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Unveiling the vortex glass phase in the surface
and volume of a type-ll superconductor

Jazmin Aragdn Sanchez!, Raul Cortés Maldonado!, Néstor R. Cejas Bolecek!, Gonzalo Rumi', Pablo Pedrazzini!,
Moira I. Dolz?, Gladys Nieva', Cornelis J. van der Beek® 3, Marcin Konczykowski4, Charles D. Dewhurst>,
Robert Cubitt® >, Alejandro B. Kolton!, Alain Pautrat® & Yanina Fasano® ™

Order-disorder transitions between glassy phases are common in nature and yet a com-
prehensive survey on the entailed structural changes is challenging since the constituents are
in the micro-scale. Vortex matter in type-Il superconductors is a model system where some
of these experimental challenges can be tackled. Samples with point disorder present a glassy
transition on increasing the density of vortices. A glassy yet quasi-crystalline phase, the Bragg
glass, nucleates at low densities. The vortex glass stable at high densities is expected to be
disordered, however its detailed structural properties remained experimentally elusive. Here
we show that the vortex glass has large crystallites with in-plane positional displacements
growing algebraically and short-range orientational order. Furthermore, the vortex glass has a
finite and almost constant correlation length along the direction of vortices, in sharp contrast
with strong entanglement. These results are important for the understanding of disorder-
driven phase transitions in glassy condensed matter.
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rder—disorder structural transitions are so ubiquitous in

nature that we are faced to solid-to-liquid and solid-to-

solid structural transformations in everyday experience.
Quite frequently, the unavoidable disorder present in the mate-
rials favors the stabilization of glassy phases, such as spin, electric,
and superconducting glass systems!. In order to expand the
potential applications of these materials, direct access to the
microscopic structural changes entailed at order-disorder trans-
formations is mandatory. Considerable data is available in the
solid-to-liquid case, concerning monolayers of electrons trapped
on the surface of liquid He?, colloidal and hard spheres’—,
plasma crystals®, and superparamagnetic colloidal particles”.
These experiments support a dislocation-mediated two-stage
melting with an intermediate hexatic phase in the case of melting
in two dimensions®-!2, spin8, and superfluid transitions!3. Only a
handful of studies have directly probed the structural changes
entailed in glass-to-glass order-disorder transitions in three
dimensions.

Vortex matter in type-II superconductors is a model condensed
matter system to study this problem since the energy scales and
dimensionality can be easily tuned by control parameters. The
energy scales governing the occurrence of order-disorder trans-
formations are vortex-vortex repulsion, vortex-pinning interac-
tion, and thermal fluctuations, respectively, controlled by
magnetic field H, sample disorder, and temperature.
Order-disorder transitions in vortex matter occur since the
vortex-vortex interaction tends to form a triangular lattice
whereas thermal fluctuations and the pinning produced by the
sample disorder conspire against the stabilization of a perfect
crystal'4. Some experimental works image the structural changes
entailed in glass-to-glass transitions in vortex matter at the
sample surface!>23, but since they study small fields-of-view do
not provide information on the evolution of correlation functions
at long distances. Regarding the longitudinal direction, some
studies in extremely layered cuprates found that at the melting?*
and glass-to-glass?®> transitions the superconducting phase
coherence abruptly jumps down. Since vortex lines in these
materials result from the piling up of pancake vortices located in
the CuO planes, this jump in phase coherence was interpreted as
an indication of enhanced vortex wandering. However, the
superconducting phase coherence is only sensitive to the mis-
alignment of pancake vortices at very short lengthscales (~ 15 A),
and thus inferring information about the longitudinal structural
properties of vortex matter is not straightforward from such
measurements. Therefore, a comprehensive description of the
problem requires imaging the in-plane as well as out-of-plane
structural changes taking place in order-disorder transitions.
Experimentally, this is quite challenging since it requires the
ability to image, with single-particle resolution, vortex matter at
the surface and bulk of the sample. This is the problem we are
addressing here.

In some superconducting glasses, as those nucleated in extre-
mely layered high-T’s, a quasi-crystalline state of matter is stable
at low vortex densities: the Bragg glass phase presenting a weak
logarithmic decay of positional order and glassy dynamics20-28,
On increasing vortex density (magnetic field), a first-order tran-
sition takes place at a characteristic order—disorder transition field
Bq_dis2?- The vortex glass phase stable at B > B 4_ g, is expected
to present non-divergent peaks in the structure factor unlike the
Bragg glass. For the Bi,Sr,CaCu,Oyg, s superconductor we stud
here, B, 4 i concomitant to the second-peak effect30-33,
associated to a peak in the superconductor critical current when
increasing field or temperature. This is due to pinning energy
overcoming elastic energy in the disordered phase. The B,,4_ 4
field at which the vortex density presents a jump3® coincides
with the onset field of the second-peak effect, Byy. At high

temperatures, the order-disorder transition continues as a first-
order melting at the By line separating the Bragg glass from the
vortex liquid 34.

The degree of disorder of the vortex glass raised discrepancy in
the literature since theoretical works propose different scenarios,
and conclusive experimental evidence was not yet available.
Theoretical works suggest it presents either a hexatic nature with
exponentially decaying positional order in the plane3®, or a
proliferation of in-plane defects with entanglement along the
sample thickness31:3637, These latter expectations were put in
context with data showing that the superconducting phase dif-
ference jumps down both at B4 g4, and Bgyr?>. Nevertheless,
since the phase difference remains finite and is sensitive to vortex
roughening at short distances, these results cannot be considered
as an evidence of the vortex glass being either a completely
decoupled or a highly entangled structure. This point is important
for the interpretation of our data combining the quantitative
characterization of the in-plane and longitudinal structural
properties of the vortex glass.

