].

Recently, though, vortex shaking was shown to be ex-
tremely effective in catalyzing relaxation at low tempera-
tures [2,10,11]. Its application unveiled the inverse melting
and the thermodynamic FO transition as the phenomenon
underlying the nonequilibrium SMP [2]. The shaking
method employs the segregated penetration of an in-plane
field component into the highly anisotropic BSCCO
samples in the form of Josephson vortices, which are
confined in between the CuO, planes. In the presence of
an ac in-plane field, the Josephson vortices instantaneously
bisect the pancake vortex (PV) stacks on their passage,
interacting mainly with adjacent PVs, while most of the

0031-9007/05/95(25)/257004(4)$23.00
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PVs in the stack remain at rest [12]. These occasional
interactions agitate pinned PVs, assisting them in assuming
their equilibrium configuration.

Within the present study we performed local magneti-
zation measurements by field and temperature sweeps,
while utilizing the shaking method, to map the equilibrium
phase diagram of the vortex matter. The cross mapping of
the FO melting line along both sweeping directions shows
an excellent agreement. Temperature sweeps provided par-
ticularly sharp features, with which we demonstrate a
liquid-solid-liquid sequence of phases. Ertas and Nelson
have predicted such a liquid-solid-liquid sequence to occur
within a single temperature sweep [13], but it was never
observed experimentally. We further find evidence of a
novel second-order (SO) phase transition within the vortex
solid phase, which bears important consequences regard-
ing the nature of the BrG phase.

The reported results were obtained with a slightly over-
doped BSCCO crystal with 7, = 90 K grown by the trav-
eling solvent floating zone method [14]. This specific
sample was polished into a triangular prism of base 660 X
270 um? and height 70 uwm [15] (other samples yielded
similar results, to be presented elsewhere). The sample
was attached onto an array of eleven 10 X 10 um?
GaAs/AlGaAs Hall sensors. In all measurements taken
below 60 K the sample was subject to a 10 Hz in-plane
ac field of amplitude 350 Oe, which was aligned parallel to
the planes to an accuracy of a few millidegrees. Note that
according to the anisotropic scaling theory [1] this in-plane
field is effectively attenuated by a factor y = 200—the
anisotropy constant in BSCCO. We found that at higher
temperatures shaking had no effect on the FO transition
besides a small broadening (see below).

The field sweep mapping of the FO melting line is
shown in Fig. 1. The collapse of the hysteretic magnetiza-

© 2005 The American Physical Society
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FIG. 1 (color online). (a) The 32 K field sweeps with (solid
curve) and without (dotted curve) an in-plane 350 Oe-10 Hz
shaking field. Reversible steps in magnetization (solid arrows)
appear instead of the hysteretic SMP (open arrows) upon shak-
ing. (b) The derivative of the induction with respect to applied
field dB/dH at 32 K as a color scheme. The first-order transition
appears as a paramagnetic peak on top of the dB/dH =~ 1
background. (c) Successive mapping of the first-order melting
line H,,(T) measured by field sweeps.

tion into a reversible behavior upon shaking is demon-
strated in Fig. 1(a) taken at 32 K. A reversible magnetiza-
tion step appears instead of the SMP. To better resolve the
step we plot in Fig. 1(b) the derivative of the measured
induction with respect to applied field dB/dH. The FO
transition thus appears reversibly as a §-like peak on top of
the dB/dH =~ 1 background. Figure 1(c) shows a color
scheme of the derivatives dB/dH measured by field
sweeps within the temperature range 28—80 K. The indi-
vidual melting peaks combine to give the locus of the FO
transition line H, (7). Its negative slope at elevated tem-
peratures becomes positive below 38 K. This nonmono-
tonic behavior marks the change in the character of the
transition from thermally induced above the extremum to
disorder driven in the inverse-melting region [5,6,13].

In addition to the field sweeps, our experimental setup
also enables temperature sweeps in the presence of vortex
shaking. It thus allows one to measure directly the tem-
perature dependence of the equilibrium magnetization at a
constant applied c-axis field. At fields slightly lower than
390 Oe [e.g., at 380 Oe along the dashed line in Fig. 2(a)]
these sweeps should cross the melting line twice. Re-
markably, the measured local induction in Fig. 2(b) indeed
shows two very clear and opposite equilibrium magnetiza-
tion steps on both descending and ascending sweeps. Note
that for clarity we have subtracted from the data a linear
slope aT. It is contributed both by the slight temperature
dependence of the Hall coefficients of the sensors and by
the linear term of the magnitude of the diamagnetic equi-
librium magnetization, which monotonically decreases
with temperature. This is the first observation of two FO
transitions obtained in a single temperature sweep. More-
over, the two steps are equally sharp and with comparable
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FIG. 2 (color online). (a) The FO melting line H,,(T) mapped
via field sweeps (open circles). (b) Local induction B(T) in the
presence of shaking, measured upon temperature sweep at
380 Oe along the dashed line in (a). A linear slope a7 was
subtracted for clarity. The two equally narrow FO magnetization
steps (black segments) show a liquid-solid-liquid sequence. The
temperatures at which the phase transitions occur coincide with
those, extracted from field sweeps (doted lines). The color code
reflects different phases in Fig. 4.

heights of about 0.15 G. This demonstrates that the ther-
mally and disorder-driven processes, responsible for the
melting and the inverse melting, respectively, are equiva-
lent mechanisms leading to a FO destruction of the qua-
siordered vortex solid.

The temperatures at which the magnetization steps ap-
pear along the temperature sweep of Fig. 2(b) are in
complete agreement with the melting behavior deduced
from field sweeps (dotted lines). Therefore, the transition
line in Fig. 2(a) is independent of the specific H-T path
along which it is approached—a mandatory equilibrium
property. The remaining small hysteresis of 0.1 to 0.2 G
between downward and upward sweeps apparently results
from surface barrier effects, while the vortices in the bulk
are well equilibrated by the shaking. The finite widths
(about 0.7 K) that the melting steps attain are mainly due
to a spatial and a temporal averaging mechanisms. The first
is introduced by the sensor’s finite active area that averages
over the propagating melting front [16], which results from
the spatially inhomogeneous equilibrium magnetization
profile [17]. The temporal one is a by-product of the
shaking technique. The in-plane field component is known
to slightly reduce the melting temperature [12,18,19].
Consequently, our time averaged measurement in the pres-
ence of the ac in-plane shaking field results in an addi-
tional broadening due to the instantaneous periodic shift of
the effective local melting temperature.

We thus turn to report the detection of a novel phase
transition, whose signature is a distinct break in the slope
of the magnetization M(T). It is visible around 37 K in
Fig. 2(b) at 380 Oe, and becomes much more pronounced
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at fields further away from the extremum of the FO melting
line, as depicted by Fig. 3. The 420 Oe temperature sweep
[Fig. 3(a)] does not intersect with the FO line, hence no
steps appear in the local induction. Nevertheless, a sharp
break in slope is clearly resolved along both descending
and ascending temperature sweeps at T,. A sharp revers-
ible break in the induction slope appears also in the 350 Oe
temperature sweep of Fig. 3(b) (dotted line) in between the
two melting steps, hence within the solid phase. This non-
analytic behavior is emphasized by the sharp step in the
derivative dB/dT shown in the insets. These kinks were
found also in other samples and at various Hall-sensor
locations, and did not depend on the sweeping rate. We
thus conclude that this break in slope of the equilibrium
magnetization M(7T) indicates a thermodynamic SO phase
transition.

Mapping of both the first-order H,,(T) and second-order
Hy(T) transition lines onto the equilibrium H-T phase
diagram is given in Fig. 4. The SO line (solid dots) inter-
sects the melting curve (open circles) and shows weak field
dependence throughout the mapped region (and therefore
cannot be readily observed by field sweeps). The resulting
phase diagram consists of four distinct thermodynamic
phases.

The high-field part of the novel SO line can be naturally
identified with the long sought glass transition line. It
asserts that the low-temperature glass phase is indeed
thermodynamically distinct from the high-temperature lig-
uid one. Several experimental studies have observed bulk
irreversibility features in BSCCO, which appeared above
H,,(T) at about 35 K [20,21]. However, all these studies
probed dynamic or nonequilibrium vortex properties. The
glass line of Fig. 4 is the first experimental evidence of
such a thermodynamic transition in BSCCO.

Yet, the most intriguing result in Fig. 4 is the detection of
the SO line within the vortex solid region. This implies that
two distinct thermodynamic phases are present in the low-
field region below H,(T), contrary to the common belief
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FIG. 3 (color online). Local induction B(T), measured along
temperature sweeps while shaking. A reversible sharp break in
the slope (at the dotted lines) appears both above [(a) 420 Oe]
and below [(b) 350 Oe] the melting line H,(T). The insets show
a corresponding step in the derivative dB/dT, signifying a
thermodynamic second-order phase transition.

that a single BrG phase prevails throughout this part of the
phase diagram. A number of previous studies indicated a
depinning line of similar topology within the BrG below
H,,(T) [20]. However, all these measurements probed only
the nonequilibrium properties, which were consistent with
the existing theoretical dynamic predictions and simula-
tions of depinning [13,22]. In contrast, the present finding
of a thermodynamic line requires a more fundamental
reconsideration.

