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Magneto-optical observations of crossing-lattice state in B6r,CaCu,Og,,
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The evolution of vortex states and vortex-lattice melting processes,BrflaCyOg ., , 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 tloeaxis, 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 melt Differential MO images are taken by subtracting images
into the vortex-liquid state at a first-order phase transitibn. at  H=H_+ 6H,/2 from H=H_,— 6H,/2, with
Such phase transitions are experimentally explored in highdHa~1 Oe!” We use a high-speed-cooled 14-bit CCD
temperature superconductors mainly when the external magamera(Apogee Instruments, 6Bwvith 1024< 1024 pixels.
netic field is applied parallel to the axis®~° Transitions in 10 achieve-sufficient field resolutiorq0.1 G) under a typi-
the intermediate-field-angle range can be reduced to the tra§2/ background field of 100 G, we need to have a light in-
sition for theH//c axis in terms of the anisotropic Ginzburg- €nsity resolution better than 0.1%. This is achieved by ac-
Landau model when the screening of magnetic field i€umulating more than £photons into each CCD pixel. We
ignored® In highly anisotropic BiSr,CaCyOg ., (BSCCO, average more than 1OQ Images for each field setting. A
however, vortex phase transitions occur at low fields ( bismuth-doped garnet film with in-plane magnetization is

: S . used for MO observations.
<1000 Oe) where magnetic screening is effective. As a re- The crystals used in the present study are grown by the

sult,.vortex Phas? tran;itions in BSCCO s_hovx{ an interestin oating-zone method using an image furnace, and are subse-
scaling relation, in which the transition field is suppressedyaniy annealed under a controlled atmosphere to have op-
Ilne_arly as a fungtlon of the in-plane field. Kosheley ex- timally doped samples witfi,=91.7 K andéT.<1.5 K 13
plained this scaling relation based on the crossing-latticehese crystals are carefully cleaved to a thickness of about
state, in which pancake vorticéBV’s) and Josephson vorti- 20 ,m, and cut into approximate dimensions of 50400
ces(JVs) behave almost independentlRenormalization of % 20 wm? using a wire saw. We always cut the crystal so
the core of JV's by PV’s induce effective attractive interac-that the edges are either parallel or perpendicular to the
tions between these two independent units. The observegtowth direction of the crystalthe a axis). In some cases,
mixed chain-lattice staté''is explained by this model, in one of the corners is intentionally cut off to make it easier to
which extra PV’s are attracted to JV’s and form chain struc-dentify the orientation of the crystal.
ture with a higher density of PV's embedded in triangular A continuous-flow-type cryostdOxford instruments, Mi-
lattice of PV’s. crostaj is used for MO observations. In order to apply large

The melting processes of two distinct vortex solid statesmagnetic field in two orthogonal directions, we remake the
the tilted lattice state and the crossing-lattice state, into theriginal vacuum shroud and the radiation shield to minimize
liquid state can be quite different, since the two solid stateshe size. A small water-cooled electromagnet is used to apply
are separated by a first-order transitfdexcept for the Bitter ~a large in-plane field H,) up to 6 kOe, while the perpen-
decorationg®** no real-space observations of the crossing-dicular field (H,) is produced by a small air-cooled copper
lattice state have been available. Recently Sodéiell. im-  coil up to 500 Oe. When the large in-plane field is applied
proved the conventional magneto-opti¢slO) technique, to  the Verdet constant of the garnet indicator film is reduced. In
achieve unprecedented field resoluion30 mG)!?by sub-  some cases, more than 1000 images are averaged to have a
tracting two images taken successively after changing extereasonable signal-to-noise ratio.
nal parameters, such as magnetic field or temperature. We Figures 1a) and 1b) compare the vortex-lattice melting
apply the differential MO technique in order to contrast two processes, with fields nearly parallel to thexis and at an
vortex solid states and explore the nature of crossing-latticangle of 25° from thec axis. The vortex solid-liquid inter-
state. face shows bow-shaped structutéss already reportetf:*®

