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Magneto-optical observations of crossing-lattice state in Bi2Sr2CaCu2O8¿y
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The evolution of vortex states and vortex-lattice melting processes in Bi2Sr2CaCu2O81y under tilted fields
are observed a by differential magnetooptical technique. The vortex-lattice melting transitions in the tilted
vortex-lattice state and in the crossing-lattice state are found to be similar to each other. When the field is
applied at large angles from thec axis, the nucleation position of the vortex-liquid paddle is shifted toward the
direction of field inclination. The shift of the shielding current leading to the shift of the vortex dome naturally
explains the observed phenomena. When a large in-plane field is applied, pancake vortices penetrate through
one-dimensional channels starting from a fixed position at the sample edge. We can find a natural explanation
for such a feature based on the crossing-lattice ground state.
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Thermal fluctuations drive the vortex-lattice state to m
into the vortex-liquid state at a first-order phase transition1,2

Such phase transitions are experimentally explored in h
temperature superconductors mainly when the external m
netic field is applied parallel to thec axis.3–5 Transitions in
the intermediate-field-angle range can be reduced to the
sition for theH//c axis in terms of the anisotropic Ginzburg
Landau model when the screening of magnetic field
ignored.6 In highly anisotropic Bi2Sr2CaCu2O81y ~BSCCO!,
however, vortex phase transitions occur at low fieldsH
,1000 Oe) where magnetic screening is effective. As a
sult, vortex phase transitions in BSCCO show an interes
scaling relation, in which the transition field is suppress
linearly as a function of the in-plane field.7,8 Koshelev ex-
plained this scaling relation based on the crossing-lat
state, in which pancake vortices~PV’s! and Josephson vorti
ces~JVs! behave almost independently.9 Renormalization of
the core of JV’s by PV’s induce effective attractive intera
tions between these two independent units. The obse
mixed chain-lattice state10,11 is explained by this model, in
which extra PV’s are attracted to JV’s and form chain str
ture with a higher density of PV’s embedded in triangu
lattice of PV’s.

The melting processes of two distinct vortex solid stat
the tilted lattice state and the crossing-lattice state, into
liquid state can be quite different, since the two solid sta
are separated by a first-order transition.9 Except for the Bitter
decorations,10,11 no real-space observations of the crossin
lattice state have been available. Recently Soibelet al. im-
proved the conventional magneto-optical~MO! technique, to
achieve unprecedented field resoluion (;30 mG),12 by sub-
tracting two images taken successively after changing ex
nal parameters, such as magnetic field or temperature.
apply the differential MO technique in order to contrast tw
vortex solid states and explore the nature of crossing-lat
state.

In this Brief Report, we present a comparative study
MO observations on the vortex states in BSCCO under ti
fields in the two different ground states. We also extend th
studies to larger in-plane fields, and find one-dimensio
structures which only appear in such conditions.
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Differential MO images are taken by subtracting imag
at H5Ha1dHa/2 from H5Ha2dHa/2, with
dHa;1 Oe.12 We use a high-speed-cooled 14-bit CC
camera~Apogee Instruments, 6E! with 102431024 pixels.
To achieve-sufficient field resolution (,0.1 G) under a typi-
cal background field of 100 G, we need to have a light
tensity resolution better than 0.1%. This is achieved by
cumulating more than 106 photons into each CCD pixel. We
average more than 100 images for each field setting
bismuth-doped garnet film with in-plane magnetization
used for MO observations.

The crystals used in the present study are grown by
floating-zone method using an image furnace, and are su
quently annealed under a controlled atmosphere to have
timally doped samples withTc591.7 K anddTc,1.5 K.13

These crystals are carefully cleaved to a thickness of ab
20 mm, and cut into approximate dimensions of 5003400
320 mm3 using a wire saw. We always cut the crystal
that the edges are either parallel or perpendicular to
growth direction of the crystal~the a axis!. In some cases
one of the corners is intentionally cut off to make it easier
identify the orientation of the crystal.

A continuous-flow-type cryostat~Oxford instruments, Mi-
crostat! is used for MO observations. In order to apply lar
magnetic field in two orthogonal directions, we remake t
original vacuum shroud and the radiation shield to minim
the size. A small water-cooled electromagnet is used to ap
a large in-plane field (Hx) up to 6 kOe, while the perpen
dicular field (Hz) is produced by a small air-cooled copp
coil up to 500 Oe. When the large in-plane field is appli
the Verdet constant of the garnet indicator film is reduced
some cases, more than 1000 images are averaged to h
reasonable signal-to-noise ratio.

