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Vortex Lattice Structure in Bi2Sr2CaCu2O81d at High Temperatures
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The microscopic structure of the magnetic flux-line lattice (FLL) in Bi2Sr2CaCu2O81d superconduc-
tors was studied at temperatures up to 77 K by decoration. Comparison of FLLs obtained at
4.2 K shows that twisted bond defects are a manifestation of thermal fluctuations at elevated te
ture. Analyses of the orientational and translational correlation functions for field and zero-field c
lattices obtained at 55 K suggest that the observed FLL is an equilibrium hexatic. These data we
used to estimate the FLL freezing temperature. [S0031-9007(96)01837-6]

PACS numbers: 74.60.Ge, 61.18.–j, 74.60.Ec, 74.72.Hs
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The static and dynamic structure of magnetic flux l
lattices (FLLs) in high-Tc superconductors (HTSCs) ha
been the focus of much research [1]. Bitter decorat
can be used to probe the microscopic structure of the
by providing a picture of the configuration of individu
vortices emerging from a sample surface. This techni
has been used to elucidate a number of interesting fea
in HTSCs [2–5], although almost without exceptio
these investigations have been carried out by quenc
samples to 4.2 K in a magnetic field [6]. It is genera
believed that the FLL probed in these experiments f
out of equilibrium close to the irreversibility temperatu
Tirr [2–5], and this has been supported by estimates o
effective penetration depth in several experiments [3
Hence the structures probed in previous experiment
4.2 K do not represent equilibrium configurations.
access equilibrium FLL structures, which are essen
to quantitative interpretations of structural data [5] a
current interest in melting, requires that measureme
be carried out above the temperatureTf , where the FLL
dynamics are effectively frozen.

In this Letter, we demonstrate the first success
decorations of FLLs at temperatures up to 77 K
Bi2Sr2CaCu2O81d (BSCCO) superconductors. Individu
vortices have been clearly resolved in fields of 14 a
30 G and temperatures up to 77 K. Quantitative ana
sis of the FLL structure obtained in field-cooled (FC) a
zero-field-cooled (ZFC) experiments at 55 K along w
the comparison to conventional 4.2 K experiments p
vides microscopic insight into the topological nature
thermal fluctuations, the equilibrium FLL structure, a
the freezing temperature in previous low-temperature d
oration experiments.

Single crystals of BSCCO were grown and charac
ized as described elsewhere [7]. Experiments were
ried out using pumped liquid nitrogen as the cryog
between 54 and 77 K. The helium background gas in
decoration chamber was adjusted to achieve a mean-
path of,1 mm at these temperatures. In FC experime
samples were cooled at a rate of 0.05 Kymin to the de-
sired temperatureTFC; decorations were carried out at th
0031-9007y96y77(25)y5118(4)$10.00
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specified temperature after waiting 30–60 min. In ZF
experiments, samples were cooled to the desired temp
ture TZFC, the field was applied, and then decoration
were carried out after waiting 30–60 min. There we
no appreciable differences observed between FLL str
tures at the central region of samples decorated after a
or 60 min equilibration period. In addition, samples from
the same batch were decorated at 4.2 K (LT) using t
conventional field cooling and quenching process.

Figure 1 shows typical images of the decoration pa
terns obtained from FC and ZFC experiments at,55 K
in a 14 G field. In general, we find that the positions

FIG. 1. Typical SEM images of decoration patterns obtain
at 14 G for (a) FCsTFC ­ 54 Kd at a rate of 0.05 Kymin and
(b) ZFC sTZFC ­ 57 Kd. The samples were decorated afte
allowing 30 min for equilibration. Scale bar corresponds
10 mm.
© 1996 The American Physical Society
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K,
most vortices are well-resolved in these high-temperat
decoration experiments. The iron clusters decorating e
vortex site are more irregular than in our previous lo
temperature studies [4,5], and this irregularity leads
slightly greater uncertainty in the positions of individu
vortices compared to low-temperature experiments. T
irregular shape of the clusters may be due in part to th
mal motion of vortex lines [8] and a reduction in the a
tractive interaction between vortices and magnetic clus
relative to thermal energy.

