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Repetition of the disordered pattern in successive solidifications of vortex matter
observed by Bitter decoration

J. A. Herbsommer, G. Nieva, and J. Luzuriaga
Centro Atómico Bariloche and Instituto Balseiro, CNEA and UNC, 8400 Bariloche, Argentina

~Received 3 March 2000!

Repeated images of the vortex structure in YBa2Cu3O72d single crystals have been obtained, using the
Bitter technique. By removing the iron dots between each decoration experiment, it is possible to image the
vortices in different cooldown runs done under the same field and temperature conditions. The images show
that these different realizations of a disordered vortex state found in twinned crystals are very similar at long
range and differ only in small-scale detail. This is unusual behavior in glassy systems, where expectations are
that successive configurations will differ over many scales. In contrast, ordered vortex crystals in clean samples
can form with different orientations in different runs, therefore differing at long ranges. Double-sided decora-
tions have been performed in twinned samples, and the correlation between images in both sides of the sample
is similar in magnitude but slightly different qualitatively than that found in successive decorations.
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Glasses form a large class of materials, from wind
glass to metallic glasses,1 polymers, and spin glasses.2,3 They
share a disordered nature,4 and several common features5

however, there is no agreement on a general definition
glass, and several open questions remain. The glass tr
tion is characterized by ergodic symmetry breaking. Up
cooling, the system remains in a restricted region of ph
space with respect to the high-temperature phase. In gen
it is assumed that many configurations, i.e., points in ph
space, have almost the same free energy, so that in
realization of the glass, the system is equally likely to fall
any region~out of many local minima! in phase space. Re
cently, the vortices in high-Tc superconductors have bee
shown to possess glassy characteristics. ‘‘Vortex glas6

‘‘Bose glass,’’7 and ‘‘Bragg glass’’8 phases have been pro
posed theoretically and in some instances, fou
experimentally.9–11

In general, vortex glasses are defined experimentally w
respect to their dynamical~i.e., flux creep, scaling forI -V
curves, etc.!, with less emphasis on their structural prope
ties. However, an interesting characteristic of vortex glas
is that it is possible to obtain images of the vortex positio
in real space, so that static configurations can be know
detail. Since the early work of Essman and Trauble,12 deco-
rations by the Bitter technique have been extremely us
for obtaining information on vortex matter.13–17 We have
found that in YBa2Cu3O72d ~YBCO!, Bitter decorations can
be repeated on the same sample after cleaning the iron
ticles of the previous experiment.16 Therefore, in these dis
ordered vortex systems, a unique opportunity is offered
studying different realizations of an amorphous structure
directly imaging the ‘‘particles’’ involved and obtaining in
formation of the type of ergodic symmetry breaking wh
passing from the high-temperature to the low-tempera
phase.

In the present paper, we report successive decoration
twinned single crystals of YBCO, and we find that the vo
tices fall almost over the same positions in the first and s
ond decorations. This means that different realizations of
PRB 620163-1829/2000/62~1!/678~4!/$15.00
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vortex glass are very similar at long range and differ mos
in small-scale detail, being, therefore, relatively close
phase space. In contrast, successive decorations in twin
regions show an ordered hexagonal vortex lattice where c
talline grains may form in different orientations for each r
alization of the vortex structure.

Our experiments were performed on YBCO single cry
tals prepared by growth from the melt as described in R
18. They were fully oxygenated with typical value
of Tc around 91.5 K and approximate dimensio
(13130.01) mm3.

Decorations by the Bitter technique were performed a
K in a field of 36 Oe, using a field cooling~FC! procedure.
Scanning electron microscope images were obtained at r
temperature, and, afterwards, the sample was washed i
trasound, using isopropyl alcohol. This procedure remo
all trace of the iron particles and gives a surface cle
enough to allow further decoration. The second decora
was performed at the same nominal field and FC proced
and new images were taken. We have found that the ave
number of vortices is the same~within 1%! in images~of
around 800 vortices each! taken in different regions of the
sample, and the density agrees with that obtained from
average magnetic flux seen in magnetization measurem
in similar samples.

Figure 1 shows two successive decorations in a hea
twinned region of one of the samples. The images can
aligned by a micron-size irregularity of the surface, seen
the lower left-hand corner. The vortex structure is dis
dered, with no trace of hexagonal lattice, but there is a c
orientational order along the twin boundary~TB! direction.
In the image, the TB’s run parallel to the vertical directio
and vertical ‘‘columns’’ of vortices can be easily identifie
Because the positions of the TB’s are disordered, the
tance between vortex columns has large fluctuations aro
a mean value, and furthermore, in each TB the numbe
vortices pinned is different. The orientational order could
seen also in Fourier transforms of the images, which sh
bands, indicating a spread in vortex distances and the or
tation due to the TB’s.
678 ©2000 The American Physical Society
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The first question we wish to address is whether the v
tices will pin to the same TB for successive decorations.
have counted the number of vorticesN ~for a fixed length of
19mm along the column! in each vortex column for approxi
mately 40 TB’s, and in Fig. 2, we plotN against the coordi-
nate of the TB for two successive decorations. The vor
column positions coincide within experimental resoluti
and the number of vortices in some of the columns has sm
variations when comparing both realizations of the gla