We perform this study by means of small-angle neutron
scattering (SANS) experiments, a bulk-sensitive reciprocal-space
technique that allows to extract quantitative information on real-
space correlation lengths. For the superconducting glass we study
here, previous SANS data reveal that the vortex diffraction pat-
tern does not significantly change on traversing B,.4_4;, but the
scattered intensity is strongly reduced for B > B4 4o%%.
Therefore, precise details on the structural properties of the
vortex glass phase were not accessible in those works. A similar
resolution-limited problem was also reported for SANS data in
the vortex glass phase of other superconductors?®40. Therefore,
SANS experiments with improved resolution are needed to
characterize the fine structural changes entailed at the glass-to-
glass transformation. In addition, in this work we combine SANS
measurements with direct imaging of the Bi,Sr,CaCu,Oq,;
vortex structure in large fields-of-view at the surface of the
sample. On traversing the Bragg-to-vortex glass transition, we
unveil the evolution of the in-plane and longitudinal vortex
correlation lengths, and the distance-evolution of the in-plane
orientational and positional correlation functions. Our results
shed light on the impact of disorder in glass-to-glass transitions in
soft condensed matter systems composed of elastic lines, sign-
posting that entanglement in the longitudinal direction is not
mandatory in transformations with proliferation of topological
defects.

Results

Point disorder effect on the Bragg-to-vortex glass transition. In
pristine Bi,Sr,CaCu,Oq,5 vortex matter, B4 g ~ 200 — 300
Gauss, well above the vortex density range probed by most real-
space techniques that grant access to wide fields-of-view of thou-
sands of vortices*!. However, introducing extra point disorder in
the samples by irradiation with electrons results in a significant
lowering of the order—disorder line3>#2. This allows us to apply the
magnetic decoration technique (MD)*3 to image, over large fields-
of-view, the structural changes taking place at the surface of these
samples on traversing B_4_ ;-

Our samples are pristine (P) and electron-irradiated Bi,Sr,
CaCu,Og, 5 single crystals. Samples P include a millimetric-large
single crystal for SANS, and 30 single crystals from different
sample growers for MD, one of them a small part of the large
crystal (see Methods). MD data as a function of field are similar
for all the P single crystals studied. We also study two electron-
irradiated samples, A and B, irradiated with 2.3 MeV electrons at
20 K. During irradiation, electrons traverse the sample thickness
generating a random distribution of atomic point defects: ~ 10%
of atoms, depending on the irradiation dose, may be displaced
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Fig. 1 Vortex phase diagram for pristine (P) and electron-irradiated (A and
B) Bi,Sr,CaCu,0g, 5 samples from local dc and ac Hall magnetometry
measurements. Sample A was irradiated with 1.7 x 10" e/cm? and sample
B with 7.4x 10" e/cm?2. First-order transition lines Byoy (open circles) and
Bord—dis = Bon (open triangles) separate the Bragg glass from the vortex
liquid phase at high temperatures, and the vortex glass at high fields. Full
triangles signpost the location of the so-called second peak in the critical
current Bgp. Dashed lines represent the irreversibility line By, located very
close to Bgqy for the fields at which the Bragg glass is stable. Solid lines are
guides to the eye; error bars are the standard error of the mean

from their initial position. This produces a decrease of B, 4_ 432
that we track by applying dc and ac local Hall magnetometry.
Detailed data on the detection of Bygyp and B, 4_g4is = Bon can be
found in Supplementary Note 1.

Figure 1 shows the vortex phase diagram for pristine and
electron-irradiated Bi,Sr,CaCu, Oy, 5 samples. Increasing the dose
of electron-irradiation produces a systematic decrease of T. and
B,q_ais*2 and then the Bragg glass spans a smaller B — T phase
region. At low temperatures, sample A has a B_4_4, = 85(—5)
Gauss and for sample B this value is even reduced to ~ 40(—8)
Gauss. This transition field also depends on the oxygen-doping
and annealing of the samples’>44, and for this reason sample B
presents the smallest reported value of B, g, obtained by
electron irradiation. This allowed us to reveal the structural
properties of the vortex glass phase in extended fields-of-view by
means of MD.

Bragg-to-vortex glass transformation from real-space imaging.
Figure 2 shows MD snapshots with more than 1500 individually
resolved vortices (black dots) taken after field-cooling the samples
down to 4.2 K, at different applied fields. Changing field varies the
lattice spacing of the hexagonal vortex lattice a, = 1.075,/®,/B.
Vortices are decorated with Fe particles attracted by the local field
gradient generated around the cores. The decorated structures
were frozen, at length scales of a,, at temperatures at which the
pinning generated by disorder sets in refs. 434, This freezing
temperature is some Kelvin below the temperature at which
magnetic response becomes irreversible*9, see By lines in Fig. 1.
For B < B,4_g; the By line coincides with the melting line Byqy.