It is interesting to note that in YBa,Cu3;0; crystals a
thermodynamic signature of a SO transition within the
liquid phase has been reported [23]. There, however, the
SO line emanates from the upper critical point of the FO
line, directly extending it to higher fields. This topology is
consistent with several dynamic measurements in
YBa,Cu;0; [24,25], although alternative topologies have
been also suggested [26,27]. In contrast, our thermody-
namic data of BSCCO show that the SO and the FO
transitions are two independent lines that intersect each
other nearly at a right angle.

Several theoretical studies have shown that under the
elastic medium approximation quasi-long-range order of
the vortex lattice is still retained in the presence of
quenched disorder, giving rise to the BrG phase [28,29].
This phase was found to be stable at all temperatures (as
long as topological excitations are excluded) in systems of
dimensionality greater than two and lower than four. This
is probably the reason why a nontopological thermody-
namic phase transition of the BrG phase was hardly ever
considered in 3D models. An exception is a Josephson-
glass line that was suggested to exist within the BrG region
[30]. Still, the general belief is that the BrG phase is robust
until dislocations proliferate, which gives rise to the FO
phase transition [6,8,28]. In 2D systems, however, the BrG
models did find a possible finite-temperature depinning
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| Il
40 60 80
T (X)

FIG. 4 (color online). The thermodynamic phase diagram of
BSCCO accommodates four distinct phases, separated by a first-
order melting line H,,(T) (open circles), which is intersected by
the second-order glass line Hg(T) (solid dots). The inset plots an
equivalent phase diagram, calculated based on Ref. [31], con-
sisting of a second-order replica symmetry breaking lines Hg(T)
both above (dotted line) and below (dashed line) the first-order
transition H,(T) (solid line).
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transition, above which disorder is no longer relevant.
Therefore, the observed SO transition could be accounted
for within these models only in the extreme case of vanish-
ing coupling between the superconducting layers.

In contrast, in a recent theoretical work [31] the free
energy of the vortex matter in the presence of quenched
disorder was explicitly calculated under the lowest-
Landau-level approximation in a 3D model. It was found
that two transitions are present: a FO melting, at which the
quasi-long-range order is destroyed, and a SO glass tran-
sition, below which the replica symmetry is spontaneously
broken. The inset of Fig. 4 shows the phase diagram,
calculated using a similar effective 2D model with parame-
ters optimized for BSCCO [32]. The calculations repro-
duce the measured features very well. Amongst them are
the melting and inverse-melting behavior, the discontinuity
of the magnetization slope dM/dT at the glass transition,
and the H,(T) line itself, which resides at slightly higher
temperatures as compared to experiment. In addition, the
calculations show that the portions of the H,(T) line, lying
above and below the FO transition H,,(T) (dotted and
dashed lines, respectively), are slightly shifted from each
other. Therefore, they do not cross the melting line at a
single point, but rather form two closely located tricritical
points along it. This minute shift can hardly be seen in the
inset of Fig. 4 and is below our current experimental
resolution.

Within this model the high-field glass phase and the low-
field BrG are strongly pinned and replica symmetry bro-
ken, whereas the two high-temperature phases are replica
symmetric and thus reversible. This conclusion of revers-
ibility is consistent also with the existing dynamic mea-
surements [20]. It is therefore tempting to speculate that
the phase above H,(T) and below H,,(T) should acquire a
true crystalline order. However, since Rosenstein and Li
did not calculate the structure factor and our measurements
do not probe this quantity, the proposed vortex crystal
phase certainly calls for further experimental and theoreti-
cal investigations.

In summary, we present thermodynamic evidence of a
possibly second-order glass transition line that splits the
quasiordered vortex solid into two distinct phases. By
comparing the results with existing dynamic measure-
ments and a new theoretical study, we suggest that the
two phases are BrG and a vortex crystal. The glass line
crosses the first-order melting line near its extremum and
extends to higher fields, giving rise to two thermodynami-
cally distinct disordered phases—a glass and a liquid.

We thank D. Li, V.M. Vinokur, and B. Horovitz for
stimulating discussions. This work was supported by the
Israel Science Foundation Center of Excellence, by the
German-Israeli Foundation G.L.F, by the Minerva
Foundation, Germany, and by Grant-in-aid for Scientific
Research from the Ministry of Education, Culture, Sports,
Science, and Technology, Japan. B.R. acknowledges the
support of the Albert Einstein Minerva Center for

Theoretical Physics and E.Z. the U.S.-Israel Binational
Science Foundation (BSF).

*Electronic address: haim.beidenkopf@weizmann.ac.il

[1] G. Blatter and V.B. Geshkenbein, The Physics of Super-
conductors (Springer, New York, 2003), Vol. I, Chap. 10,
p. 725.

[2] N. Avraham et al., Nature (London) 411, 451 (2001).

[3] Y. Radzyner, A. Shaulov, and Y. Yeshurun, Phys. Rev. B
65, 100513(R) (2002).

[4] V. Vinokur et al., Physica (Amsterdam) 295C, 209 (1998).

[5] G.P. Mikitik and E. H. Brandt, Phys. Rev. B 68, 054509
(2003); J. Kierfeld and V. Vinokur, Phys. Rev. B 69,
024501 (2004).

[6] T. Giamarchi and S. Bhattacharya, High Magnetic Fields:
Applications in Condensed Matter Physics, Spectroscopy
(Springer, New York, 2002), p. 314.

[7] C. Reichhardt, A. van Otterlo, and G.T. Zimanyi, Phys.
Rev. Lett. 84, 1994 (2000).

[8] Y. Nonomura and X. Hu, Phys. Rev. Lett. 86, 5140 (2001);
P. Olsson and S. Teitel, Phys. Rev. Lett. 87, 137001
(2001).

[9] B. Khaykovich et al., Phys. Rev. Lett. 76, 2555 (1996).
[10] M. Willemin e al., Phys. Rev. Lett. 81, 4236 (1998).
[11] G.P. Mikitik and E. H. Brandt, Phys. Rev. B 69, 134521

(2004).

[12] A.E. Koshelev, Phys. Rev. Lett. 83, 187 (1999).

[13] D. Ertas and D.R. Nelson, Physica (Amsterdam) 272C,
79 (1996).

[14] N. Motohira et al., J. Ceram. Soc. Jpn. Int. 97, 994 (1989).

[15] D. Majer, E. Zeldov, and M. Konczykowski, Phys. Rev.
Lett. 75, 1166 (1995).

[16] A. Soibel et al., Nature (London) 406, 282 (2000).

[17] E. Zeldov et al., Phys. Rev. Lett. 73, 1428 (1994).

[18] S. Ooi et al., Phys. Rev. Lett. 82, 4308 (1999).

[19] B. Schmidt ef al., Phys. Rev. B 55, R8705 (1997).

[20] D.T. Fuchs et al., Phys. Rev. Lett. 80, 4971 (1998); C.D.
Dewhurst and R.A. Doyle, Phys. Rev. B 56, 10832
(1997); Y. Yamaguchi er al., Phys. Rev. B 63, 014504
(2001); S. Ooi, T. Mochiku, and K. Hirata, Physica
(Amsterdam) 378C, 523 (2002); Y. Matsuda et al., Phys.
Rev. Lett. 78, 1972 (1997); S. Ooi, T. Shibaushi, and
T. Tamegai, Physica (Amsterdam) 284B, 775 (2000).

[21] T. Shibauchi er al., Phys. Rev. Lett. 83, 1010 (1999).

[22] R. Sugano et al., Physica (Amsterdam) 357C, 428 (2001).

[23] F. Bouquet et al., Nature (London) 411, 448 (2001).

[24] H. Safar et al., Phys. Rev. Lett. 70, 3800 (1993).

[25] W.K. Kwok et al., Phys. Rev. Lett. 84, 3706 (2000).

[26] K. Shibata et al., Phys. Rev. B 66, 214518 (2002).

[27] B.J. Taylor et al., Phys. Rev. B 68, 054523 (2003).

[28] T. Giamarchi and P. LeDoussal, Phys. Rev. B 52, 1242
(1995).

[29] T. Nattermann, Phys. Rev. Lett. 64, 2454 (1990).

[30] B. Horovitz and T.R. Goldin, Phys. Rev. Lett. 80, 1734
(1998); B. Horovitz, Phys. Rev. B 72, 024519 (2005).

[31] D. Li and B. Rosenstein, Phys. Rev. Lett. 90, 167004
(2003); cond-mat/0411096.

[32] B. Rosenstein and D. Li (unpublished).

257004-4

19



3.2 Anisotropy Scaling of the Glass Transition

3.2 Anisotropy Scaling of the Glass Transition

H. Beidenkopf, T. Verdene, Y. Myasoedov, H. Shtrikman, E. Zeldov, B. Rosenstein, D. Li
and T. Tamegai ” Interplay of Anisotropy and Disorder in the Doping-Dependent Melting
and Glass Transitions of Vortices in BisSroCaCusOg,s”. Phys. Rev. Lett. 97, 167004
(2007).