In this Brief Report, we present a comparative study ofThey mainly reflect the weak compositional inhomogeneities
MO observations on the vortex states in BSCCO under tiltedn the sample, which have been frozen in the crystal during
fields in the two different ground states. We also extend thesghe crystal growth process. According to Koshelev, the vor-
studies to larger in-plane fields, and find one-dimensionaiex system in BSCCO shows a first-order structural phase
structures which only appear in such conditions. transition from the tilted lattice state to the crossing-lattice
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FIG. 2. Evolution of differential MO images dt=70 K under
FIG. 1. Comparison of differential MO images of the vortex- & _ 1arge in-plane  field H,=1000 Oe  and H,
lattice melting in BSCCO aT=70 K (a) in the tilted-lattice state ~ — 10:15:20,25,30,40,55,65, and 70 Oe faJ—(i), respectively. As
(H,=100 Oe and#~0°), and (b) in the crossing-lattice state H, increases, black boundaries appear perp.endlcul.blrxtd:i), ex-
(H,=100 Oe andd=25°), whered is the field angle from the ~ Pand toward the sample edgfe) and(d)], and finally disappeate).
axis. White regions forming several one-dimensional rows are thé\t the same time white stripe structures emerge from a fixed posi-

vortex liquid regions. Also shown are differential MO images of the tion at the edge of the samp(b). A further increase irH, causes
vortex-lattice melting in BSCCO & =70 K near the bulk melting the number of stripes to increase. Before the vortex solid melts into

field for two opposite field inclination directiori¢c) 0= +68° and @ llquid atH=70 Oe(i), the stripes becomes hardly discernibig

(d) #=—168°]. Arrows indicate the directions of the in-plane field. . . .
The region surrounded by the irregular white boundary is the vorte I‘; dellaye(_j by thg presence of a geometncal batfithen
liquid reaion. Al h hemati ~soctional Vi e field is apphed pqrqllel to the axis, the edge current
guid region. AISo Snown are SCREMANC Cross-Secional VIews o, symmetrically within a range comparable to the thick-
the shielding-current distribution related to the geometrical barrie .
(shaded regionsand the resultings-axis field component on the ness of the_ sample from the edge and pmd“‘FeS a SYmmet“C
sample surface fofe) 9=0° (H//c axis and (f) 6= + 68°. dome_ prpﬂle_[Flg. 1(e)]. However, when .the f|eI<_j is tilted,
the distribution of the edge current will be distorted, as
state at a characteristic angy of about 10°, where the shown in Fig. If). With such an asymmetric edge current
angle is measured from theaxis® The transition between distribution, the resulting field profile is readily calculated, as
these two states is confirmed by the deviation of the lineashown in Fig. If). The dome is now shifted slightly toward
H, dependence of the melting field at angles consistent witlthe direction of the field inclination. This naturally explains
the theoretical estimat@ Although the two images show the the shift of the vortex liquid puddle under a tilted field. It
melting processes in different ground states, the melting proaould be instructive to inspect the field distribution in such a
ceeds in a very similar manner. That is, irrespective of thecondition in more detail. Obviously the vortex dome at the
presence of the in-plane field, the melting starts near théottom surface is shifted toward the opposite direction com-
center of the crystal. The slight difference in the meltingpared with the top surface, which is confirmed by a direct
processes in the two ground states is consistent with thebservation of the bottom profileot shown. At this field
smooth crossover from the tilted lattice state to the crossingangle, the vortex system is in the crossing-lattice state, in
lattice state, as are the similar values of the magnetizatiowhich PV’s and JV’s behave independently of each other.
step at the melting, which is proportional to the entropyHowever, a flux profile, such as that shown in Figf)lis
change accompanied with the solid to liquid transformationncompatible with a simple crossing-lattice picture, where alll
in the two stated’ PV’'s are expected to be stacked straight, forming vortex
When the field is tilted at large angles, noticeable effectdines. In order to produce a flux profile as shown in Fig),1
are seen, as shown in Figs(cland Xd). The nucleation additional PV’s have to be inserted nonuniformly along¢the
position of the vortex-liquid puddle slightly shifts from the axis. The behavior of such additional PV’s will be a subject
center of the sample depending on the inclination directiorof future studies.
of the field. In a flat superconductor, the shielding current A further increase in the in-plane field produces several
flows all over the sample, in contrast to the slab-shaped suinexpected features. Figure 2 shows the evolution of the
perconductor where the shielding current is limited only atdifferential MO image aff=70 K andH,=1000 Oe as a
the edge. If the pinning is weak in such a superconductorfunction of H,. At low H,, deep in the vortex solid phase,
vortices penetrating into the sample form a dome at the cerblack boundaries are observéBigs. 2b)—2(d)]. With in-
ter of the sample, because the shielding current drives thereasingH, the region surrounded by black boundaries ex-
vortices toward the center of the sample. Vortex penetratiopands, and it finally covers the entire samfitgy. 2(e)]. At
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FIG. 3. Comparison of differential MO images (@ AC and(b)
DC modes aff =70 K for H,=25 Oe. A schematic change in the
local induction is shown whemid, is (c) decreased andd) in-
creased. Regions with no flux density charigeare manifested as FIG. 4. Comparison of differential MO images B&70 K un-
black boundaries in the AC mode, while the vortex dome is seen agder H,=1000 Oe for two different directions shown by solid ar-