Panels (a) and (b) of Fig. 2 are snapshots of vortex positions
taken at B < B_,4_g in the Bragg glass phase: the structure
is single-crystalline and presents very few topological
defects associated with non-sixfold coordinated vortices for
B > 15 Gauss. For smaller fields the structure breaks into small
crystallites for pristine?” as well as electron-irradiated samples.
This polycrystals result from vortex-vortex interaction weak-
ening and disorder becoming more relevant on the viscous
freezing dynamics 47.

Vortices are better resolved by MD in pristine than in electron-
irradiated samples, in agreement with the enhancement of the
penetration depth A(0) when irradiating with electrons*2. For
samples A and B, from the difference in the entropy-jump at
Bror?, we estimate A(0) is 30% larger than in P samples. If 1(0)
increases, the local field gradient decreases and the magnetic force
attracting Fe particles towards vortices diminishes. Then the field
up to which individual vortices can be resolved with MD in
electron-irradiated samples is reduced to ~ 90 Gauss.

Nevertheless, for sample B this field is high enough as to take
snapshots of the vortex glass in extended fields-of-view. Figure 2
shows the largest picture of the vortex glass phase obtained for
B/B.4_g4is = 1.62, with more than 1500 vortices. The over-
imposed Delaunay triangulation joining first-neighbor vortices
highlights the presence of grain boundaries separating large
crystallites with hundreds of vortices. The misalignment of
crystallites varies between 20° and 30°. Roughly 6% of vortices are
non-sixfold coordinated and belong to different defects: 60% are
in grain boundaries (violet triangles), 19% are in isolated edge
dislocations (orange triangles), and the remaining 21% are in
twisted-bond deformations (pink triangles). Isolated edge dis-
locations are plastic deformations entailing the nucleation of two
extra vortex planes; twisted bonds are local elastic deformations
made of two adjacent edge dislocations with opposite Burgers
vectors and no extra plane of vortices. This snapshot of the vortex
glass reveals that, within a crystallite, isolated edge dislocations
entail plastic deformations even at large length scales. Indeed,
only ~ 40% of the observed edge dislocations are paired with
their Burgers vectors pointing in opposite directions (red arrows
in Fig. 2c).

The proliferation of topological defects in the vortex glass
phase contrasts with most of the Bragg glass phase being single-
crystalline with a fraction of non-sixfold coordinated vortices
Paes < 1%, see Fig. 3a for data in samples A, B and P. As
mentioned, at low fields B/B_4_g4 S 0.01 the structure fractures
into small crystallites and then py .~ 50%. However, on
increasing field the structure is single crystalline and p,. decays
dramatically and stagnates below 1% for B/B, .4 420.1. This
phenomenology is common to P and electron-irradiated samples,
but the precise B/B,,4_4s value at which the structure becomes
single-crystalline depends on the magnitude of point disorder.
Figure 3b shows the patterns resulting from calculating the
structure factor from the individual vortex positions detected at

the sample surface, namely Sy (q, V) = |p(qy. qy)|§:0, with p the
Fourier transform of the density of vortex lines p(x,y,z) =

%Zjlil(?(x — x;(2))8(y — y;(z)) with t the thickness of the sample
and N the number of vortices. Well within the vortex glass, p.
enhances up to 6.5% at B/B_4_4, = 1.62 and in our experimental
field-of-view the structure presents four large crystallites,

resulting in multiple Bragg peaks in the Sy;;(g,'¥) pattern.

Fracturing into large non-hexatic domains in the vortex glass.
Theoretical studies for order—disorder transitions in two dimen-
sions predict, between the ordered crystal and the liquid, an
intermediate hexatic phase with long-range orientational and
short-range positional orders. Whether this is a scenario that
also holds for three-dimensional systems will provide useful
information for describing order-disorder transitions on general
grounds. A seminal work for the intermediate dimensionality case
of thick superconducting films reported a first-order transition to
a high-field vortex state with strongly reduced longitudinal cor-
relations, at odds with hexatic order 48.

Figure 4a, b show the evolution of the orientational order at
the surface of the vortex structure on crossing B 4 g, We
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Fig. 2 Magnetic decoration images of individual vortices (black dots) in the Bragg and the vortex glass phases of pristine (P) and electron-irradiated (A and
B) Bi,Sr,CaCu,0g, 5 samples. Images are taken with an scanning-electron microscope at room temperature after performing the magnetic decoration
experiments. Vortex structures in the Bragg glass phase for a B/B,4_g, = 0.28 in sample P and b B/B,,4_4, = 0.8 in sample A. ¢ Large field-of-view
snapshot of the vortex-glass phase observed in sample B for B/B,,4_4, = 1.62. Delaunay triangulations are superimposed on the structures: neighboring
vortices are connected by dark blue lines and non-sixfold coordinated vortices are highlighted in red. Topological defects indicated with colors: grain
boundaries highlighted in violet, edge dislocations in orange and twisted bonds in pink. Red arrows indicate the Burgers vectors of paired edge dislocations;
no arrows are shown if dislocations seem to be unpaired in our experimental field-of-view. White bars indicate 5 um

characterize the orientational order with the correlation function crystalline vanadium from SANS measurements?3. This indicates
Gg(r) = (V4(0)¥;(r)) measuring the distance-evolution of the that vortex meandering within the sample thickness is significant,
hexagonal orientational order parameter ¥y(r =1r;) =X ,(1/n) even though the orientational order of the Bragg glass is long-ranged
exp(6it);) calculated from the bond angles of nearest neighbor in the whole sample volume.