To further characterize the extended vortex phase diagram consisting of a first-
order melting transition and a second-order glass transitions, we studied the depen-
dence of these transition lines on the oxygen over-doping of the sample, 6. The
main effect of oxygen over-doping is to increase the coupling between the supercon-
ducting layers. This stiffens the pancake vortex stacks, thereby reducing the sample
anisotropy and enhancing the elasticity of the vortex matter [6, 80, 81, 82]. In ad-
dition, the excess oxygen atoms serve as added point defects [83]. We found that
the glass transition obeys a surprisingly simple anisotropy-scaling law which neglects
the effect of disorder altogether [84, 85]. By fitting the doping-dependent phase dia-
grams to those calculated from a theoretical model [78], we found that although de-
fect density is known to increase with over-doping, the disorder strength decreases.
This was attributed to the reduced

anisotropy, which renormalizes the dis-

order strength and decreases it.
In view of the reported results, we at-

tempted to study the dependence of the

phase diagram on disorder content alone

without varying the sample anisotropy.

The defect density can be varied by bom-
barding the sample with light elements,
such as electrons [27, 20] or protons
[28, 29]. We thus irradiated a ~ 20 pm
thick BiySryCaCuyOg sample with pro-
tons at 2.25 MeV with total fluency of
1 x 10' p/cm? in the Van der Graph  Fig. 3.1: Melting line before (blue) and af-

accelerator at the Weizmann Institute.  ter (red) irradiating the sample with protons.
(a) ac-susceptibility melting peaks. (b) Second

TRIM calculation yields a stopping dis-
i . magnetization peaks.
tance of 38.4 pm. Unlike electrons, which

are known to induce only point-like de-

20



3.2 Anisotropy Scaling of the Glass Transition

fects on their passage through the sample, collisions of the heavier protons also result in a
negligible concentration of defect cascades which may introduce some c-axis correlations
(86, 87].

The preliminary results obtained thus far indicate an enormous enhancement of dis-
order strength, which we believe to originate mainly from uncorrelated point-like defects.
At the highest temperatures, at which the melting transition is induced by thermal fluc-
tuations, the effect of proton irradiation is negligible, as in the case of electron irradiation
[20]. Figure 3.1(a) shows that the paramagnetic melting peaks detected in ac-susceptibility
measurements retain their shape, indicative of the underlying first-order transition [88],
and merely shift to slightly lower vortex densities. However, the maximum of the melting
line (Fig. 3.1), below which it becomes disorder induced, shifts from 35 K to the un-
precedented high temperature of 75 K after irradiation, restricting the ordered region of
the phase diagram to extremely low vortex densities. The dynamic second magnetization
peak (SMP), a signature of the inverse melting transition [21] which is commonly observed
below 40 K in pristine samples, is accordingly detected in the hysteretic magnetization
at 70 K (Fig. 3.1(b)). While this feature is typical to pristine samples with point-like
defects, it is absent in heavily ion irradiated samples with correlated pinning centers [89],
which signifies the dominance of point-like defects over the cascades in inducing the ob-
served behavior in the proton irradiated sample. These preliminary results emphasize
the potential in systematically studying the complete vortex phase diagram, including its

second-order glass transition, in proton-irradiated samples.
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We study the oxygen doping dependence of the equilibrium first-order melting and second-order glass
transitions of vortices in Bi,Sr,CaCu,0Og, 5. Doping affects both anisotropy and disorder. Anisotropy
scaling is shown to collapse the melting lines only where thermal fluctuations are dominant. Yet, in the
region where disorder breaks that scaling, the glass lines are still collapsed. A quantitative fit to melting
and replica symmetry-breaking lines of a 2D Ginzburg-Landau model further reveals that disorder
amplitude weakens with doping, but to a lesser degree than thermal fluctuations, enhancing the relative

role of disorder.
DOI: 10.1103/PhysRevLett.98.167004

Elasticity, thermal energy, disorder, and interlayer
coupling are some of the closely competing energy
scales in the intricate H-T phase diagram of the vortex
matter in the layered high-temperature superconductor
Bi,Sr,CaCu, 0445 (BSCCO) [1-6]. The low-temperature
part of the equilibrium phase diagram of BSCCO was
recently made accessible to experiment by vortex shaking
[7-9]. It unveiled a first-order (FO) inverse-melting line,
which continues the thermal melting line from high tem-
peratures [8] separating low-field ordered phases from
high-field amorphous ones. A second-order (SO) transition
line, at which low-temperature glassy phases get thermally
depinned, was subsequently reported [9]. In this Letter we
study the oxygen doping dependence of these transition
lines. We show that the SO line scales with material
anisotropy even where the FO line does not, and that
effective disorder weakens with doping, but gains relative
dominance over thermal fluctuations.

We present measurements of optimally doped (OPD),
slightly overdoped (SOD), overdoped (OVD), and highly
overdoped (HOD) BSCCO crystals [10,11] with critical
temperatures 7, = 92, 90, 88.5, and 86 K, respectively,
corresponding to hole concentrations of 0.171, 0.180,
0.184, and 0.190 [12]. Various crystal geometries were
studied with typical sizes of ~300 X 300 X 40 um?.
They were mounted on 10 X 10 uwm? Hall sensor arrays,
fabricated in a GaAs/AlGaAs heterostructure. At low tem-
peratures we utilized a 350 Oe in-plane ac shaking field of
10 Hz to relax the pancake vortices toward their equilib-
rium configuration [7-9]. Conjugating local probes with
shaking yielded the equilibrium reversible magnetization
of the samples.

Figure 1 shows the local induction B(H, T) measured in
the SOD sample by sweeping the temperature 7 at a
constant out-of-plane field H in the presence of an in-plane
shaking field. A linear term «yT + By was subtracted
from each temperature sweep [Fig. 1(a)] to flatten the

0031-9007/07/98(16)/167004(4)
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originally increasing (ay > 0) local induction. As a result,
the FO and SO singular behavior can be readily traced
throughout the H-T phase diagram.

The FO melting transition is manifested by a discon-
tinuous step in the magnetization along the dash-dotted
line in Fig. 1. It separates the high-field amorphous glass
and liquid phases from the low-field quasi-long-range—
ordered Bragg glass (BrG) [5,13]. The melting line be-
comes nonmonotonic at a certain temperature [8,9]. Its
inverse-melting part is believed to be an order-disorder
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FIG. 1 (color online). The local induction shows FO (dash-
dotted line) and SO (dashed line) transition lines in the H-T
phase diagram. The induction in the high-temperature depinned
liquid and solid phases was artificially flattened by a linear
subtraction ayT + By (hence the constant color). The low-
temperature BrG and glassy phases have thus a finite positive
slope. (a) Values of ay and By used. (b) FO-SO-FO transition
sequence at a 380 Oe temperature sweep on the background of
the color bar. (¢) Discontinuous steps in dB/dT, manifesting the
SO nature of the transition.
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transition, induced mainly by quenched disorder and not by
thermal fluctuations [1-5,14-16].

The SO phase transition is manifested by a break in
the slope of the magnetization at T,, marked in Fig. 1
by the dashed line. It separates the fully flattened high-
temperature magnetization (dB/dT|;~y, — a = 0) of con-
stant color from a low-temperature region of nonzero slope
(dB/ dT|T<Tg — a > 0), whose color varies with tempera-
ture. The nonanalyticity at T, is demonstrated in Fig. 1(c),
which shows ~40 mG/K steps in dB/dT for temperature
sweeps lying below as well as above the FO line. The
location of the SO line above melting resembles earlier
dynamic irreversibility measurements [17—-21] and theo-
retical models of a glass transition [1-5,22-24]. Few
dynamic measurements found a similar line of thermal
depinning below melting [9,25-30], which separates the
BrG phase below it from a thermally depinned solid, whose
detailed characteristics are not yet certain.

We mapped three more samples of various doping levels
that yielded the B-T phase diagram plotted in Fig. 2. The
melting line shifts as a whole to higher fields with doping
due to the decrease in anisotropy, which implies stronger
interlayer coupling and higher stiffness of the pancake
vortex stacks [10,30—32]. As the FO line shifts to higher
fields, its maximum shifts toward increasingly higher tem-
peratures (inset of Fig. 2). Identifying these maxima with
the crossover from disorder to thermally dominated behav-
ior [1-5] may suggest that doping enhances disorder. The
SO transition line also shifts upward, further signifying
that disorder is enhanced with doping. However, we will
show below that this conclusion is inaccurate. Moreover,
arguing naively that the balance between characteristic
energies constrains the SO line to bisect the FO one at its
maximum [1] is also too simplistic. The inset of Fig. 2
clearly shows that in overdoped samples the bisection point
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FIG. 2 (color online). FO and SO transition lines (solid sym-
bols and open symbols, respectively) measured with OPD (O),
SOD (OJ), OVD (<), and HOD (A) samples. The inset shows the
doping dependence of the maximum of the FO line and its
bisection with the SO line. Dotted and dashed lines are
second-degree polynomial fits.

resides below the FO maximum temperature (the overlap
of the two in the OPD sample is apparently accidental).
Therefore, a naive description of thermal depinning cannot
account for both the SO line and the FO maximum behav-
ior (for instance, the latter is directly affected also by
elasticity) [2—4].