a higher contrastwhite) region in(d) as observed in the DC mode. rows. The out-of-plane field values afe=20 Oe[(a) and(c)] and

30 Oe|[(b), and(d)]. Stripe structures run along the directiontbf
the same time, stripelike features start to emerge, and th#om a fixed position at the sample edge. For example, it nucleates
number of stripes increases with increasidg. Finally at  at the same location just below the cut at the upper right corner of
H,=70 Oe[Fig. 2()], the vortex solid melts into a liquid the crystal indicated by small arrows for differey, directions.
state, again showing a complex nucleation pattern. Let us
first discuss the origin of the black boundaries. In our differ-sample. Since we have a large in-plane field, we start our
ential MO observations, we make a differential image at twodiscussion with a situation where the sample has only a large
field values, repeat it about 100 times, and finally average thaumber of JV's. When we applM, in such a sample, PV's
values to construct a better image. We call this way of imagevill penetrate the sample from the location where the barrier
acquisition the “AC mode.” The same image can, in prin- for the penetration is minimum. In weak-pinning flat super-
ciple, be obtained by first taking approximately 100 imagesconductors, vortices have to overcome the geometrical bar-
at H=H_,-6H,/2 and later taking another 100 imagestat rier when they penetrate into the sample through sharp
=H,+ 8H,/2 with the risk of instrumental drift over a long edges® However, the edge of the sample is not perfectly
time. We call this way of image acquisition the “DC mode.” sharp in practice. It has some defects on the order of a few
Figure 3 compares the images taken in AC and DC modesnicrometers which facilitate the penetration of vortices. In
The black boundaries seen in images taken in the AC modaddition to this, the attractive interactions between PV’'s and
[Fig. 3(@] turn into white boundaries in images taken in theJV's make the barrier at the edges perpendicular to JV’s
DC mode[Fig. 3(b)]. The different behaviors in AC and DC smaller. If the edge of the sample is ideally sharp, PV’s pen-
modes can be explained by considering the field profile foetrate into all JV’s uniformly from the sample edges perpen-
each field value as shown in FiggcBand 3d).2° In the AC  dicular to JV’s. However, the roughness of the sample edge
mode, the vortex dome produced at the center of the crystaluppresses the geometrical barrier, and makes the penetration
expands with decreasing field without changing the numbeof PV’s easier. Even after the field exceeds the average pen-
of vortices. In this case, the vortex density at the center deetration field, more PV’'s penetrate the sample from such
creases, while it increases at the edge of the vortex domgoints, and the change in the density of PV's becomes
[Fig. 3(c)]. On the other hand, in the DC mode, the vortexgreater compared with the rest of the sample. This causes the
density in the vortex dome always increa$Egy. 3(d)]. So  image contrast in the stripe structures. It should be noted that
the differential image shows a higher contrast in the vortexin the tilted lattice or vortex chain state as observed in
dome region, which is identified as white boundaries at therBa,Cu;O;, changes in the external field induce a nearly
edge. Hence it is concluded that the boundaries observed isotropic increase in the magnetic induction, which is incon-
the differential images are good indicators of the location ofsistent with the stripe structures observed in the present ex-
the vortex dome. periments. Hence the presence of stripe structures is a finger-