FIG. 1. Upper panel: First decoration, field cooled at 36 O
Middle panel: Second decoration, obtained under the same co
tions after warming to room temperature and removing the i
particles of the first. The white region is produced by residues
after cleaning. Lower panel: Vortex positions in part of the abo
images, on the same plot. Arrows show the ‘‘interstitial’’ vortice
which do not seem to be pinned to a particular TB.
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state. The fact that the vortex columns occupy the same
dom positions~that is, they are pinned to the same tw
boundary! and reproduce almost the same density along
TB is one of the main results of this experiment. Althou
we show in detail only a few images, the same result
obtained in all heavily twinned regions we have checked
is also found in samples where three successive decora
were made.

On samples that have been detwinned, however, the
havior is different. Figure 3 shows the Delaunay triangu
tion corresponding to succesive FC decorations at 52 Oe
twin-free zone, where a surface imperfection can be use
pinpoint the same region of the sample in both images. T
hexagonal lattice is seen in both, and Fourier transfor
show the hexagonal order, but the orientation of the vor
crystals is not repeated exactly. This can be appreciate
the lower left-hand corner of the images, where the fi
decoration has a grain boundary, absent in the second.
is not surprising, because it is expected that the energy
ference for growth in a different direction is small so that, f
example, pinning fluctuations produce different orientatio
in Bi2Sr2CaCu2O8.19 Grains that grow in unrelated direction
have also been seen in double decorations~where the iron
particles are not removed between one decoration and
next! in NbSe2.20 However, our observation of similar be
havior in the hexagonal vortex lattice of YBCO emphasiz
the fact that orientational freedom is absent in the disorde
vortex phase at the TB’s.

We can now look in more detail into the individual vorte
positions. The small differences inN seen in Fig. 2 for some
TB’s is not due to experimental uncertainties, and is sm
but significant, as can be seen in the lower part of Fig
where an expanded image is shown. The positions of
vortices have been determined by looking for the maxim
density in each image, by means of a computer progr
Both pictures can be aligned by use of the surface irregul
ties without further adjustment, and we plot the resulta
vortex positions in the same graph using different symbols
is seen that the coincidence is not perfect, although fo
majority of the vortices in the first decoration, it is possib
to find a vortex in the second that is closer to it than t

.
di-
n
ft
e

FIG. 2. Number of vortices over a~vertical! distance of 19mm
along a column, vs the~horizontal! column position for two succes
sive images. Up triangles: first decoration. Down triangles: sec
decoration.
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average vortex spacing. Therefore, there is short-range d
relation between the different realizations of the disorde
structure.

To quantify this decorrelation, we have used the rms fl
tuation between successive images, defined as

^D1,2&5
1

N (
i 51

N

A~x1i2x2i !
21~y1i2y2i !

2, ~1!

wherex1,y1,x2,y2 are the coordinates of the vortices in t
first and second images, respectively. We find a value
^D1,2&50.2mm averaging over 380 vortices. However, t
structure observed is anisotropic, and it is meaningful to
for the deviation along the twin boundary direction, and p
pendicular to it. Defining an rms fluctuation in the same w
as in Eq.~1! but considering only the distances along^D1,2& i

the TB or perpendicular to it̂ D1,2&' , we find ^D1,2& i

50.18mm and ^D1,2&'50.065mm. The average vortex
spacing along the TB direction isa0i'0.9mm, so that the
difference between successive decorations is, on aver
only '20% of the vortex spacing althougha0i has typical
fluctuations of around 0.1mm. The fact that ^D1,2&'

,^D1,2& i shows the importance of the alignment introduc
by the TB’s.

FIG. 3. Delaunay triangulations of two successive FC deco
tions at 52 Oe in an untwinned sample. Arrows indicate grain
entation. In the upper picture, a grain boundary is apparent in
lower left-hand corner, which is absent in the second decora
~lower picture!.
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The average vortex separation observed is close to
value needed to conserve magnetic flux, so it seems
despite the constraints imposed by pinning at the TB’s,
vortices can usually find a TB at a convenient distance
fulfill the flux conservation condition, and, furthermore, the
pin to the same TB’s when the decoration is repeated.
average vortex density is governed by the compress
modulusC11 of the lattice, which is much stronger than th
shear modulusC66, so this would indicate that pinning b
the TB’s is strong enough to overcome the shear modulu
the vortex lattice, but not the compression modulus. It a
seems to indicate that in some regions, the TB’s are cl
enough so that the vortices find a convenient pinning
within the average lattice parametera05Af0 /H'0.8mm.
In some cases, TB’s seem to be located farther apart, an
find vortices in what we have called ‘‘intersitial’’ position
~see Fig. 1!. In the above calculations, we have taken in
account only the vortices pinned to the TB’s, and dis
garded those found in ‘‘interstitial’’ positions. In this cas
they are only 8% of the total number of vortices averaged
the quantitative calculation is not significantly altered; ho
ever, the qualitative behavior of these few vortices is diff
ent. While the number of interstitial vortices is the same~as
required by flux conservation!, their positions do not coin-
cide in the succesive decorations.