We now present a quantitative scaling analysis of the
doping dependence, parameterized by the sample anisot-
ropy ratio &2 = my,/m,. (m; is the electronic effective
mass in the ith direction). For high-« superconductors,
such as BSCCO, the Ginzburg-Landau (GL) free energy
functional can be recast into an isotropic (¢ = 1) form by
rescaling its parameters [33]. We focus on one such trans-
formation [34] that rescales space, magnetic induction, the
penetration depth Ay, and the coherence length &,. Models
for high-temperature melting are usually independent of
&o, and find A, to enter with some model-dependent power
as a proportionality factor. For definiteness we resort to a
specific model [6,35] for a FO evaporation line with no
disorder from vortex solid to pancake gas Bp(r) «
(e2/A3d)(1 — 1*)/t, where t = T/T, and d is the inter-
plane separation. The scaling transformation [34] indeed
renders Bg(t) isotropic.

Figure 3 shows the rescaled FO and SO lines. The high-
temperature parts of the FO lines are perfectly collapsed by
dividing their induction axes by a constant [30]. Bg(t)
(dash-dotted line) fits the collapsed melting lines pre-
cisely, asserting that the multiplicands in this procedure
are (e,/e)?, normalized by the OPD &;!' =~ 500 [36].
Anisotropy scaling collapses the data down to #; = 0.58.
Below f;,, which appears to be independent of anisotropy,
the rescaled FO lines disperse again, and the fit to Bg()
breaks. The flattening of the FO line towards an inverse-
melting behavior results from quenched disorder, which

800+ oe OPD 600 2l 1
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m
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FIG. 3 (color online). Data collapse of the overdoped high-
temperature (¢ > t,;,) FO lines (solid symbols) onto the OPD line,
which also collapses the SO lines (open symbols). The fit to
Bg() (dash-dotted) sets the anisotropy ratios /&, to 1, 1.20,
1.54, and 1.85 for the OPD (O), SOD (00), OVD (<), and HOD
(/) samples, respectively. The inset shows the linear dependence
of the characteristic Bop(#;) on &/¢g, (dotted line).
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gains dominance with decreasing temperatures [1].
Accordingly, above t;, the FO transition is purely thermally
induced, and completely unaffected by disorder [14]. Just
below t;, disorder becomes a relevant, though not yet a
dominant, energy scale.

This counterparts the extremely low-temperature behav-
ior, where thermal energy becomes negligible relative to
pinning, resulting in a flat temperature-independent behav-
ior of the FO lines [1]. Indeed the FO lines in Fig. 3 tend to
flatten toward their ends, below which 350 Oe 10 Hz
shaking is insufficient for detecting a reversible melting
step. We thus conjectured a similar doping-independent
threshold temperature f7; = 0.25, below which thermal
energy becomes irrelevant. We fitted the low-temperature
order-disorder lines by a leading order expansion Bop(f =
t)) ~ Bop(ty) + At — t,)?, which agrees very well with
measurement. We can, therefore, estimate Bop(f;), at
which elasticity is balanced solely by the disordering po-
tential. It increases monotonically with doping (inset of
Fig. 3), stating that with reducing anisotropy elasticity
gains dominance also over disorder.

Yet, the most remarkable outcome of the anisotropy
scaling shown in Fig. 3 is the simultaneous collapse of
the SO transition lines (with zero freedom). The SO lines
reside in a temperature region where anisotropy scaling of
the melting lines fails due to effects of disorder. Still, the
same scaling transformation somehow succeeds in render-
ing the glass transition isotropic, even though this transi-
tion is believed to be intimately related with the
competition between disorder and thermal fluctuations.

To gain deeper understanding of the low-temperature
behavior, we fit the measured transition lines to those
predicted by a recent calculation [37], which gives access
to the doping dependence of the model’s free parameters. It
incorporates thermal, disordering, and elastic energies to
yield bisecting FO and SO lines. The pancake vortex
system is modeled by the 2D GL theory. We interpret
this single layer model as the outcome of an integration
of all other layers out of a complete 3D theory, resulting in
an effective 2D model whose renormalized coefficients
may still depend on anisotropy & of a 3D mass tensor.

The free energy functional is averaged over Gaussian
disorder in the coefficients of the quadratic and quartic
terms using the replica method. Taking the lowest-Landau-
level (LLL) approximation yields for the replicated parti-
tion function

Zi= [ e300, + S RIVPIWE)
v, = ab

[P+ 4 K*(b — h)2>
2 m2Gibt )

where R = a2bR /3272, R is the disorder amplitude in the
coefficient of the quadratic LLL term, b = B/H 5, a; =
(b + 1t —1)/(272b*2Gi)/* is the LLL parameter, Gi is the
effective Ginzburg number that generally scales thermal

d?
Got¥) = [ (arlwl +

fluctuations, and « is the GL parameter. Randomness in the
coefficient of the quartic LLL term, although crucial for
obtaining the nonanalyticity of SO, has negligible effect on
the locus of the transition lines, and is therefore neglected
in the present context.

The FO line is calculated by equating the energies of the
homogeneous and crystalline states under the influence of
disorder in Gaussian approximation. This extends beyond
the earlier calculation, which treated disorder perturba-
tively [38]. The glass line is found from the stability
analysis of the replica symmetric solution. The replica
symmetry breaking (RSB) is continuous. The correspond-
ing Parisi function describing the hierarchial structure of
the glassy state and its detailed derivation can be found in
Ref. [37].

The model’s free parameters are R, Gi, T, and H,, =
T.(dH./dT)|r.. However, due to a hidden symmetry,
given by Gi/H?, and Gi/R?, the theory effectively has
only three independent fitting parameters. We therefore
fixed H., = 100 T, for simplicity, consistent with our
limited range of hole concentrations [12]. Figure 4 presents
two fitting strategies motivated by different physical be-
haviors. The first (thick lines) is optimized to fit the col-
lapsed parts of the phase diagram—SO lines and FO ones
for t > ty,. Interestingly, this set simultaneously provides a
collapsed FO line also for f < ty. This results from the
above symmetry of the model in which Gi and ¢ take the
same role, defining a relation R « +/Gi along which the
calculated phase diagram remains unchanged under anisot-
ropy rescaling. The thick lines in the insets of Fig. 4 show
the resulting parameters Gi = 3.91(gy/e — 0.37)> and
R = 1.54(gy/e — 0.37). The departure of the calculated
FO line from the measured ones below 7, may indicate that
theory lacks a symmetry-breaking mechanism once anisot-
ropy scaling breaks in experiment.

(e./e)’ B (G)

FIG. 4 (color online). Fits of FO (dashed) and SO (solid) lines
of the LLL 2D GL model with H,, = 100 T, T, = 103, 101, 98,
and 95 K for the OPD (O), SOD (0), OVD (<), and HOD (A)
samples, respectively. The values of Gi (a) and R (b) were fixed
either by fitting the SO lines and FO ones above #, (thick lines)
or by fitting the full FO lines (thin lines).
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An alternative fit (thin lines), faithful to the complete
FO lines, dictates the slightly different set of values Gi =
4.77(e./e — 0.38)%, R = 0.75(,/e — 0.2) (insets, thin
lines). The excellent fit of the FO lines (dashed line)
suggests that the effective 2D model still captures the
essential physics involved. Its validity should break down
at very low temperatures, where indeed it misses the flat-
tening of the FO lines as 7, is approached, and close to T,
due to critical fluctuations, which may explain the 10%
overestimate in the fitted bare 7', values [39]. Substituting
this set of values in the calculation of the RSB lines (solid
lines) with zero freedom also produces a good fit that
improves with doping, but misses the anisotropy rescaling
of the measured SO lines. Nevertheless, the discrepancy
between the two sets of values of the different fitting
strategies is small, and vanishes in the high doping limit.

In Fig. 4(a) the reduced dominance of thermal fluctua-
tions with doping is clearly captured by the decrease in Gi.
Its dependence on anisotropy is closer to the 3D 1/ than
to the 2D e-independent behavior. Remarkably, the disor-
der amplitude in Fig. 4(b) also decreases with doping. This
contrasts the result of Ref. [40], which found that oxygen
addition increases the defects concentration. The apparent
contradiction is resolved by noting that the disorder am-
plitude is affected also by the anisotropy dependence of
the effective pinning potential, which decreases with dop-
ing as the vortex stacks get stiffer. The overall decrease of
R suggests that the latter mechanism is dominant, not the
rising defect concentration.

Last, while both Gi and R decrease with doping, Gi has a
stronger dependence on anisotropy. This clarifies the true
mechanism that shifts the maximum of the FO line and its
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[19]

bisection with the SO line toward higher temperatures with S(H
doping (Fig. 2). Although the magnitude of the disorder [22]
amplitude decreases with increased doping, disorder still [23]
gains relative dominance over thermal fluctuations, which
decrease faster with e. [24]
In summary, g2 scaling accounts for the reduced anisot- [25]
ropy of BSCCO samples with doping down to . Below (26]
t, Where disorder becomes relevant, £ scaling still col- [27]
lapses the SO lines. From the quantitative agreement with (28]
the LLL 2D GL model, we deduce that disorder and
thermal fluctuations weaken relative to elasticity with in- [29]
creased doping, which shifts the FO line toward higher [30]
fields. Disorder still gains relative dominance over thermal [31]
fluctuations, which concurrently shifts the maximum of the [32]
FO line and its bisection with the SO line towards higher
temperatures. [33]
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We studied the dynamical aspects of the thermodynamic phase diagram. As discussed
in Sec. 1.6 and 1.7, the sample edges and extreme anisotropy due to its layered structure
render naive transport measurement inadequate. We thus devised an alternative indirect
approach, which combines measurement of the current distribution within the sample [67]
with a simple, but apparently accurate, model of the sample edges and bulk in terms of
electrodynamic components - resistors and inductors [90]. In this chapter, this method is
applied first to unveil the true electrodynamic edge mechanism that drives the previously
unresolved T, transition [47]. We show that this is the temperature below which the edge
inductance governs the transport properties of the sample, and indicate the associated
vortex flow characteristics. The edge inductance is then used as a probe for measuring
the edge resistance far below typical transport noise. In the next chapter, we show that
a similar electrodynamic transition takes place in the bulk, and then use it to probe the
bulk resistance on approaching the novel glass transition.