vortices i and j, 0. For B/B,y g < 0.1, G(r) starts decaying The vortex glass phase presents a faster decay of orientational

> Hije ord—dis = Y-1» . N . .

algebraically up to a characteristic length of the size of the crystallites %rdzzszesne:{m;hégni?:lllarvg\,?:hczzzgg: ch)fcls fﬁgtﬁin(;fslzégf‘ tzhcé
(see arrows) whereas for larger distances decays exponentially. On 6. b Y d b yh d. there i k ki d the d
increasing field within the Bragg glass (0.1 < B/B, 4. < 1), single- grain boundary are reached, there is a kink in G and the decay
crystalline vortex structures are obser.ve 4 and Ofgﬁsd dent;ll G continues to be exponential. Therefore, the orientational order
decays algebraically at all distances. The field-evolution o%, the Of the vortex glass at the surface of Bi,Sr,CaCu, Oy, 5 samples is
exponent 7 of this algebraic decay s shown in Fig, 4c: it decreases at odds with theories of the vortex glass being a hexatic phase
dramatically when passing from the polycryst dlline to the sin dle- (with algebraically decaying G)?>, but is evocative of another
crystalline structures and remains almost constant for B/B4_ g, > proposal of a multl—d.om.m‘g glassy p hasg separating the Bragg
0.2. This stagnation is expected for a phase presenting lo(gg-rasnge glass and the vortex liquid®’. The fracturing of the vortex glass
oi’iéntation al order such as the Bragg glass. Interestingly, the into large domains could be a non-equilibrium feature, due to
saturation value fj ~ 0.025 found at tﬁg surfac.e of the Brag?g” lass finite cooling rates in field-cooling experiments#0. Nevertheless,

is one order of magnitude smaller than that found in single- ng;stVa(;lrittee); glass presents non-hexatic order already inside the
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Fig. 3 Topological defects and structure factor data for the Bragg and vortex
glass phases of Bi,Sr,CaCu,0g, 5 vortex matter at the surface of the
samples. a Fraction of non-sixfold coordinated vortices, p,,, as a function of
the magnetic field normalized by the order-disorder transition field,
B/B,.d_dis- The standard error of the mean is within the size of the points.
b Structure factor Sy (g, ¥) of the vortex structure observed by
magnetically decorating the individual vortex positions in pristine P and
electron-irradiated A and B samples

SANS data probing the structural properties of the vortex glass
in the whole thickness of the sample are consistent with this
degradation of orientational order at the surface. The intensity
measured in a SANS experiment3® is equal to the structure
factor times the magnetic form factor f(g), averaged over
the entire volume of the sample, 1(q) = Scans(9,'¥) - f2(q)-
The structure factor measured in SANS collects information on
the meandering of vortices along the sample thickness, namely

Ssans(2, YY) =1 [ p(q,, dy, z)dz|*. Figure 5a—g show a comparison

of the physical magnitudes that can be measured in SANS and
MD experiments illustrating with examples of our data in
Bi,Sr,CaCu, Oy 4.

Figure 6 shows the field-evolution of I(qpg) X Gpragg
measured at the Bragg wave-vector gy, = 27/a, and normal-

ized by its value at zero field for a large P sample. In the London
limit when vortices are sufficiently separated (see Supplementary
Note 2), this magnitude is field-independent only if Sgng is
constant. We also include in Fig. 6 data from (K, Ba)BiO,
considered in the literature as decisive to confirm that the phase
at B < B_4_g; is the Bragg glass?8. For B/B, 4 4 < 1, data for
both systems are remarkably similar: I(p;,5,) X qpyag, is field-

independent for B < 0.4B, 4 4, and decreases exponentially
beyond 0.4B,,4_4;- In the vicinity of the glass-to-glass transition,
I(qpragg) ¥ Gpragg ~ O0-1 for both systems. For B~ B,y g, and

beyond, the reported SANS intensity in (K, Ba)BiO,28 is below
the noise level.

In contrast, in our measurements we are able to detect a
measurable intensity in the vortex glass. We have a gain of
two orders of magnitude in the neutron flux with respect to
previous works due to the virtuous combination of measuring a
larger sample and increasing the counting time. We are able to
detect a non-negligible normalized neutron intensity of 6 x 1072 for
B > B, 4_gi- We found that in the vortex glass of Bi,Sr,CaCu,Og
I(qy ragg) X (pagq also continues decaying, roughly exponentially, in

almost two decades more in B. For the field-range of our
measurements, vortices are in the London limit approximation
and f(Qprge) X dpragg i constant with field, see Supplementary

Note 23, The decay of I (bragg) X dpragg then comes only from a

reduction of Sgyng, undoubtedly implying a worsening of the
structural properties of the vortex glass in Bi,Sr,CaCu, Oy, 5.
When measuring in Bragg condition, six diffraction peaks are
always observed in the vortex glass phase even up to
B/B,.4_4s = 1.8, but their average azimuthal width grows with
field. In order to quantify the degradation of orientational order
in the bulk of the structure, we measure the average azimuthal
width of Bragg peaks o> (in units of A™!) from I(¥, Tprags)

profiles, see Fig. 5. Taking into account the instrumental
resolution, we estimate the in-plane azimuthal correlation length,

& =1/(\/o% —03,,) the typical scale at which the shear-

induced displacement of vortices in the bulk is ~ a,°0. The
normalized &, /a, obtained from SANS in sample P decreases
with field in the Bragg glass up to B/B,.4_gs ~ 0.6, remains
constant or slightly recovers (difficult to ascertain within the
experimental error) up to B, 4_ g4, and finally decreases with field
in the vortex glass, see Fig. 7. This azimuthal widening of the
Bragg peaks in the vortex glass is in agreement with the MD
evidence on the fracturing into large crystallites with non-hexatic
orientational order inside them.

