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Direct Observation of Melting of the Vortex Solid in Bi2Sr2CaCu2O81d Single Crystals
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A scanning Hall probe microscope has been used to directly observe the vortex lattice melting
transition in Bi2Sr2CaCu2O81d single crystals. Below the melting line, the system settles into a
fairly well-ordered vortex solid which undergoes pronounced rotations as the field is increased due
to incommensurability effects. Vortex contrast is lost abruptly and discontinuously at the melting
line consistent with a first order transition. Vortex profiles appear to be strongly broadened by two-
dimensional fluctuations which grow much stronger as the melting line is approached from below,
suggesting that melting and decoupling are almost simultaneous. [S0031-9007(98)05763-9]

PACS numbers: 74.60.Ge, 74.25.Dw, 74.72.Hs
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The Bi2Sr2CaCu2O81d (BSCCO) high temperature su-
perconductor has the strongest crystalline anisotropy
all known materials in its class leading to an extrao
dinarily rich magnetic field-temperature phase diagram
Controversy still surrounds some regions of this diagram
but there is broad consensus that the vortex solid me
to a liquid state at a well-defined field and temperatur
dependent phase boundary. Moreover, the observation
sharp jumps in bulk magnetization [1] and local induc
tion measurements [2] (as well as the recent corroborati
calorimetric measurement of a latent heat at melting
YBa2Cu3O72d [3]) suggest that it is a first order thermo-
dynamic transition. Local induction measurements reve
that the phase boundary terminates in a multicritical poi
at about 40 K as the temperature is reduced. Howev
it has been shown recently that a continuation of the lin
to zero temperature can be associated with the so-cal
second magnetization peak, where bulk pinning is su
denly enhanced upon increasing field [4]. To date, th
most compelling data on the melting line in BSCCO hav
come from either macroscopic measurements (e.g., bu
magnetization [1] and static Hall sensors [2]) or micro
scopic probes which average over a large ensemble of v
tices (e.g., neutron scattering [5] and muon spin rotatio
[6]). Clearly, it is important to extend these studies to th
truly microscopic level, where the degree of order of dis
crete vortices is examined as the transition line is crosse
Lorentz microscopy has been used to achieve this goal
thin s,200 nmd BSCCO films, where it was found that
vortex contrast faded away close to the irreversibility lin
as estimated from bulk magnetization measurements [
Image contrast was, however, quite poor near the melti
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line preventing a quantitative analysis of the data, and t
technique is not suitable for single crystals. We repo
here the firstdirect observation of melting of the vortex
solid in a high quality BSCCO single crystal using a scan
ning Hall probe microscope (SHPM) with unprecedente
field sensitivitys, 3 3 1027 Ty

p
Hzd and spatial resolu-

tion s, 0.25 mmd.
The basic design of our SHPM has been described

detail elsewhere [8]. In brief, a commercial low tem
perature scanning tunneling microscope (STM) has be
modified by replacing the usual STM tip with a GaAs
chip. This sensor incorporates a two-dimensional Ha
probe with active area,0.25 mm 3 0.25 mm patterned
by electron beam lithography in a GaAsyAlGaAs het-
erostructure positioned about5 mm from an integrated
tunneling tip at the metallized corner of an etched mes
The sample is mounted on a stick-slip coarse approa
mechanism which is used to advance it towards the sen
which is bonded directly to the end of the piezoelectri
scanner tube. The sample is tilted,1± 2± with respect
to the scanner plane to ensure that the STM tip is alwa
the closest point to it. The images presented in this Lett
were captured in the “flying” mode, whereby the STM tip
is used to record the sample topography which can then
electronically compensated during rapid Hall probe sca
with the sensor retracted,0.1 mm from the crystal sur-
face. The entire microscope assembly sits at the center
a commercial temperature-controlled cryostat incorpora
ing a two-stage vibration isolation system.

The high quality as-grown BSCCO crystals investigate
here were prepared by the traveling solvent floating zo
technique [9]. The presented images were measured
© 1998 The American Physical Society
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a large crystal with approximate dimensions,3 mm 3

2 mm 3 100 mm while a somewhat smaller crystal from
the same growth batch was investigated with a static H
probe array in a separate cryostat with a higher fie
capability to generate the melting line shown in Fig.
(below). Both crystals haveTc of 90.5 K as estimated by
a linear extrapolation of the melting line to zero field.

Once the first images had been captured, it beca
immediately apparent that vortex structures in BSCC
are extremely dynamic at high temperatures, and eve
time any single experimental parameter (e.g.,H or T ) was
changed, the vortices took many minutes to settle into
stable configuration. This is illustrated in Fig. 1, which
shows three,7 mm 3 5.6 mm quasireal time images
captured near the center of the large crystal after
surface had been freshly cleaved. In this case, the sam
had been zero-field cooled to 77 K after which the ap
plied field was suddenly increased to 8 Oe and th
SHPM set to repeatedly scan the same area. With
measurement bandwidth used, each scan took 45 s
complete, so there is a certain amount of moveme
within each frame. Nevertheless, a comparison of imag
1(a)–1(c) reveals clearly substantial changes in the vort
structure which occur on the scale of minutes. As a gui
to the eye, a triangular mesh has been superimposed
the data to approximately indicate the locations of th
vortex centers, making it clear that successive images
distorted strongly by shear waves. In addition, vorte
vacancies can be resolved clearly in the lower left corn
of Fig. 1(a) and the upper right corner of Fig. 1(c) an
appear to be rather mobile. After some tens of minute
the fluctuations eventually die away leaving a reasonab
well-ordered sixfold coordinated solid state. The origi
of these long-term fluctuations will be discussed later
this Letter.