A different possible approach, comprising of a Corbino-disk contact geometry with
ion-irradiated current contacts, was put forward in Sec. 2.2.2. However, the quenched
disorder in the sample, which result in exponentially decreasing resistance with tempera-
ture, restricts its application to relatively high temperatures, before the typical transport

noise floor is reached.
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We study the distribution of transport current across superconducting BizSroCaCuzOg crystals
and the vortex flow through the sample edges. We show that the T, transition is of electrodynamic
rather than thermodynamic nature, below which vortex dynamics is governed by the edge inductance
instead of the resistance. This allows measurement of the resistance down to two orders of magnitude
below the transport noise. By irradiating the current contacts the resistive step at vortex melting
is shown to be due to loss of c-axis correlations rather than breakdown of quasi-long-range order

within the a-b planes.

PACS numbers: 74.25.Dw, 74.25.Bt, 74.25.Fy, 74.72.Hs

Numerous phase transitions have been proposed to
interpret the intricate B — T phase diagram of vor-
tex matter in the high temperature superconductor
BisSraCaCuyOs (BSCCO) [1, 2]. The first-order melting
at T,,, that separates a quasi-ordered vortex solid from
a vortex liquid, is widely accepted to be a genuine ther-
modynamic phase transition [3, 4]. Experiments indicate
that the glass line, T}, is another thermodynamic tran-
sition that apparently separates amorphous solid from
liquid at high fields [5-8] and Bragg glass from depinned
lattice at low fields [7, 8]. On the other hand, the T,
transition, which resides above T;,, and T}, has remained
highly controversial. A number of experiments [9-14],
numerical simulations [15, 16], and theoretical studies
[17, 18] argued that it is a transition into a phase with
intermediate degree of order such as a disentangled lig-
uid [19] or a decoupled- [20, 21], soft- [22], or super-solid
[23, 24]. In this letter we show that T}, does not repre-
sent a thermodynamic transformation of a bulk vortex
property, but rather reflects an electrodynamic crossover
in the dynamic response of the sample edges. The in-
ductance of the sample edges, though immeasurably low,
completely governs the vortex dynamics below T,. We
use this finding to investigate the resistance due to vor-
tex motion down to two orders of magnitude below the
sensitivity of transport measurements.

The resistance of several BSCCO single crystals of typ-
ical size 1500x350x 20 pm? in a dc magnetic field, Hg,||c-
axis, was measured using two complimentary techniques:
directly via transport and indirectly by determining the
ac current distribution with Biot-Savart law from the self-
induced ac magnetic field profile using an array of 10x10
pum? GaAs Hall sensors. In addition, to eliminate the
c-axis contribution to the measured resistance we irradi-
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FIG. 1: (color online) Hall sensor array measurement of the
ac magnetic field self-induced by a 15 mA, 73 Hz ac current
in BSCCO crystal A. (a) First-harmonics of individual sen-
sors. (b) Second-harmonics from a sensor close to the edge at
two current amplitudes normalized to 10 mA. (c-f) Magnetic
profiles measured (o) and calculated (solid lines) from current
profiles (upper panels) using the Biot-Savart law: (c¢) Uniform
bulk flow at high temperatures turns to (f) edge flow at low
temperatures. Chiral edge flow vanishes at T, from (d) first-
and (e) second-harmonics. Inset in (b): Schematic location
of Hall sensors relative to the contacted sample.
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3.3 Transport Properties Governed by the Edge Inductance

ated the current contacts at GANIL (Caen, France) with
1 GeV Pb ions to a matching dose of By = 0.5 T, while
masking the rest of the sample, which remained pristine.

Figure 1(a) shows the temperature dependence of the
current-induced ac field, B (z). At high temperatures
the current distributes uniformly because it is solely dic-
tated by the flux flow resistance in the bulk, Ry(T). Ac-
cordingly, BM(z) measured by the Hall sensors across
the sample (Fig. 1(c), circles) fits perfectly to that cal-
culated via Biot-Savart law (solid line) from a uniform
current §((z) (upper panel).

With cooling B (z) gradually flattens out, becomes
completely flat at Ty, and eventually inverted at yet
lower temperatures. The inverted B (z) profile is as-
sociated with essentially pure edge currents (Fig. 1(f)).
The Bean-Livingston surface barrier [25] and the platelet
sample geometry [26] impose an energetic barrier that
progressively impedes vortex passage through the edges.
This defines an effective edge resistance, R.(T'), that de-
creases rapidly with cooling and becomes smaller than
the bulk resistance Ry(T') below Tgp,. As a result, most of
the current shifts from the bulk, where little force is re-
quired to move vortices across, towards the edges, where
it facilitates the hindered vortex entry and exit [27]. Bulk
vortex pinning becomes dominant only at significantly
lower temperature (not shown).

The dynamic properties of the surface barriers have
two types of asymmetries. The first arises from the two
edges of the sample generally having somewhat different
microscopic imperfections. It leads to different edge re-
sistances and therefore asymmetric current distribution
between the right and left edges. The T, line, situ-
ated below Ty, (Fig. 2), marks the temperature below
which this right-left asymmetry sharply disappears and
the amplitudes of the two edge currents become equal
(Fig. 1(f)). Hence, an antisymmetric current compo-
nent 65 (Fig. 1(d)), that was present above T}, and
its induced small symmetric contribution §B™M (z) =
BW (2, T, 4+ L) — BW(z, T, — L) to the otherwise an-
tisymmetric B (z), vanish below T},

The second type of asymmetry arises from the inher-
ent asymmetry between hard vortex entry and easy exit
through the surface barriers [28]. Since the vortex entry
and exit sides swap during the ac cycle, this asymmetry
gives rise to a unique chiral second harmonic edge cur-
rent, 652, and to the corresponding second harmonic
signal B3 (z) (Fig. 1(e)). It builds up gradually upon
cooling (Fig. 1(b)) until it pinches off sharply at T, (here-
inafter determined at half of the B®(z) roll-off). Ac-
cordingly, 7, marks the temperature below which the
vortex flow turns insensitive to both the entry-exit and
the right-left asymmetries of the surface barriers.

The T, transition was previously ascribed to the ad-
vent of a new vortex phase with a higher degree of order
[9, 15-18]. We show that T, has rather electrodynamic
nature, arising from the sample edges inductance. Fol-

. -9, 2%10-7 6
RC (Q): 3.1x10 2.2x10 1.1x10

9.2x10°10. 2.2x10% 2.7x10°¢
10001 ‘ .= \ : -

800

030 60
T (K)

FIG. 2: (color online) High temperature phase diagram of the
vortex matter in BSCCO crystal B. T), is the first-order melt-
ing (o). Below Ts (A) the edges shunt most of the current
from the bulk, while below the frequency dependent 7o (O)
the edge impedance becomes predominantly inductive. Ion ir-
radiated regions exhibit the Bose Glass transition, Tsoc (©),
below which vortices are pinned to columnar defects. The dot-
ted lines represent equal edge-resistance contours extracted
from the frequency and field dependence of 7.

lowing Ref. [29] we model the vortex dynamics by equiva-
lent electric circuit with three parallel channels - the bulk
and two edges. Our measurements show no dependence
on the current magnitude (Fig. 1(b), dark vs. pale lines).
Therefore, we follow the Ohmic model of Ref. [29] that
assigns each channel geometrical self and mutual induc-
tances in series to their resistances.

The sample inductance is usually disregarded since
it is immeasurably small in direct transport measure-
ments. Nevertheless, it affects the current distribution
in the sample. The effective edge inductance, as op-
posed to the edge resistance, is temperature indepen-
dent and dictated solely by the geometry of the edges
L. = (po/4m)[In(2w/d) +1/4], where I, w, and d are the
sample’s length, width, and thickness, respectively [29].
T, is the temperature below which the edge impedance
turns from being predominantly resistive to inductive,
R.(T,) = 2xfL.. Consequently, T is frequency depen-
dent and allows sensitive determination of R(7) simi-
lar to the extraction of resistance from ac susceptibility
[30, 31]. At 350 Oe and f = 73 Hz we measure T, ~ 59
K. Using L. = 304 pH, calculated from sample geometry,
we obtain R.(59 K) = 1.4 x 1077Q (Fig. 3, white cross).
Note, that this value is 2-3 orders of magnitude lower
than the current dependent resistance measured simul-
taneously in transport (open circles), which below T,
should reflect the edge resistance R..