In order to quantitatively support this agreement, MD data can
be analyzed in a similar fashion as to obtain the in-plane
azimuthal correlation length at the sample surface. The results
after analyzing the azimuthal width of the peaks in Sy (g, ¥) are
shown with full circles in Fig. 7. Turning on field from zero to
B/B,.4_qis ~ 0.1, & /a, enhances for both pristine and electron-
irradiated samples. For this field range not covered by our SANS
experiments, the vortex polycrystal observed by MD presents
larger crystallites on increasing B. For the range of fields were MD
and SANS data are both available, the ., /a, obtained in MD
experiments decreases and seems to stagnate with B within the
Bragg glass. In the vortex glass, £, /aj, is slightly smaller than in
the Bragg glass. The value of this correlation length obtained from
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Fig. 4 Orientational and positional order of the vortex and Bragg glass phases of Bi,Sr,CaCu,0g, 5 vortex matter at the surface of electron-irradiated

samples A and B. Data obtained from magnetic decoration experiments. a Orientational correlation function G, for various normalized fields B/B,,4_4; With
B,yq_ais the order-disorder transition field. Arrows indicate the size of crystallites. b Displacement correlator W* /a3 calculated using the lanes algorithm
avoiding the effect of topological defects. Data shown following the same color-code as in a. Insert: detail of the fit for data obtained at B/B,,4_q4i; = 1.62.
Dashed lines correspond to fits with an algebraic decay whereas full lines are exponential fits. ¢ Exponents from the algebraic fittings of G¢(r) (left axis,
squares) and of W*(r)/aé (right axis, triangles) for the Bragg and vortex glass phases of pristine P and electron-irradiated A and B samples. The dashed red
line indicates the characteristic value of v = 0.44 expected for the random manifold regime. d Field-evolution of the displacement correlator at a fixed

lattice spacing,

MD experiments is larger than from SANS, and therefore the
described evolution is pictorially less evident in a semi-log plot as
that of Fig. 7. This difference comes from the inequality between
the Syp and Sgang, the latter integrating the meandering of
vortices along the sample thickness, the former having informa-
tion from the location of vortices at the surface only. In addition,
the SANS signal is collected in a sample one order of magnitude
larger than those studied by MD, and then the cumulative effect
of topological defects on decreasing the correlation lengths is
strongest. Independently of these technical details, our MD and
SANS data provide novel evidence that in the vortex glass, the
structure fractures into large non-hexatic domains in the plane, at
odds with some previous theoretical proposals 3°

Shortening of the positional order in the vortex glass. Further
characterization of the structural changes entailed at the glass-to-
glass vortex transition is get by quantifying the positional order
and the radial in-plane and longitudinal correlation lengths at the
bulk of the sample. Theoretically, elastic approaches showed that
even though a weak random disorder destroys the perfectly
hexagonal structure, quasi long-range positional order and
algebraically divergent peaks in the structure factor are expected
in the Bragg glass phase?’. Previous measurements for pristine
samples show resolution-limited fine Bragg peaks®®, and a
distance-evolution of the positional correlation function*3 and
displacement correlator®! at the surface consistent with the ran-
dom manifold regime of the Bragg glass. In this section we focus
on the positional order characteristic of the vortex glass phase

W*(r/a, =10)/d3. In all panels error bars correspond to the standard error of the mean

hinging our analysis on physical magnitudes used to fingerprint
the Bragg glass.

One relevant magnitude to describe the positional order is the
displacement correlator, W(r) = ([u(r) — u(0)]*)/2 with u(r) the
displacement of vortices from the sites of a perfect lattice, with
average taken over quenched disorder and thermal fluctuations.
Computing W(r) for structures with topological defects as
observed experimentally in MD images is not straightforward.
Following a previous work by some of us®?, we tackled this
problem by locally calculating W(r) in structures with defects:
u(r) is computed from the comparison with regional perfect
lattices with lanes oriented in the principal directions of the local
experimental structure. The regional lanes stop running two g,
away of any topological defect and new lanes are defined if the
structure changes orientation. Using this regional algorithm we
obtain a modified average displacement correlator W*(r) (see
Supplementary Note 3).