Next we turn to the stripe features in the images. Figure 4rint of the crossing-lattice state realized in highly
shows differential MO images takenldt=1000 Oe and at anisotropic superconductors. The stripe structure becomes
two H, values for two different in-plane orientations shown weaker and broader as it proceeds from the sample edge, as
by large arrows in the figure. It is clear that the stripe strucclearly seen in Fig. @). This fact indicates that PV's gradu-
tures always run along the in-plane field directf8riThey  ally spill out of the original stripes as they penetrate deep
nucleate at fixed positions on the crystal edge, as indicateito the sample.
by small arrows in the figure. It should be noted that the Finally, let us draw a vortex phase diagramTat 70 K
images shown in Fig. 4 are differential ones. Thus the stripefor optimally doped BSCCO on the ,-H, plane based on
correspond to regions where the increase in the vortex demur MO observationgFig. 5. The phase diagram of BSCCO
sity upon changindd, by 6H, is grater than the rest of the under tilted fields is complicated by many anomalies, espe-
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1004 structures roughly covers the region where the vortex system
Vortex liquid is in the crossing-lattice stat@$10°). The stripe structures
appear over the entire sample only after the vortex dome
covers the entire sample. At sméll (=100 Oe), however,
stripe structures are not clearly observed, although the vortex
system is still in a crossing-lattice stat&>45°). This
means that the presence of stripe structures is a sufficient
condition for the crossing-lattice state. In this regard, it
should be noted that the spacing of the JV’s at a typical
in-plane field ofH,=1000 Oe is about 1um, which is
Vortex dome much smaller than the spacing between the stripe structures
(~40 um). Also the spacing of the stripes varies with
even at a constaril,. These facts indicate that the stripe
structures are not directly visualizing vortex chains, as ob-
served by the Bitter decoration experimetfts! Instead,

FIG. 5. Schematic phase diagram of BSCCO inkheH, plane ﬁgﬁégegfgésan inhomogeneous penetration of PV's through

based on differential MO observations under tilted fields on the . . . . .
In summary, vortex-lattice melting in the tilted-lattice

broken lines H,=100,1000, and 3000 QeThe solid line is the d i h ina-latti . d i
first-order vortex-lattice melting fieldHro1), andH* is the field ~ Stté and in the crossing-lattice state Is compared in

where the lineaH, dependence of the melting field breaks down. Bi2SRCaCy0Os.,, using a differential MO technique. The
“Stripes” correspond to stripe structures as shown in Figs. 2 and 4nucleation of the vortex liquid puddle is found to be insen-
They disappear atl,, slightly lower than the melting field. The Sitive to the change in the ground state of the vortex system.
“vortex dome” is the region where we can identify vortex dome by Only at moderate in-plane fields does the shift of the vortex

the black(white) boundaries in the AGDC) mode. dome make the nucleation of a liquid puddle slightly differ-
ent depending on the direction of the in-plane field. Under
large in-plane fields, stripe structures in the differential im-
ages are found to nucleate at specific positions on the sample
edge. We interpret this feature as being a direct consequence
of the crossing-lattice ground state, where Josephson vortices
form one-dimensional channels for pancake vortices.
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cially at largeH, .2"?*We overlay each characteristic region
of MO observations with a tentative phase diagram deter
mined by the Hall probé' The solid line in Fig. 5 is the
first-order vortex-lattice melting fieldd o1, andH* is the
field where the lineaH, dependence of the melting field
breaks down as determined by Hall probe measurem@fts. We thank E. Zeldov for enlightening conversation. This
There are no apparent differences in stripe structuresifor work was supported by a Grant-in-aid for Scientific Research
below and abovedy . They disappear dtl, slightly lower  from the Ministry of Education, Culture, Sports, Science,
than the melting field. It is evident that the region with stripeand Technology.
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