We also have been able to decorate successfully
FLL at 77 K [Fig. 2(a)]. Many individual vortices as
well as lattice rows of the FLL can be resolved at 77
although some vortices are hard to resolve through
background iron particles on the surface. The observa
of well-defined lattice rows shows that vortices are in
solid rather than liquid state. This point was confirm
through the autocorrelation function and Fourier transfo
of the raw data [Figs. 2(b) and 2(c)]. The autocorrelati
function shows that at least fifth nearest neighbors
seen on average, and the six clear first order peak
Fourier space show that there is a well-defined triangu
FLL. These results contrast a previous decoration
BSCCO at 15 K where several blurred iron clusters we
observed and attributed to a vortex liquid state [
Qualitatively, our results demonstrate that vortices ex
in a solid state in BSCCO for temperatures up to at le
77 K for the low-field regime for our experiments, and a
thus consistent with recent local Hall probe magnetizat
measurements [9].

FIG. 2. (a) SEM image of a sample decorated at 77 K in
field of 14 G. The white lines at the upper right highlight th
lattice rows. The scale bar corresponds to 10mm. (b) Central
portion of the autocorrelation function calculated from the da
in (a). (c) Fourier transform of the data in (a).
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To obtain a more quantitative picture of the high
temperature FLL structure, we have determined t
nature of topological defects and the translational a
orientational correlation functions. Topological defects
the FLL are readily highlighted in Delaunay triangulation
of the vortex positions [2–5]. Typical results obtaine
for FC, ZFC, and LT experiments are shown in Fig.
Both isolated dislocations and defect clusters consist
of tightly bound dislocations can be seen in all of th
patterns. A summary of the defects statistics obtain
from several images for each experimental condition
given in Table I. This summary shows that the density
defects without a net Burgers vector (i.e., topologica
uncharged) is larger in FLLs at 55 K compared to tho
at 4.2 K, while the densities of isolated dislocations a
similar at 55 and 4.2 K [10]. Most of the uncharge
topological defects consist of tightly bound dislocatio
called twisted bonds. Because twisted bonds can
formed by simply distorting the lattice at short rang
these defects cost less energy to create than isol
dislocations. Hence we believe that the proliferation
twisted bonds at 55 K corresponds to the short-ran
thermal fluctuations in the equilibrium state at th
temperature.

The translationalgGsrd and the six-fold bond orien-
tational g6srd correlation functions were calculated from
digitized images as described previously [2]. For all da
gGsrd is well fit by an exponential~exps2ryjT d, where
jT is the translational correlation length. ThejT s in units
of the flux-line lattice constanta0 were,6.6 (LT), ,2.3
(FC), and,2.5 (ZFC) at 14 G [Fig. 4(a)], and,10 for
LT, FC, and ZFC experiments at 30 G. Theg6srd calcu-
lated from these same data were well fit by a power l
~r2h6 (vs exponential) with exponentsh6 , 0.24 (FC),
,0.26 (ZFC), and 0.07 (LT) at 14 G [Fig. 4(a)]. The ex
ponents for FC, ZFC, and LT data obtained at 30 G a
all close to our experimental limit 0.03. The observatio
of long-range (i.e., power law decay) bond orientation
order and short-range positional order for the FLLs o
tained in both FC and ZFC experiments suggest that
high-temperature phase is a hexatic [11]. The simil
ity in structural parameters, including calculated structu
functions [Fig. 4(b)], implies that the FLL configuration
obtained from FC and ZFC samples are the same (des
different histories), and thus that the hexatic is a true eq
librium state.

Hexatic order was reported previously for FLL stru
tures obtained in LT experiments [2]. It was suggest
that the hexatic state might reflect either (1) a compe
tion between impurity pinning and intervortex interactio
[12] or (2) a frozen-in (i.e., quenched) high-temperatu
hexatic liquid state [13]. On the basis of our experimen
it is possible to rule out that hexatic order is simply
quenched-in vestige of a high-temperature hexatic liq
state [i.e., (2) above]. It is also worth noting that pinnin
by point impurities is expected to be very weak at 55
5119
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); the
aded gray.
FIG. 3. Delaunay triangulation of FLL data recorded on (a) FC 54 K, (b) ZFC 57 K, and (c) LT (FC quenched to 4 K
applied field is 14 G. Defect clusters containing an isolated dislocation are shaded black and twisted bonds defects are sh
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and thus (1) may not be a viable explanation of t
observed hexatic order. Studies of the temperature
field dependence of the topological defects and correla
lengths should resolve this important point.