Figures 1~a! and 1~b! compare the vortex-lattice meltin
processes, with fields nearly parallel to thec axis and at an
angle of 25° from thec axis. The vortex solid-liquid inter-
face shows bow-shaped structures,14 as already reported.12,15

They mainly reflect the weak compositional inhomogeneit
in the sample, which have been frozen in the crystal dur
the crystal growth process. According to Koshelev, the v
tex system in BSCCO shows a first-order structural ph
transition from the tilted lattice state to the crossing-latt
©2002 The American Physical Society02-1
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state at a characteristic angleu0 of about 10°, where the
angle is measured from thec axis.9 The transition between
these two states is confirmed by the deviation of the lin
Hx dependence of the melting field at angles consistent w
the theoretical estimate.16 Although the two images show th
melting processes in different ground states, the melting p
ceeds in a very similar manner. That is, irrespective of
presence of the in-plane field, the melting starts near
center of the crystal. The slight difference in the melti
processes in the two ground states is consistent with
smooth crossover from the tilted lattice state to the cross
lattice state, as are the similar values of the magnetiza
step at the melting, which is proportional to the entro
change accompanied with the solid to liquid transformat
in the two states.17

When the field is tilted at large angles, noticeable effe
are seen, as shown in Figs. 1~c! and 1~d!. The nucleation
position of the vortex-liquid puddle slightly shifts from th
center of the sample depending on the inclination direct
of the field. In a flat superconductor, the shielding curr
flows all over the sample, in contrast to the slab-shaped
perconductor where the shielding current is limited only
the edge. If the pinning is weak in such a superconduc
vortices penetrating into the sample form a dome at the c
ter of the sample, because the shielding current drives
vortices toward the center of the sample. Vortex penetra

FIG. 1. Comparison of differential MO images of the vorte
lattice melting in BSCCO atT570 K ~a! in the tilted-lattice state
(Hz5100 Oe andu;0°), and ~b! in the crossing-lattice state
(Hz5100 Oe andu525°), whereu is the field angle from thec
axis. White regions forming several one-dimensional rows are
vortex liquid regions. Also shown are differential MO images of t
vortex-lattice melting in BSCCO atT570 K near the bulk melting
field for two opposite field inclination directions@~c! u5168° and
~d! u5268°#. Arrows indicate the directions of the in-plane fiel
The region surrounded by the irregular white boundary is the vo
liquid region. Also shown are schematic cross-sectional views
the shielding-current distribution related to the geometrical bar
~shaded regions! and the resultingc-axis field component on the
sample surface for~e! u50° (H//c axis! and ~f! u5168°.
21250
r
th

o-
e
e

e
g-
n

n

s

n
t
u-
t
r,
n-
he
n

is delayed by the presence of a geometrical barrier.18 When
the field is applied parallel to thec axis, the edge curren
flows symmetrically within a range comparable to the thic
ness of the sample from the edge and produces a symm
dome profile@Fig. 1~e!#. However, when the field is tilted
the distribution of the edge current will be distorted,
shown in Fig. 1~f!. With such an asymmetric edge curre
distribution, the resulting field profile is readily calculated,
shown in Fig. 1~f!. The dome is now shifted slightly towar
the direction of the field inclination. This naturally explain
the shift of the vortex liquid puddle under a tilted field.
would be instructive to inspect the field distribution in such
condition in more detail. Obviously the vortex dome at t
bottom surface is shifted toward the opposite direction co
pared with the top surface, which is confirmed by a dire
observation of the bottom profile~not shown!. At this field
angle, the vortex system is in the crossing-lattice state
which PV’s and JV’s behave independently of each oth
However, a flux profile, such as that shown in Fig. 1~f!, is
incompatible with a simple crossing-lattice picture, where
PV’s are expected to be stacked straight, forming vor
lines. In order to produce a flux profile as shown in Fig. 1~f!,
additional PV’s have to be inserted nonuniformly along thc
axis. The behavior of such additional PV’s will be a subje
of future studies.