The transport resistance measured in the geometry of
Fig. 3(a), however, has a large contribution from the c-
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3.3 Transport Properties Governed by the Edge Inductance

axis resistivity, p.. Due to the extreme anisotropy of
BSCCO p. is orders of magnitude larger than pup, giv-
ing rise to nonlinearities and shear effects [32, 33]. The
dissipation due to p. that arises from current tunneling
between the CuOs planes, however, is not accounted in
the electrodynamic considerations of the edge inductance
[29]. The non-uniformity of current flow along the c-axis
can be remedied by introducing columnar defects solely
under the current contacts (see Fig. 3(b)). Below the
Bose-glass transition, Tgoc (Fig. 2, diamonds), the vor-
tices become strongly pinned to the columnar defects in-
creasing the c-axis correlations and greatly reducing the
sample anisotropy [34-36]. This is remarkably demon-
strated in a multi-contact measurement of a sample ir-
radiated in such a manner (Fig. 3(c)). Above Tgoq the
high anisotropy results in poor c-axis current penetra-
tion. Therefore, the primary resistance, R,,, measured on
the current injecting surface, is much higher than the sec-
ondary resistance, Ry, measured on the opposite surface.
At Tpoq, signaled by the plunging c-axis resistance Ry,
the secondary resistance recovers and equals the primary
[37, 38]. After current contact irradiation the resistance,
measured by voltage contacts in the central pristine re-
gion of the sample (Fig. 3, open squares), decreases by
two orders of magnitude, and turns Ohmic. Moreover,
the resistive behavior now becomes fully consistent with
the inductive edge model. As shown below, all the data
sets can be fitted by a single parameter - an effective
edge inductance of L. =490 pH (black cross in Fig. 3).
The similarity of this value to the calculated 304 pH is
remarkable, considering the crude modeling of the edges
(round wires of diameter d [29]) and the uncertainties in
various parameters.

To further establish the role of the edge inductance in
the T, transition we extract R, (7T, H) by repeatedly mon-
itoring the current distribution with frequencies ranging
from 0.3 Hz to 1 kHz. At all frequencies B rises gradu-
ally with cooling (Fig. 4(a)), as more current is shunted to
the edges, until it vanishes at a frequency-dependent tem-
perature, T,.(f). The extracted edge resistance, 27 f L,
versus T, (f, H) (Fig. 4(b), circles), matches accurately
the resistance measured in transport (thin lines), and
extrapolates it well below the transport noise floor. A
fit to an Arrhenius behavior (dotted line) yields an edge
energy barrier UJ ~ 187T,.

The excellent agreement of the edge resistance ex-
tracted from T, (f) to that measured in transport con-
firms that the edge inductance drives the electrodynamic
T, transition. In terms of vortex dynamics, the resis-
tive component of the edge impedance arises from vortex
dissipation thermally activated over the surface barriers.
Dissipation due to bulk vortex motion is negligible, since
bulk pinning is very weak, hence R, > R.. Neverthe-
less, bulk redistribution of vortices reflects the inductive
component of the edge impedance. With changing cur-
rent polarity during the ac cycle the vortices, complying
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FIG. 3: (color online) The pristine transport resistance
(BSCCO crystal B) is non-Ohmic (shrinking o: o =20, 5,
1, 0.1 mA, 73 Hz) due to non-uniform current flow along c-
axis (inset a). After contact irradiation () and below Thoc
as the current penetrates uniformly (inset b) the resistance
turns Ohmic and matches that extracted from T, (x). Below
the resistive step at T, the pristine (o) and irradiated (M)
resistances are equal. Inset c: Multi-contact measurement
of a current-contact-irradiated sample (b). At low fields and
below Tgoq, signaled by the vanishing c-axis resistance (o),
current distributes uniformly across the sample thickness, and
the secondary resistance (A) equals the primary one (O).

with the BM (x) profile of Fig. 1(f), shift from one side of
the sample to the opposite in association with an induc-
tive dB/dt. At high temperatures the number of vortices
redistributing from right to left during half a cycle due
to dBM(z)/dt is still much smaller than those that dis-
sipatively cross the edges and move across the sample.
With cooling, however, the number of vortices that cross
the edges decreases exponentially. Below T}, it becomes
negligible compared to the number of redistributing vor-
tices. The second harmonic vanishes because vortex re-
distribution in a ‘closed box’ is necessarily antisymmetric.
Our main finding is that although the edge inductance is
immeasurably small in transport measurements, it com-
pletely governs vortex dynamics below T,.

We now focus on the behavior of the edge resistance
at melting. In the pristine sample a sharp resistive drop
[39] is observed at T, (Fig. 3, solid dots), whereas af-
ter contact irradiation the behavior is continuous (solid
squares). Moreover, the two curves merge at the low-
est measurable resistance (circled), indicating that in the
presence of a uniform c-axis current the edge resistance
shows no sharp features. Hence, the common resistive
melting drop in BSCCO arises from a sharp drop in p,.

Another intriguing feature at melting (Fig. 4(c), as-
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FIG. 4: (color online) (a) Second-harmonic signals showing
the frequency dependence of T (e). (b) It enables to ex-
tract the temperature dependent edge resistance (o) which
is thermally activated (dashed) and accurately matches the
measured transport resistance (thin lines). Below melting (*)
a small dc bias is required to extract the edge resistance (O).
(¢) This is seen in the second-harmonic signal (thick line)
that vanishes at melting () but recovers with bias (thin line)
before vanishing again at T, (H).

terisk) is a concurrent vanishing of B (thick line). A
more detailed analysis shows that this does not result
from edge inductance, but reflects an increased surface
barriers in the vortex solid due to enhanced c-axis corre-
lations [28], which enhances the current flow symmetry.
To break this enhanced symmetry below 73, and probe
the edge inductance we add a small dc current bias. In
its presence a finite second harmonic signal (Fig. 4(c),
thin line) subsists below melting before vanishing at T,
(square). The detection of T;, below melting allows to ex-
tract the edge resistance within the solid phase (Fig. 4(b),
squares), which fits perfectly and extrapolates the trans-
port resistance. Consequently, we find that the edge re-
sistance measured either in transport or by the edge in-
ductance at T, shows no pronounced feature at melting
once the c-axis contribution is removed by current con-
tact irradiation. This suggests that in highly anisotropic
materials, such as BSCCO, the reported resistive melting
step originates mostly from the loss of c-axis correlations
through a simultaneous sublimation into a pancake gas
[20, 40, 41]. In contrast, the loss of inter-vortex correla-

tions within the a-b planes at melting has no significant
mark in the vortex flow rate through the edges.

Finally, our complete set of data is given by dotted
lines in Fig. 2 that represent contours of equal edge re-
sistance (i.e. measured at the same frequency) spanning
three and a half orders of magnitude in the H — T phase
diagram. It is evident that the exponential temperature
dependence of the edge resistance becomes steeper on
approaching the melting as the contour lines bunch to-
gether. This is attributed to the enhanced stiffness of the
pancake vortex stacks. Nevertheless, we do not find a sin-
gular behavior at melting which would have manifested
itself in overlapping contour lines. On the contrary, once
the c-axis contribution is eliminated the edge resistance
in solid joins smoothly that of the liquid.

In summary, the spatial distribution of transport cur-
rent and its frequency dependence show that the T}, line,
tentatively ascribed to a phase transition of vortex mat-
ter in BSCCO, is rather an electrodynamic transition.
Consequently, in the wide field and temperature range
that lies below the T, line the inductance of the sam-
ple edges, usually dismissed in transport experiments,
dominates the current flow and causes ac displacement
of vortices across the bulk without crossing the sample
edges. At T, the inductive part of the edge impedance
equals the resistive part, which allows measurement of
resistance down to two orders of magnitude below the
transport noise. In the vicinity of the melting transition,
we find that once the c-axis contribution is eliminated
via ion irradiation of the current contacts, the edge re-
sistance shows no sharp features at melting.
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3.4 Bulk Vortex Resistance at the Glass Transition

H. Beidenkopf, Y. Myasoedov, E. Zeldov, E.H. Brandt, G.P. Mikitik, T. Tamegali,
T. Sasagawa and C. J. van der Beek. Unpublished.

Bulk vortex dynamics in BioSro CaCus Og crystals are studied in the vicinity of the thermody-
namic second-order vortexr glass transition. The resistance of the sample bulk, that in transport
measurements is shunted by its edges, is extracted from the current distribution within the sam-
ple. The c-axis contribution to the resistance is eliminated utilizing ion-irradiated current con-
tacts. We measure the bulk resistance in the vortex liquid phase, in the ordered solid phase, and
across the melting transition. While both the liquid and ordered phases show critical behavior on

approaching the glass transition, only the ordered phase shows a non-Ohmic resistance.

Much experimental effort has been invested in unveiling the thermodynamic vortex
matter phase diagram and the dynamic behavior in the high-temperature superconductor
BisSroCaCusOg.  One of the main challenges arises from the dominance of quenched
disorder at low temperatures. The disorder impedes relaxation processes, resulting in
a non-equilibrium hysteretic magnetization which obscures the thermodynamic ground
state of the system. In addition, strong pinning results in a resistance that decreases
exponentially with cooling, which conceals the low-temperature vortex dynamics. Vortex
‘shaking’ technique was recently shown to relax the vortex matter towards equilibrium
[91, 92], revealing both an inverse melting extension of the first-order melting transition,
T,, [21], and a second-order vortex glass transition, T}, that bisects it [93, 94]. The
resulting phase diagram consists of high-field vortex liquid and vortex glass phases. At
low fields the glass transition separates the Bragg glass phase at low temperatures from a
thermally depinned variant of it, possibly a vortex lattice, that calls for further elucidation.
We characterize the bulk vortex dynamics within the liquid and lattice phases in general,
and specifically close to the glass line.