Figure 4b presents the distance-evolution of W* /a3 for various
fields on traversing the order-disorder transition for electron
irradiated samples A and B. In the Bragg glass phase, W* /a2
(r/ay)” for electron irradiated as well as pristine samples (see
Supplementary Note 4 for P samples). The exponent v for both
sets of samples decays with B/B,,4_g, in the Bragg glass phase,
see Fig. 4c. For P samples v stagnates around 0.44 for
B/Bgi_gis > 0.2. The algebraic decay of W*/a} and this value
of v are expected for the random-manifold regime of the Bragg
glass®3. Even for the polycrystalline vortex structures observed at
B/Byg_qis < 0.1, the growth of W*/a follows the same
functionality inside the crystallites. For electron irradiated
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Fig. 5 In-plane and along vortices correlation lengths as measured by small-angle neutron scattering (SANS) and magnetic decoration (MD) techniques.

a Structure factor at the sample surface obtained by imaging vortex positions with MD, Sy (g,

¥). b Radial g-profile of Sy, at a fixed ¥ on traversing a

Bragg peak. The figure indicates how the in-plane correlation length along the g direction, EH/ao, is obtained for every ¥ considered. ¢ Azimuthal ¥-profile
of Syp at Bragg and estimation of the perpendicular in-plane correlation length &, /a, for every g-profile considered. d Neutron diffraction pattern at Bragg
condition proportional to the structure and the magnetic form factors of the vortex lattice 1(q, W) = Sguns (9, ¥).f2(q) at the whole volume of the sample.
e Radial g-profile of I(g,¥) on traversing a Bragg peak. f Azimuthal W-profile of I(g, ¥). Similarly as in the case of MD, fitting each profile with Gaussians
yields the two in-plane correlation lengths EH/ao and &, /a,. g Experimental configuration and typical rocking-curve data from which the longitudinal
correlation length, & /a,, can be extracted (error bars correspond to the standard error of the mean). Data correspond to pristine sample P at normalized
fields B/B4_gis = 0.15 (a-c) and 1.25 (d-g) with B, 4_g, the order-disorder transition field

samples, v does not seem to stagnate for the studied fields, but
reaches a value of ~ 0.5 for B/B4_4s = 0.75. These values of v
for the Bragg glass are one order of magnitude larger than those
found for the decay of orientational order, #, indicating bond
orientational order in the Bragg glass is of longer range than
translational order.

In the vortex glass phase, the growth of W*/a2 can still be
fitted with an algebraic growth, but the observed exponent v =
0.7 is significantly larger than in the Bragg glass. This behavior is
found already at distances smaller than the typical crystallite size
in the vortex glass, see data in the insert to Fig. 4b for
B/B,.4_4is = 1.62. In addition, also the magnitude of the
cumulated displacements at a fixed distance changes on
traversing the order-disorder transition. Figure 4d shows the
evolution of W*/a2 at r/a, = 10 with field: in the Bragg glass

decreases up to B/B,.4_4s = 0.2, roughly stagnates up to the
order—disorder transition, and has a significantly larger value in
the vortex glass. Therefore, the vortex glass presents short-range
positional order with u(r) growing faster than in the Bragg glass.

We also quantified the positional order of the vortex glass by
studying the correlation lengths in the bulk from SANS data. The
radial in-plane correlation length &, associated with compressive
displacements of the structure, is estimated from the radial width
of the Bragg peaks minus the instrumental resolution, namely

§ =1/ /0} — o], see Fig. 5. The average g-width of the Bragg

peaks, 0|, is slightly larger than the experimental resolution in the
Bragg glass, but for B > B_;_ 4, dramatically increases with field
far beyond the instrumental resolution, see Fig. 6. First, this
implies that diffraction peaks in the vortex glass are not
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Fig. 6 Neutron diffracted intensity (at g = qBragg) and width of the Bragg
peaks as a function of the normalized field B/B,,4_gis, With B,q_gis the
order-disorder transition field. a Normalized intensity in pristine
Bi,Sr,CaCu,0g, 5 (circles) compared to similar data in (K,Ba)BiO3
(squares) taken from ref. 28, Similarly as in our case, Klein et al.28
considered B ,4_4is = Bon. the onset field of the second-peak effect
measured in (K, Ba)BiO5. b Average g-width of the Bragg peaks, a”/qsmgg,
for pristine Bi,Sr,CaCu,0g, 5 in comparison to our instrumental resolution.
Error bars correspond to the standard error of the mean

resolution-limited as in the Bragg glass, but widen beyond
resolution. Second, this widening yields a systematic reduction of
&, with field, even in units of a,, see Fig. 7. This data for sample P
obtained with SANS are consistent with the reduction of & I

observed with MD at the surface of pristine and electron-
irradiated samples. Similarly as in the case of &, MD are
generally above SANS data since the latter convolute information
from the sample volume (see Supplementary Note 5).

We get extra information on the structural properties along the
direction of vortices by measuring SANS rocking curves tilting
the sample around the w direction in the Bragg condition, see
Fig. 5. The width of the rocking curve, once corrected by the
instrumental resolution, gives the longitudinal correlation length

associated with tilting displacements, & = 1/+/02 — 02, ;- This
characteristic length is a measure of the spontaneous vortex
meandering along the magnetic induction direction, indicating at
which thickness longitudinal displacements become ~ a,. Pre-
vious results in (K,Ba)BiO; indicated that in the Bragg glass phase
the width of the rocking curve is constant and resolution-limited
within an experimental resolution of Aw ~ 0.18° (ref. 28).