A further increase in the in-plane field produces seve
unexpected features. Figure 2 shows the evolution of
differential MO image atT570 K andHx51000 Oe as a
function of Hz . At low Hz , deep in the vortex solid phase
black boundaries are observed@Figs. 2~b!–2~d!#. With in-
creasingHz the region surrounded by black boundaries e
pands, and it finally covers the entire sample@Fig. 2~e!#. At

e

x
f
r

FIG. 2. Evolution of differential MO images atT570 K under
a large in-plane field Hx51000 Oe and Hz

510,15,20,25,30,40,55,65, and 70 Oe for~a!–~i!, respectively. As
Hz increases, black boundaries appear perpendicular toHx ~b!, ex-
pand toward the sample edge@~c! and~d!#, and finally disappear~e!.
At the same time white stripe structures emerge from a fixed p
tion at the edge of the sample~b!. A further increase inHz causes
the number of stripes to increase. Before the vortex solid melts
a liquid atH570 Oe~i!, the stripes becomes hardly discernible~h!.
2-2
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the same time, stripelike features start to emerge, and
number of stripes increases with increasingHz . Finally at
Hz570 Oe @Fig. 2~i!#, the vortex solid melts into a liquid
state, again showing a complex nucleation pattern. Le
first discuss the origin of the black boundaries. In our diff
ential MO observations, we make a differential image at t
field values, repeat it about 100 times, and finally average
values to construct a better image. We call this way of ima
acquisition the ‘‘AC mode.’’ The same image can, in pri
ciple, be obtained by first taking approximately 100 imag
at H5Ha-dHa/2 and later taking another 100 images atH
5Ha1dHa/2 with the risk of instrumental drift over a lon
time. We call this way of image acquisition the ‘‘DC mode
Figure 3 compares the images taken in AC and DC mod
The black boundaries seen in images taken in the AC m
@Fig. 3~a!# turn into white boundaries in images taken in t
DC mode@Fig. 3~b!#. The different behaviors in AC and DC
modes can be explained by considering the field profile
each field value as shown in Figs. 3~c! and 3~d!.19 In the AC
mode, the vortex dome produced at the center of the cry
expands with decreasing field without changing the num
of vortices. In this case, the vortex density at the center
creases, while it increases at the edge of the vortex d
@Fig. 3~c!#. On the other hand, in the DC mode, the vort
density in the vortex dome always increases@Fig. 3~d!#. So
the differential image shows a higher contrast in the vort
dome region, which is identified as white boundaries at
edge. Hence it is concluded that the boundaries observe
the differential images are good indicators of the location
the vortex dome.

Next we turn to the stripe features in the images. Figur
shows differential MO images taken atHx51000 Oe and at
two Hz values for two different in-plane orientations show
by large arrows in the figure. It is clear that the stripe str
tures always run along the in-plane field direction.20 They
nucleate at fixed positions on the crystal edge, as indica
by small arrows in the figure. It should be noted that t
images shown in Fig. 4 are differential ones. Thus the stri
correspond to regions where the increase in the vortex d
sity upon changingHa by dHa is grater than the rest of th

FIG. 3. Comparison of differential MO images in~a! AC and~b!
DC modes atT570 K for Hz525 Oe. A schematic change in th
local induction is shown whenHz is ~c! decreased and~d! in-
creased. Regions with no flux density change~c! are manifested as
black boundaries in the AC mode, while the vortex dome is see
a higher contrast~white! region in~d! as observed in the DC mode
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sample. Since we have a large in-plane field, we start
discussion with a situation where the sample has only a la
number of JV’s. When we applyHz in such a sample, PV’s
will penetrate the sample from the location where the bar
for the penetration is minimum. In weak-pinning flat supe
conductors, vortices have to overcome the geometrical
rier when they penetrate into the sample through sh
edges.18 However, the edge of the sample is not perfec
sharp in practice. It has some defects on the order of a
micrometers which facilitate the penetration of vortices.
addition to this, the attractive interactions between PV’s a
JV’s make the barrier at the edges perpendicular to J
smaller. If the edge of the sample is ideally sharp, PV’s p
etrate into all JV’s uniformly from the sample edges perpe
dicular to JV’s. However, the roughness of the sample e
suppresses the geometrical barrier, and makes the penetr
of PV’s easier. Even after the field exceeds the average p
etration field, more PV’s penetrate the sample from su
points, and the change in the density of PV’s becom
greater compared with the rest of the sample. This causes
image contrast in the stripe structures. It should be noted
in the tilted lattice or vortex chain state as observed
YBa2Cu3O7, changes in the external field induce a nea
isotropic increase in the magnetic induction, which is inco
sistent with the stripe structures observed in the present
periments. Hence the presence of stripe structures is a fin
print of the crossing-lattice state realized in high
anisotropic superconductors. The stripe structure beco
weaker and broader as it proceeds from the sample edg
clearly seen in Fig. 4~b!. This fact indicates that PV’s gradu
ally spill out of the original stripes as they penetrate de
into the sample.