The thermodynamic magnetization and dynamic resistive response of several
Bi,SryCaCuy Oy single crystals of typical size 1000 x 350 x 20 um? were investigated. The
local magnetization was measured with an array of 10 x 10 xm? Hall sensors fabricated in
a two-dimensional electron gas trapped at the interface of GaAs/AlGaAs heterostructure.
At low temperatures an in-plane shaking field of 350 Oe and 10 Hz was applied. Though
the sample resistance was measured directly via ac transport, we find it inadequate for
reasons detailed below. We, therefore, used the Hall sensor array to monitor simultane-

ously the current distribution within the sample, which we extract from the ac magnetic
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3.4 Bulk Vortex Resistance at the Glass Transition

field profile induced by the transport current according to the Biot-Savart law. A simple
model for the sample electrodynamics [90] enables us to reproduce the bulk (and edge
[95]) resistance from the sharp changes in the current distributions we detect.

The glass transition is manifested by

a kink in the local magnetization, demon- 0 1GI '
strated in Fig. 3.2(a,b) at fields lying '

both above and below the melting line,

I
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of a simultaneous in-plane ac field com-

ponent. In the crossing-lattices state,
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the in-plane component of the response 2
to an inclined field is in the form of a

Josephson vortex lattice [13, 96, 97]. The . _ o
Fig. 3.2: Reversible local magnetization mea-

Josephson vortices are formed between
the CuO, planes. During the ac cycle of
the in-plane field Josephson vortices in-

tersect the pancake vortex stacks at ran-

surements in the presence of an in-plane shaking
field taken above (a) and below (b) the first-
order melting line, T,,. Both show a signature
of a second-order glass transition, Ty.

dom. The strong short-range attraction
between pancake and Josephson vortices [13, 70] agitates pancake vortices, allowing them
to assume their equilibrium configuration.

At the high field of Fig. 3.2(a), the second-order transition at 7, ~ 33 K separates
a vortex liquid phase above it from an amorphous vortex glass below. At the slightly
lower field, presented in Fig. 3.2(b), the magnetic response of the sample is completely
altered. Two first-order magnetization steps of opposite sign appear reversibly. They
signal the high-temperature vortex solidification from a liquid phase to an ordered one
[39], followed by inverse melting back to an amorphous phase [21]. A kink in the local
reversible magnetization is detected at T, ~ 41 K, manifesting a glass transition within
the ordered region of the thermodynamic phase diagram, shown in Fig. 3.3.

Interestingly, in this particular sample the high and low field parts of the glass tran-
sition line terminate at two well-separated tricritical points on the melting line. In all
previously measured BisSroCaCuyOg samples this separation was below our experimental

resolution [94]. As the phases involved are different above and below melting, there is no
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3.4 Bulk Vortex Resistance at the Glass Transition

reason for the critical points to be identical. The distinct behavior may be related to the
slight oxygen under-doping of this sample, as opposed to optimally- and over-doped sam-
ples that we measured previously. This means, however, that between these two tricritical
points the low-temperature Bragg glass phase melts directly to liquid.

Next, we discuss the vortex dynamics

as the glass transition is approached from

within the liquid and lattice phases. The-
oretically, the glass transition, being of 800
second-order, should give rise to a critical
resistivity in its vicinity [98, 61]. Above &
T, at current densities lower than the ® a0
critical one, j ~ T|T — T,|"4=Y /®,, the

resistivity should be Ohmic and vanish

200
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as p ~ |T —T,|"**2=9 with v and 2 be- % =0 50 60
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ing characteristic critical exponents, and (9

d the dimensionality of the system. At  Fig. 3.3: The thermodynamic vortex matter

higher current densities it crosses to the  phase diagram in BiySryCaCuzOsg consists of a

generally non-Ohmic p ~ js—d+2)/(d-1), first-order melting T,,, and second-order glass

transition Ty lines in pristine samples. The sam-

Further above from Ty, the resistance of ple dynamics are dominated by bulk resistance

the liquid phase should be Ohmic p ~ 4 high temperatures, edge resistance below Ty,
e~U/T while still reflecting vortex ther- edge inductance below T, and bulk inductance

mal activation over bulk energy barriers, ~ below the frequency-dependent depinning line

U [59]. Within the Bragg glass phase, on Ty(f). Ion irradiation of the contact regions
° )

the other hand, these bulk barriers are

predicted to diverge with vanishing cur-

gives rise to the Bose glass transition Tgoq.

rent, U(j) = U,j*, with a critical exponent p = 0.5 [17, 99]. A thermally depinned
lattice phase should thus have some intermediate or even Ohmic behavior [77].

Naively, this information can be directly inferred from transport measurements [100,
48]. However, the edge barriers [65, 66] that dominate the flow below the Ty, line (Fig. 3.3)
[101, 67], the extreme material anisotropy due to its layered structure [63], and insufficient
sensitivity render global transport measurements inadequate for this task. Alternatively,
some information about the typical energy barriers involved in the vortex flow can be
gained from studying the relaxation processes of the hysteretic magnetization [102], and
the magnetic susceptibility [37, 45, 103]. However, these measurements are commonly
taken with global probes, which again cannot distinguish between edge and bulk behavior.

Therefore, we devised a local method to extract the resistance of the sample from
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3.4 Bulk Vortex Resistance at the Glass Transition

changes in the current distribution inside it. The spatial resolution allows us to distinguish
between bulk and edge contributions. This method was used previously to map the
depinning transition, Ty, and the T line (Fig. 3.3). More recently, we used it to identify the
role of the edge inductance in driving the T}, transition, which enabled us to quantitatively
extract the resistance of the sample edges [95]. Here, we apply it to the sample bulk.

In addition, we eliminate the non-

linear contribution of the c-axis resis- Ald Meissner C edge b buk g 2 e
2| | | Vo fe
tance [63], and resolve the ambiguity S 1 1 | — |

in the actual depth through which cur- 8 / «j S ivg‘f“
rent flows [62] by irradiating the vol- o [ f 3 4 :

umes beneath the current contacts (col-

ored in green in the schematic draw-
ing of the sample in Fig. 3.4) while 5200
masking the central part of the sample &£

o

which, thus, remains pristine. Samples

5 1 750 Oe &
GeV Pb ions in GANIL (Caen, France). 3 40 5 60 70 80 90
T (K)

were irradiated with a high dose of 1

Below the Bose glass transition, Tgoq

(marked in Fig. 3.3), vortices pin to the  Fig. 3.4: (a) The magnetic induction profile
columnar defects, induced along the ion  induced by the ac current flowing in the sam-

tracks [32, 52]. This reduces the sample ple (setup shown schematically, green contacts

anisotropy in the irradiated regions [31] were ion iraddiated). The uniform bulk flow at
by & " high temperatures (b) turns to edge flow below

allowing current to penetrate throughout Ts (c) and assumes a Meissner-like distribution

the sample thickness before it flows in the  that induces zero magnetic induction inside the

pristine central region. This irradiation = sample below Ty (d).
scheme was indeed shown to result in a
full current penetration and an Ohmic transport resistance below Tgoc [95].

Figure 3.4(a) shows the dramatic changes in the measured ac magnetic profile across
the sample, B(x), induced by the flow patterns of the injected ac current, j(x) [47]. While
at high temperatures Biot-Savart relates the magnetic profile with a uniform current dis-
tribution (Fig. 3.4(b)), below Ty, the magnetic profile is inverted, indicating predominant
edge flow (Fig. 3.4(c)). This is due to fast-increasing energetic edge barriers, which define
an effective edge resistance, R.. Below T}, it becomes smaller than the bulk resistance, Ry,.
Below T it becomes even smaller than the inductance of the edges, L., which dominate
the sample impedance [95]. Consequently, the pancake vortices hardly cross the edges,

but merely redistribute within the sample to comply with the oscillating B(z) profile.
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3.4 Bulk Vortex Resistance at the Glass Transition

The magnetic profile becomes antisymmetric, signifying an equal amount of current that
flows on the opposite edges.

At yet lower temperatures current suddenly returns to the bulk while the magnetic
signal vanishes, marking the depinning transition, 7y [47]. This happens because current
flows in a Meissner-like distribution that induces zero ac magnetic field inside the sample
(Fig. 3.4(d)). Accordingly, it was suggested that T} is a phase transition, signifying the on-
set of bulk pinning which enhances the critical current and prevents flux redistribution in-
side the sample. In contrast, we claim that the depinning transition is rather an electrody-
namic crossover, at which the bulk resistance equals the bulk inductance, Ry(Ty) = 27 f L.

Consequently, below T, the skin pene-

tration depth becomes shorter than the o @83 (50K) (100K)
E T T T T @
sample width, which is why pancake vor- 0% _Z%S'SZ“A) oo o3 [
tices no longer manage to redistribute U, /})/ooo
103 P T ([—
across the sample bulk. =0 [T bulk\\str (. 106
This further suggests that the T; 3 0w (Kgo 70 /T -10°
i = 105 [Gaui Ty
transition has a frequency dependence E f %JOU'F‘: bulk 1((;34
from which the bulk resistance may be ”910 X I/ﬁ Ik
o . o 10 102
reproduced by substituting the effective E i Lattice =
2 I -101 T
bulk inductance, employed before in a 109 | 200 Oe 100\’:‘/
E 150 0Ce | -
similar manner with global ac suscepti- ) ol
bility measurements [45, 103]. Taking 1010 oo 002 0oL

into account both the self inductance of
the bulk and its mutual inductance with
the edges [90] yields L, = lu./4m = 80
pH, where [ = 800 pum is the separation
between voltage contacts (for later com-
parison with transport results).