The position of the melting line was established from
local induction measurements with the scanning Ha
probe itself. The upper inset of Fig. 2 shows the magne
induction measured for increasing applied fields at 85
in the same location as the images were captured and n

FIG. 1. Real time scanning Hall probe images (a),45 s, (b)
,180 s, and (c) ,315 s after the applied field is suddenly
increased from zero to 8 Oe at 77 K. A triangular mes
has been superimposed to indicate the approximate locat
of vortex centers (image sizes,7 mm 3 5.6 mm, gray scale
spans,2.55 G).
all
ld
2

me
O
ry

a

its
ple
-
e

the
to

nt
es
ex

de
on
e

are
x
er
d
s,
ly

n
in

ll
tic
K
ote

h
ion

the abrupt induction increase of,0.2 G at 23 Oe which
is the accepted signature of the melting line [2]. Thes
data were recorded with the Hall probe raised deliberate
,5 mm above the sample surface to smear away th
fine structure due to discrete vortices moving under th
sensor. The main graph in Fig. 2 summarizes the result
many such measurements at different temperatures (so
points). Also included are the data on the smaller cryst
from the same growth batch which has been investigat
to higher fields in a separate cryostat (open circles). T
within the error in the field calibration of the cryostats
both sets of data agree well and conform to that measur
in high quality as-grown BSCCO crystals by other author
[4]. The lower inset of Fig. 2 shows a typical SHPM
image of the settled hexagonal vortex lattice after fiel
cooling to 77 K in a field of 30 Oe. This illustrates the
fact that we are not operating at the limit of our spatia
resolution in the images that follow at lower applied
fields.

In practice, our vortex-resolved investigations of the
melting line were performed by varying the applied field
at constant temperature, since any temperature variatio
lead to thermal drifts in the relative positions of Hall probe
and sample as well as changes in the piezoelectric coe
cient of the scanner tube. Our ability to resolve individua
vortices near the melting line is limited by the Hall probe
sensitivity and represents a tradeoff between reduced pe
induction amplitudes due to vortex overlap at the highe
fields required at lower temperatures and an increase
sensor noise at higher temperatures. The images in Fig

FIG. 2. The melting line measured with the SHPM on the
large crystal studied (solid circles) and by a static Hall prob
array on a smaller crystal from the same growth batch (ope
circles). Upper inset shows the measured local induction sign
near the melting field for the large crystal at 85 K. Lower inse
shows a typical image of the vortex lattice after field cooling to
77 K in 30 Oe (image size,2.6 mm 3 2.6 mm).
3611



VOLUME 80, NUMBER 16 P H Y S I C A L R E V I E W L E T T E R S 20 APRIL 1998

he
lt-

es

et

n
re,
arly

s
or-
-
eld
p

t-
d
s,
el
g

e
n
r

r
el
d

FIG. 3. Family of 85 K scanning Hall probe images at applie
fields of (a) 10 Oe (gray scale spans,0.42 G), (b) 15 Oe
s,0.31 Gd, (c) 20 Oe s,0.21 Gd, (d) 22.5 Oe s,0.13 Gd, and
(e) 25 Oe s,0.03 Gd sHm  23 Oed (image sizes,3.8 mm 3
3.8 mm).

represent points on a field cut through the melting line
85 K sHm  23 Oed, where we have waited for an equi-
librium vortex structure to stabilize in each case. To su
press some of the white noise from the Hall probe, a lo
pass Fourier filter has been carefully employed in the
images with a cutoff spatial frequency well in excess o
that expected for the vortex solid to avoid any spuriou
artifacts. A reasonably well-ordered sixfold symmetri
structure is evident at 10, 15, and 20 Oe, and can also
identified just below the melting line at 22.5 Oe. At the
melting line, vortex resolution is lost abruptly and the ap
parent structure in the image at 25 Oe is merely the r
sult of low pass Fourier filtering of a white noise signa
We emphasize that we would still have ample sensitivi
to resolve individual vortices above the transition line
the lattice had not melted. Fourier transforms of the im
agessH , Hmd yield six clear diffraction spots indicat-
ing good sixfold order over these relatively small region
Careful inspection of the orientation of the vortex soli
in Fig. 3 reveals pronounced rotations as the applied fie
is increased. Since we believe bulk pinning to be ne
ligibly weak in this temperature regime, the vortex soli
must be stabilized by a combination of a finite shear mod
lus and surface/geometrical barriers near the perimeter
the sample. Since the rectangular crystal and hexago
lattice are incommensurable, the orientation of the lowe
energy vortex structure will be extremely sensitive to th
exact value of the applied field. Within this picture,H-
dependent rotations of the vortex solid are not surprisin
and we speculate that the search for this energy mi
mum represents the driving force for the long-term fluctu
tions seen wherever any external parameter is changed
Figs. 1(a)–1(c)]. Images have also been generated alo
a cut through the melting line at 81 K and display exact
3612
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the same qualitative behavior as that shown at 85 K. T
considerably larger vortex tail overlap at the higher me
ing field fHms81 Kd > 42 Oeg leads, however, to greatly
reduced induction peaks, and the quality of these imag
is much poorer, and they have not been included here.