Finally, let us draw a vortex phase diagram atT570 K
for optimally doped BSCCO on theHz-Hx plane based on
our MO observations~Fig. 5!. The phase diagram of BSCCO
under tilted fields is complicated by many anomalies, es

as
FIG. 4. Comparison of differential MO images atT570 K un-

der Hx51000 Oe for two different directions shown by solid a
rows. The out-of-plane field values areHz520 Oe@~a! and~c!# and
30 Oe@~b!, and~d!#. Stripe structures run along the direction ofHx

from a fixed position at the sample edge. For example, it nucle
at the same location just below the cut at the upper right corne
the crystal indicated by small arrows for differentHx directions.
2-3
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BRIEF REPORTS PHYSICAL REVIEW B 65 212502
cially at largeHx .17,21We overlay each characteristic regio
of MO observations with a tentative phase diagram de
mined by the Hall probe.21 The solid line in Fig. 5 is the
first-order vortex-lattice melting field,HFOT , andH* is the
field where the linearHx dependence of the melting fiel
breaks down as determined by Hall probe measurements16,22

There are no apparent differences in stripe structures forHx

below and aboveHx* . They disappear atHz slightly lower
than the melting field. It is evident that the region with stri

FIG. 5. Schematic phase diagram of BSCCO in theHz-Hx plane
based on differential MO observations under tilted fields on
broken lines (Hx5100,1000, and 3000 Oe!. The solid line is the
first-order vortex-lattice melting field (HFOT), andH* is the field
where the linearHx dependence of the melting field breaks dow
‘‘Stripes’’ correspond to stripe structures as shown in Figs. 2 an
They disappear atHz , slightly lower than the melting field. The
‘‘vortex dome’’ is the region where we can identify vortex dome
the black~white! boundaries in the AC~DC! mode.
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structures roughly covers the region where the vortex sys
is in the crossing-lattice state (u.10°). The stripe structures
appear over the entire sample only after the vortex do
covers the entire sample. At smallHx(5100 Oe), however,
stripe structures are not clearly observed, although the vo
system is still in a crossing-lattice state (u.45°). This
means that the presence of stripe structures is a suffic
condition for the crossing-lattice state. In this regard,
should be noted that the spacing of the JV’s at a typi
in-plane field of Hx51000 Oe is about 1mm, which is
much smaller than the spacing between the stripe struct
(;40 mm). Also the spacing of the stripes varies withHz
even at a constantHx . These facts indicate that the strip
structures are not directly visualizing vortex chains, as
served by the Bitter decoration experiments.10,11 Instead,
they reflect an inhomogeneous penetration of PV’s throu
rough edges.

In summary, vortex-lattice melting in the tilted-lattic
state and in the crossing-lattice state is compared
Bi2Sr2CaCu2O81y using a differential MO technique. Th
nucleation of the vortex liquid puddle is found to be inse
sitive to the change in the ground state of the vortex syst
Only at moderate in-plane fields does the shift of the vor
dome make the nucleation of a liquid puddle slightly diffe
ent depending on the direction of the in-plane field. Und
large in-plane fields, stripe structures in the differential i
ages are found to nucleate at specific positions on the sam
edge. We interpret this feature as being a direct consequ
of the crossing-lattice ground state, where Josephson vor
form one-dimensional channels for pancake vortices.

We thank E. Zeldov for enlightening conversation. Th
work was supported by a Grant-in-aid for Scientific Resea
from the Ministry of Education, Culture, Sports, Scienc
and Technology.
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