We have also performed a two-sided decoration on
other twinned YBCO crystal from the same batch. It w
possible to decorate the two sides without heating the sam
significantly by using an appropriate geometry. The imag
of both sides can be seen in Fig. 4, which shows a reg
near the sample border, where it is possible to identify
region by characteristics of the pattern. It is seen that
TB’s go through from one face of the crystal to the oth
producing a very similar vortex pattern in both sides. T
correlation between two-sided decorations has been stu
in Bi2Sr2CaCu2O8 ~Ref. 15! and Nb Se2.21 A comparison of
the different materials is beyond the scope of this paper.
evaluate the rms deviation between sideA and sideB and
find ^DA,B&'50.1mm and^DA,B& i50.14mm. The thickness
of the sample is 12mm.

Low rms displacement between images in the two side
not unexpected, because of the correlated character of
vortex lines,18 and furthermore, it indicates that vortex pos
tions must be determined by pinning averaged over the b
of the sample. The elastic constants of the vortex struc
and the correlated TB pinning potentials also favor corre
tion, in competition with thermal fluctuations and possib
differences in pinning over the vortex length. Thermal flu
tuations should be comparable in the two-sided decora
and successive decorations, but the effect of the elastic
stants is absent in the latter, where the rms displacem
along the TB^D1,2& i.^DA,B& i . The differences in pinning
potential along the vortex length are absent in the form
and the perpendicular displacement^D1,2&',^DA,B&' . The
fact that disordered structures related by different mec
nisms show different types of correlation is to be expect
but it is remarkable that the correlation has similar absol
magnitude in both cases.

The fact that the sample has correlated pinning potent
probably means we are observing a Bose glass phase7 and
the work of Grigeraet al.11 in twinned YBCO seems to con
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firm this. However, we will not discuss in detail which of th
vortex glass proposals6–8 best fits our observations. In an
case, the reproducibility of the disordered structure was
explicitly treated in them. It should also be remembered t
decorations are done at much lower fields than the trans
studies of Grigeraet al.,11 and some caution is necessa

FIG. 4. Two-sided decoration. One of the images has b
flipped so that it can be superposed to the other. We can identify
same region of the sample in both images by the character
pattern of vortices pinned to the TB’s, and using marks in the b
der as a first rough guide.
,

,

tu
lu
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ot
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rt

when extrapolating these results. It is also worth remark
that although the decorations were performed at 4 K,
vortex structure was quenched at a higher temperature16,21

We estimate that the quenching temperature is around 8
from the average flux found in our decorations.16

When comparing our results with the expectations
other glasses, the vortex system shows a surprising repro
ibility at long range. Numerical simulations of metallic o
insulating glasses find different configurations in each re
ization of the structure.1,4 For spin glasses, which hav
quenched disorder as in the vortex system, the Pa
ansatz1,3 proposes a hierarchical, ultrametric distribution
accessible regions in phase space. Presumably, it would
duce real-space distributions differing over a wide range
distance scales. This is not found in our observations.
reproducibility found could be explained if the pinning we
so strong that each vortex position is determined much m
by the pinning potential than by interaction with its neig
bors. Then there could exist a unique configuration that m
mizes pinning energy and basically ignores energy incre
from vortex interactions, so that the importance of frustrat
in the system is greatly reduced. In support of this, the
ages show that the hexagonal order is completely destro
although the vortex density, i.e., the average lattice par
eter, is preserved. An interesting related question is w
configuration entropy should be assigned to this sort of g
phase.

In conclusion, we have shown that successive vor
decorations provide unique insight into the reproducibility
the disordered vortex structure in twinned YBCO, and a
offer a model glass where structural information can be
tained repeatedly and in detail.

Helpful discussions with D. J. Domı´nguez, H. Pastoriza
and F. de la Cruz are gratefully acknowledged. We thank
J. Bishop for use of one of the samples and E. Osquiguil
a critical reading of the manuscript. This work was partia
supported by CONICET Grant No. PIP 96/4207 a
FONCyT ~Grant No. 03-00061-01120!. J.A.H. acknowl-
edges support by CONICET.
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