In our measurements in Bi,Sr,CaCu,QOy, s with a resolution
Aw ~ 0.1°, the corrected width of the rocking curve is not
changing appreciably in the Bragg glass up to B/B,,4_gis ~ 0.6.
However, at B/B_.4_4s ~ 0.8, the rocking curve shrinks and
& /a, increases around 30%. On entering the vortex glass, the
longitudinal correlation length seems to smoothly decrease,
although error bars are quite large since the diffracted intensity
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Fig. 7 Field-evolution of the in-plane and longitudinal correlation lengths
obtained from magnetic decoration (MD) data collected at the surface and
small-angle-neutron-scattering (SANS) data probing vortex displacements
along the sample thickness. Data for the Bragg and vortex glass phases in
pristine samples P and electron-irradiated samples A and B, and field
normalized by the order-disorder transition field B .4_4; for every sample.
In-plane correlation lengths a parallel to the g-direction fn/ao and b along
the azimuthal direction & /a,. € Longitudinal correlation length sensitive to
the meandering of vortices along the field direction. Insert: Ratio between
the longitudinal and in-plane correlation lengths obtained from SANS and
comparison with the field-evolution of the bending energy term,

V/Cas/Ce6 ~ \/B/4m, expected for Bi,Sr,CaCu,0g, 5 (dashed line). Error
bars correspond to the standard error of the mean

decreases exponentially with field. Nevertheless, we have
sufficient instrumental resolution as to ascertain that no dramatic
collapse of &, /a, is observed in the vortex glass. The shortening of
the positional order in the vortex glass is then more dramatic for
in-plane than for longitudinal displacements.

In an elastic description of the vortex lattice, the ratio between
the longitudinal and in-plane correlation lengths are proportional to

the tilting energy, namely & /&, | ~ \/cy/cs'* To evaluate this
ratio in the case of Bi,Sr,CaCu,Og, s with A =2x 107> cm, we
first consider that c,, = B?/4m(1 4 A’k*) ~ B*/4m since we are
taking into account elastic distortions with k ~ 1/&;, ~ 107 cm,
and then A*k* ~ 1072 < 1. The shear elastic constant is then
¢ = DyB/(87A)* ~ B, given the A value for this material and
®, = 2.07x 1077 G.cm?. These considerations yield \/c,,/ce =
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+/B/4m in an elastic description for Bi,Sr,CaCu,Oy 4. The insert
to Fig. 7 shows the field-evolution of the longitudinal (and radial) to
azimuthal correlation lengths measured by SANS. These ratios are

very close to ~ y/B/4m, suggesting that the eventual density of
screw dislocations is not as large as to plastic deformations along
the direction of vortices being dominant in the vortex glass. In
summary, our in-plane MD and bulk SANS data reveal that the
positional order of the vortex glass is characterized by displace-
ments algebraically growing with distance within crystallites and
that entanglement along the vortex direction seems to be unlikely.
Therefore, our results are not only against the vortex glass being an
amorphous phase in the plane, but also are at odds with the
theoretical proposal of an in-plane disordered and out-of-plane
entangled system.

Discussion

The overall decrease of the two in-plane correlation lengths
on transiting into the vortex glass, detected via MD and SANS,
is accompanied by a reduction of I(qBragg) X Qprage- Lhis inten-
sity starts falling down for B/B,4_ g~ 0.4 and close to
the order-disorder transition decreases by one order of mag-
nitude. This quantitative evolution was also measured in
other compounds?®40, but for our SANS experiments in
Bi,Sr,CaCu, Oy ; we still have a significant signal in the vortex
glass, and in our case this steep decrease is due to a falling down
of the structure factor Sg,yg(q, ¥) since the form factor is field-
independent for our field range. The concomitant widening of
the Bragg peaks, and the collapse of diffracted intensity mea-
sured by SANS in the bulk, are consistent with the non-hexatic
vortex glass fracturing into large crystallites with a shortening
of positional order at the surface as revealed by MD. These
results in Bi,Sr,CaCu,Oy 5 are consistent with recent SANS
data in pnictide superconductors4?. Therefore, in this particular
order-disorder transition no two-stage structural transforma-
tion is detected.

The vortex system in this extremely layered superconductor
undergoes a first-order glass-to-glass transition between a quasi-
crystalline Bragg glass to a non-hexatic and short-range posi-
tionally ordered vortex glass with no dramatic loss of correlation
along the direction of vortices. Strikingly, we obtain our results in
an extremely layered type-II superconductor with flux lines
formed by columns of two-dimensional pancake vortices that are
longitudinally weakly-bounded, specially at high temperatures.
The slight decay of & /a, that remains finite for B/B_4_g > 1
suggests that in the vortex glass phase of Bi,Sr,CaCu,Oq s the
flux lines are formed by pancake vortices still well coupled along
the c-axis direction. This might be at the origin of the glass-to-
glass transition in Bi,Sr,CaCu, Oy, s not being well described by
the two-stage melting theory for two dimensions®. Therefore, our
results reminds that ubiquitous order-disorder transitions in
nature, either melting or glass-to-glass, are strongly influenced
by the dimensionality of the system, in the case of vortex
matter controlled by the electronic anisotropy of the host
superconductor.

Our results are a comprehensive study of the structural prop-
erties at the surface and volume of the glassy phases of vortex
matter, and shed light on the structural changes undergone in
defect-mediated structural transitions in general. By applying MD
and SANS we are able to complement information on the in-
plane correlation functions with a quantification of the typical
lengths associated to the meandering of vortices in the long-
itudinal direction. In particular, for the case of an extremely
layered type-II superconductor, we found that in the disordered
glassy phase, intermediate to the quasi-crystalline and strongly
entangled liquid phases, vortices are neither decoupled nor even

strongly entangled along the longitudinal direction. In this phase
the structure fractures into large non-hexatic domains with
algebraically growing in-plane displacements. Therefore, our
work reveals that for defect-driven structural transitions in sys-
tems of elastic lines, disorder does not always produce entan-
glement of lines. These findings enrich the possibilities of the
different glassy phases in which soft condensed matter can
nucleate upon introducing point disorder.