Indeed, the inset of Fig. 3.5 shows
(green lines) that the vanishing of the
induced magnetic signal, that marks Ty,
occurs at increasingly higher tempera-

tures with increasing the measurement

-UT (K'Y

Fig. 3.5: The bulk resistance extracted from
Ta(f) (thick lines) shows Arrhenius tempera-
ture dependence (dotted lines) before approach-
ing the glass transition (x). The edge resis-
tance measured in transport below Tg, (grey
thin lines) shunts the bulk one. Inset: Frequency
dependence of Ty (1, 7, 37, 141, 371, 871 Hz at
15 mA) in the liquid phase (green), and current-
amplitude dependence of Ty (10, 15, 20 mA at

73 Hz) in the lattice phase (orange).

frequency from 1 Hz to 1 kHz. In the main panel of the figure T,(f) is translated to
the temperature dependence of the bulk resistance 27 fL; at various applied dc fields
(thick lines). Also shown in the figure are the transport resistances measured simulta-

neously at the respective fields (thin lines). The temperatures at which they turn grey
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3.4 Bulk Vortex Resistance at the Glass Transition

mark the T}, transition, below which most of the current is carried by the sample edges.
Therefore, the transport resistances reflect the edge resistances at these low tempera-
tures, which indeed lie several orders of magnitude below the bulk ones. Furthermore,
the resistances reproduced from the Ty(f) lie 3.5 orders of magnitude below transport
measurement noise floor (typically 1077 Q).

A straight line in Fig. 3.5 corresponds to an Arrhenius behavior, R, ~ e Y/T, with
the line slope being the energy barrier, U. At the higher resistive levels we find good
agreement with such an Arrhenius temperature dependence both at fields that lie above
melting within the liquid phase (green), as well as below it within the lattice phase
(orange), demonstrated by the dotted lines. However, at the lowest resistances measured,
that correspond to a measurement frequency of 0.1 Hz, the resistance clearly deviates
from the straight line. Moreover, this drop in resistance occurs once approaching the
glass transition temperature (asterisks), extracted independently from dc magnetization
in the presence of shaking. This sharp resistive drop with cooling may indeed signify
a crossover from thermally activated to critical bulk resistance, R, ~ (T — T,)"*+2=9),
A much finer low frequency (temperature) mapping is required in order to extract the
critical exponents.

Finally, we examine the I —V characteristics in the liquid and lattice phases by repro-
ducing their bulk resistances with different current amplitudes R,(T, I) through T,(f, I).
At high fields, within the vortex liquid phase we find no dependence on the current am-
plitude which signifies Ohmic behavior. In contrast, at fields below the melting transition
a clear current-amplitude dependence of T} is observed, as demonstrated by violet lines
in the inset of Fig. 3.5. The main panel further shows the temperature dependence of the
resistance at these three current amplitudes (thick violet lines). This allows to extract
the current dependence of the resistance at a given temperature which all three lines cross
(about 54 K for the limited data set presented). Unfortunately, more data points from
additional current amplitudes are required in order to reliably determine the functional
dependence of the bulk resistance on current amplitude. Still, the data we have resembles
more a linear current dependence of the bulk resistance rather than stretched exponential.
If this indeed validates, it would give a strong indication that the phase above the glass
transition and below melting is not Bragg glass.

In summary, we succeeded in measuring the bulk resistance from the current redis-
tribution induced by the bulk skin effect. At low temperatures it is indeed orders of
magnitude higher than the shunting edge resistance measured in transport. The bulk
resistance drops on entering the critical region of the glass transition, deviating from the

thermally-activated behavior seen at high temperatures. While we find Ohmic bulk resis-
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3.4 Bulk Vortex Resistance at the Glass Transition

tance within the liquid phase, it becomes non-Ohmic below melting. However, the current
dependence there does not seem to correspond to the glassy one predicted for the Bragg

glass phase.
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4. Discussion

A novel phase transition was detected in the phase diagram of vortex matter in the high
transition temperature superconductor BiySroCaCuyOg [93]. It manifests itself by a re-
versible cusp in the local magnetization in the presence of vortex shaking, indicating its
second-order nature. While the detection of the phase transition at high vortex densities
seems to resolve the long lasting uncertainty regarding the thermodynamic origin of the
amorphous glassy phase [19, 60|, its occurrence below melting within the Bragg glass
region of the phase diagram was not anticipated. Prior to its detection under equilib-
rium conditions the Bragg glass phase was widely considered to be stable under thermal
fluctuation so long as topological excitations, which lead to vortex melting, are excluded
[16, 17].

Studying the oxygen doping dependence of the phase diagram [94], we found that
the glass transition line follows unexpectedly the anisotropy scaling transformation of the
thermally induced part of the melting line [6, 82, 84, 85]. This naive scaling law does not
take into consideration the effects of disorder, and indeed breaks at lower temperatures
once disorder becomes relevant for vortex melting. Nevertheless, it does hold for the
glass transition, which we believe to be intimately related with the defect contents in the
sample. We addressed this issue by initiating a study of the direct effect of the disorder
strength on the glass line by increasing it gradually through proton irradiation. However,
this study is still in a preliminary stage in which we have demonstrated that proton
irradiation greatly enhances the role of disorder in driving the melting transition, but did
not get to investigate systematically its effect on the glass transition.

We then studied the vortex dynamics in the vicinity of the glass transition and above
it. A novel indirect technique was implemented for measuring the sample edge and bulk
resistances independently. We thus identified the edge inductance as driving the 7}, tran-
sition, which is accordingly electrodynamic [95]. The bulk inductance was later used as
a sensitive probe for measuring the bulk resistance through its skin effect. The bulk re-
sistance showed a critical behavior in the vicinity of the thermodynamic glass transition,

which strongly supports its second-order nature. While verifying the Ohmic I — V' char-
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acteristics of the vortex liquid phase, this method showed non-Ohmic behavior for the
presumably lattice phase below melting and above the glass transition. However, prelim-
inary results suggest that this non-linearity is not of a glassy type, and in particular does
not match the predictions made for the vortex flow within the Bragg glass phase [99]. One
other project that did not get to completion involved samples with Corbino-disk contact
geometry [72, 73] whose current contacts were ion irradiated [31, 53] as to eliminate both
the effects due to sample-edges and nonuniform current penetration along the c-axis.

On a broader perspective, our measurements have shown that a critical behavior,
apparently a glass transition of second-order, occurs across the phase diagram. It follows
a basic scaling with anisotropy, shared also by the melting line. The vortex dynamics is
also in support of a critical region in its vicinity, and the I — V characteristics above it
are Ohmic for the liquid phase and non-Ohmic but non-glassy below melting and above
the glass transition, suggestive of thermal depinning. Yet, additional aspects should be
investigated, such as direct determination of the spatial correlations either via diffrac-
tion or with a scanning probe technique, heat capacity measurements for validating the
thermodynamic nature of the transition, dependence on defect contents, etc., parallel
to theoretical effort, in order to thoroughly identify the exact nature of the novel glass

transition.
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nid'o

y'¥n BixSr,CaCu,0g nininan naynn M1v1sno 7va 7vn 1*721ma 'm71]ynn ninn
NINNY? D'R'2Nl L NITAX2 DNNA YTO-'RIE NIMAN NITAN ,NIYPZRIVI'R N2 NdDWN
NYL1 D7WUIMN 1TOoN 7v2 NI7IDYNN AW NO'DN DTRIN 27w 11D 2D NITRD
NN NNIVISNLVA NI'MAN NITAN .AXNAY NITIONN ,ARNAN N'DIDT NTRD NAIVY
DX D2 W7 NID'OM NN NIZRIWN NIDOXI NIdDINI NNIVI9NVY 'RIPN YV
NITY IRXN 12X .2TO NNON NIZIDYN NIIXNT D'RANIL,ARIAN NDIDT NTRS 7w nniye
-7V N2'ON NNUNIY ,NMIPNRN N'01ANN NAIANA Y 1TON WTN 'MDIDT NTR9-12unY?
NNIY NITRO YR 7¢ 107 NITRON NINN? n17n 'om Xin .'M7127yn 11y N7yon
ATON NNON NMMDIDTAIE NYZTIN NIZIAYNAN NITRD NIDIY NN NI7I2IYN NI9'OXA
QRY [DN'1,N7W N'NAN NX7INA X0NAN AR NDIDT TI9N NIFMDIDTA 17 DINI NITYA
JI7120YN 21Y NTRS 7¢ NHO-)NX 2NN YT0 WTNN A'xn

INI? ,N'NNN NX7INNAN AR2N NDIDT 7¢ N1NPONN NTRON VA L,WTNN NIFMDIDT 17
TIX 12N UK L [¥AN NI7'R DY DIFNDIRTN 1R DINNSNN NIX 1TNY7 ,]2-7V |I'9'R Jwnn?
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