From our data it is also possible to estimate the e
ergy of twisted bond defects, which are a topologic
manifestation of thermal fluctuations, and thereby t
freezing temperature in previous 4.2 K experiments.
assuming a two-state model, the fraction of twisted bon
relative to the total number of vortices is given byfTB ­
exps2EaykBTd, whereEa is the activation energy for the
formation of twisted bond defects andkB is Boltzmann’s
constant. Analysis of the high-temperature decoration d
obtained at 14 and 30 G shows that the correspondingEa

are 136 and 220 K, respectively. We can thus estimate
effective freezing temperaturesTf in LT experiments using
Ea and the experimentally determinedfTB: Tf is ,35 K
for data obtained at both 14 and 30 G. This value ofTf

represents a,lower bound to the true freezing temper
ture, because we have not accounted for the uncertain
vortex positions associated with somewhat irregular ir
clusters at high temperature (see above).

Hence, we have also probedTf by analyzing the long-
wavelength tail of the two-dimensional structure functio
S2sq'd, since this should be less sensitive to local unc
tainties in vortex position.S2sq'd derived using a hydro-
dynamic model [14], which is applicable to the analysis
a solid FLL away from the reciprocal lattice vectors, is

S2sq'd ø
n0kBTp

c11sq'dc44sq'd
q' , (1)

TABLE I. The fraction of twisted bonds defectsfTB and frac-
tion of isolated dislocationsfID observed under different condi
tions. More than 4000 vortices were considered for each en

Field (G) History fTB fID

14 FC 0.080 0.010
ZFC 0.062 0.009
LT 0.019 0.006

30 FC 0.017 ,0
ZFC 0.014 0.002
LT 0.002 0.001
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whereq' is the in-plane wave vector,n0 is the density
of flux lines, and c11, c44 are the compressional an
tilt moduli of the FLL. Assuming thatc11 and c44
have a small-temperature dependence in our experime
range [1], the slope of the long-wavelength tail o
S2sq'd is proportional to the temperature at a give
magnetic field. TheTf estimated from the ratio of the
slopes of linear fits to the long-wavelength tails [inset
Fig. 4(b)] shows thatTf is ,30 K for both 14 and 30 G
experiments. These results are in rough agreement w
the value ofTf obtained from the analysis of twisted bon
defects. We thus believe that the actual vortex freez
temperature may close to our lower bound, althou

FIG. 4. (a) Translational correlation functions (empty sym
bols) gGsrd and bond orientational correlation functions (fille
symbols)g6srd. Triangles, squares, and circles correspond
FC, ZFC, and LT experiments, respectively. The solid lin
correspond to fits to exponentialfgGsrdg and power lawfg6srdg
decay functions. (b) Angular averages of the two-dimensio
structure functionsS2sq'd calculated from the FLL data. The
inset corresponds to blow-ups of the long wavelength tails
S2sq'd; the solid lines correspond to linear fits using Eq. (1
All experiments were carried out in a field of 14 G.
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additional experiments are needed to define this va
clearly.

These results suggest that FLL structures on a len
scale of,s2 10da0 do not fall out of equilibrium until
temperatures far below the irreversibility temperatureTirr

that is determined from dc-magnetization measureme
A similar conclusion was reached previously in decorati
studies of YBa2Cu3O72d [3]. This is perhaps not surpris
ing since the value ofTirr determined by magnetization
measurements in a clean crystal is governed primarily
sample geometrical or surface barriers [9]. In our deco
tion measurements, we probe the microscopic propertie
the FLL when analyzing data away from the sample ed
[15]. Hence, theTf should be associated with a micro
scopic phenomena related to the rapid slowing of the
laxation of individual vortices at some temperature belo
the first order melting line in the presence of point pinni
centers. The existence of a microscopic irreversibility li
well below the melting line has been recently examin
theoretically [16] and is supported by our results.

In conclusion, we have reported the first success
decoration studies resolving individual flux lines abo
55 K. Comparison of the vortex-resolved FLL structur
obtained at 55 and 4.2 K has shown that the fract
of twisted bond defects is greater at high temperatu
while the density of dislocations is roughly independe
of temperature. These results suggest that twisted bo
are a topological manifestation of thermal fluctuations
the FLL. Analyses of the orientation and translation
correlation functions for FC and ZFC FLLs obtained
55 K further show that the lattices have the same c
relation lengths, and that these are typical of a hexa
state. Because the same structural parameters were
tained independent of thermodynamic histories, we s
gest that the observed FLL is an equilibrium hexatic a
not a vestige of a high-temperature hexatic liquid sta
Lastly, analyses of the fraction of twisted bonds and
slope of the long wavelength tail ofS2sq'd provide a
lower bound to the temperature at which vortex relax
tion is frozen in the bulk.
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