Methods

Sample preparation. We studied electron-irradiated as well as pristine
Bi,Sr,CaCu, Oy, 5 samples from different sample growers. The pristine optimally
doped sample used in SANS experiments is a large single crystal of 30x 5x 1.2 mm?3
grown at the International Superconductivity Technology Center of Tokyo, Japan,
by A. Rykov, and characterized at Ensicaen, France. A small part of this sample was
cut for MD studies performed also in others ~ 30 small single crystals grown,
annealed and characterized at both, the Low Temperature Lab of Bariloche,
Argentina?*, and the Kamerlingh Onnes Lab at Leiden, The Netherlands. The
slightly-overdoped electron-irradiated samples (grown in a 200 mbar O, atmo-
sphere at Leiden) were irradiated with 2.3 MeV electrons at low temperatures (20 K)
in a van de Graaff accelerator coupled to a closed-cycle hydrogen liquifier at the
Ecole Polytechnique of Palaiseau, France2. Two single crystals with a significant
decrease of the B, 4_g;, order—disorder transition field were selected for the MD
study. Sample A was annealed at 793 °C in air and then irradiated with a dose of
1.7x 10" e/cm?; sample B was not annealed and irradiated with 7.4x 10'? e/cm?.
Electrons traverse the whole sample thickness generating a roughly homogeneous
distribution of point defects in the crystal structure. Irradiating at temperatures
lower than the threshold temperature for defect migration is essential in order to
prevent the agglomeration of defects. Some of the point defects annihilate on
warming the samples, but the remaining defects are of atomic size 42.

Local Hall magnetometry. We applied local Hall probe magnetometry in order to
track the changes produced in the vortex phase diagram by the point-defect
potential introduced by electron irradiation. The local stray field of the samples is
measured with an array of GaAs/AlGaAs Hall probes with active areas of 16 x
16 um? (ref. >%). We performed dc and ac measurements applying constant, H, and
ripple, h,., fields parallel to the c-axis of the samples. Measuring the sample
magnetization, H; = B — H, when cycling H at fixed temperatures allow us to
obtain dc magnetic hysteresis loops as shown in see Supplementary Fig. 1a. The
separation between the ascending and descending branches of the dc loops is
proportional to the critical current and develops a peak in the vicinity of the
order-disorder transition, see Supplementary Fig. 1b. ac transmittivity measure-
ments are performed by simultaneously acquiring the first and third harmonics of
the ac magnetic induction when applying a ripple h, field either by changing
temperature at fixed H or cycling H at fixed temperature. The transmittivity T" is
obtained by normalizing the in-phase component of the first-harmonic signal B',
namely T' = [B'(T) — B (T < T.)]/[B(T > T.) — B (T < T.)], see Supplemen-
tary Fig. 1¢>°. This magnitude is extremely sensitive to discontinuities in the local
induction as the B-jump produced at the first-order vortex transition at Bpyr. The
third harmonic signal, |Ty,| = |BiC|/[B/(T > T.) — B/(T < T.)], is measured to
detect the onset of non-linearities in the magnetic response, see Supplementary Fig.
1d. ac measurements were typically performed with ripple fields of 1 Oe amplitude
and 7.1 Hz frequency. Further details are discussed in the Supplementary Note 1.

Magnetic decoration. In order to directly image individual vortex positions in a
typical field-of-view of 1000-5000 vortices, MD experiments were performed
simultaneously in electron-irradiated and pristine Bi,Sr,CaCu,Og, 5 samples. The
structural properties of vortex matter were imaged below and above the Bgp
order—disorder transition by field-cooling the samples from room temperature
down to 4.2 K at applied fields 5 < H < 150 Oe. Further details in the decoration
protocol followed in this case can be found in ref. 4. Magnetic decorations were
performed at different fields in roughly 30 pristine freshly cleaved small single
crystals from two sample growers. For every field, experiments were performed at
several realizations for statistical purposes. In the case of the two electron-
irradiated samples, experiments were performed at different fields on subsequently
cleaving the samples. Since this is a destructive process, every sample was first
studied with Hall magnetometry and then decorated.

Small-angle neutron scattering. SANS experiments were performed at the D22
diffractometer of the Institut von Laue Langevin at Grenoble, France. The wave-
length of incident neutrons was of 9 and 15 Awith a wavelength resolution of 10%.
The collimation of the incident beam produced a beam divergence of

8(26);, ~ 0.1x 107 rad. The angular distribution of the scattered intensity,
1(q,'¥), was measured in a 102.4x 98 cm? detector with 1280x 1225 pixel?

(0.8x 0.8 mm? per pixel) located at 17.6 m from the sample. SANS data were
obtained by rocking horizontally (¢ direction) and vertically (w direction) the
whole sample and magnet system when aligned in the Bragg condition3. In order
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to obtain the signal coming purely from the vortex lattice, we subtracted from the
raw data the normal-state background signal measured at zero field and 10 K.
Similarly as in MD experiments, vortex diffraction patterns and rocking curves
were measured at 4.2 K after field-cooling the sample in a magnetic field applied
along the c-axis and with magnitude ranging 100 to 1000 Oe.

Data availability

All relevant data are available from the authors upon request.
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