Figure 4(a) shows typical induction line scans (offs
vertically for clarity) along one of the unit vectors of the
vortex solid at the five values of applied field shown i
Fig. 3. Note that no Fourier filtering has been applied he
and these traces represent the raw measured data. Cle
the peak-to-valley “corrugation” along a unit vector fall
rapidly as the melting line is approached. The average c
rugation along various lattice vectors in the different im
ages has been calculated and plotted against applied fi
in Fig. 4(b). We observe an abrupt discontinuous dro
to zero at the melting field (indicated by the vertical do
ted line) which is entirely consistent with the propose
first order melting transition. For comparative purpose
the corrugation predicted by the Clem variational mod
[10] is also plotted on this figure (solid line) assumin

FIG. 4. (a) Typical line scans along a unit vector of th
vortex lattice at various applied magnetic fields. (b) Mea
vortex peak-to-valley induction corrugation along a unit vecto
as a function of applied field (solid points). Also shown fo
comparison is the corrugation predicted by the Clem mod
(continuous line). The position of the melting field is indicate
by a vertical dotted line.
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1 2 sTyTcd4 and where smearing du
to the vertical separation of sample and Hall probe, and
nite sensor area have been accounted for. We note tha
are applying this model far out of its regime of validity, b
it nevertheless illustrates two important points. The cor
gation predicted by the Clem model is approximately a fa
tor of 3 larger than the measured value indicating that
vortex profiles are very strongly fluctuation broadened
these temperatures. We also note that the model data s
positive curvature as the field is raised characteristic of
increasing overlap of exponential vortex tails. This is
stark contrast to the negative curvature displayed by
measured data as the melting field is approached from
low. We attribute this apparent anticipation of the melti
line to increasing two-dimensional fluctuations of the vo
tex lines (i.e., wavier lines) which grow in amplitude as t
melting field is approached, and a similar conclusion w
drawn from recent muon spin rotation measurements [1
Since such fluctuations can be viewed as the precursor
complete breaking up of vortex lines into two-dimension
vortex pancakes, it is likely that this decoupling happe
near the melting line. Whether melting and decoupli
are simultaneous [12] or whether decoupling occurs a
slightly higher temperature (or field) [13] is still controve
sial, and the recent observation that surface barriers fo
transport currents to flow predominately at the edges
single crystal samples over a broad temperature range
has cast a shadow over these flux transformer meas
ments. Since we are unable to resolve any vortices ab
the melting field once static order has been lost, we are
in a position to make a meaningful contribution to this d
bate. However, we note that a quadratic extrapolation
the measured corrugation data forH , Hm drops to zero
at an applied field of 26 Oe. The data are not of sufficie
quality to attach too much significance to this point, but w
cannot rule out the possibility that vortex resolution is lo
at the transition line due to the melting of strongly fluct
ating vortex lines, while full decoupling takes place on
at this slightly higher field.

We have previously reported pronounced low-fie
flux inhomogeneities in all of the high quality as-grow
BSCCO crystals we have studied (including the one i
aged here) [15]. At the higher fields typically encounter
near the melting line, a weak modulation of the over
magnetic induction profile survives and leads to the f
mation of an intermediate state of coexisting vortex so
and liquid regions. The images shown in Fig. 3 have be
captured in a regionbetweenhigh induction stripes and
locally, are the last parts of the vortex solid to melt as t
field is increased. Consequently, our images reflect
melting of a crystallite surrounded by the liquid phas
and one would not expect them to be significantly infl
enced by the surrounding medium. However, images c
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tured from the high induction stripe regions where meltin
occurs within a solid matrix also show the same behav
at the melting line, and we conclude that these weak fl
inhomogeneities do not significantly influence the micr
scopic melting mechanism.

In conclusion, we have used a state-of-the-art scann
Hall probe microscope to capture high-resolution imag
of vortex structures as we increase the field through
melting line in as-grown BSCCO single crystals. Fo
H , Hm, we observe a reasonably ordered sixfold coo
dinated solid, provided we wait long enough for an equ
librium state to form. The induction corrugation along th
unit vectors of the solid drops abruptly and discontinuous
to zero at the melting line consistent with a first order the
modynamic transition. As the melting field is approache
from below, the vortex solid undergoes pronounced r
tations due to the incommensurability of the hexagon
vortex solid and the rectangular surface/geometric ba
ers confining it. The vortex profiles appear to be broa
ened strongly by two-dimensional fluctuations which gro
in amplitude as the melting line is approached suggest
that melting and decoupling to 2D pancakes occur alo
almost the same line in theH-T phase diagram.
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