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Magneto-optical characterizations of inhomogeneities
in Bi,Sr,CaCu,0g,., single crystals grown by floating-zone method
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Magneto-optical observations of distribution of vortices and vortex-lattice melting transition fields are used
to characterize the inhomogeneities in high-qualityS8jCaCyOg ., single crystals grown by the floating-
zone method. Two kinds of characteristic features are found; one with expansion of vortex liquid phase
forming arclike regions, and another with linear structures which are observed only in the vortex solid phase.
The former is found to be related to the compositional inhomogeneities of the crystal, while the latter is related
to the structural defects, most probably small angle grain boundaries. The origin of different evolutions of the
vortex liquid region upon increase in the applied field is explained based on the sample-size dependent field
profile in the crystal.
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Bi,Sr,CaCyOg,, (BSCCO is one of the most thor- are taken by subtracting |magesl-at=H + 6H,/2 from H
oughly studied high-temperature superconductors because 8fHa— H,/2 with 8H,~1 Oe? To enhance signal-to-noise
its extremely large anisotropy, easy cleavage nature, andtio, we average at Ieast 100 differential images. Details of
highly stable surface conditions. Macroscopic measurement§ie method can be found in Refs. 3 and 6. Chemical compo-
such as transport and magnetic studies rely on the homogéitions of the selected areas are analyzed for some of the
neity of the sample. However, not much works have beergrystals using wavelength dispersive x ray analyses after MO
done on the characterization of the homogeneity of BSCC®bservations. We employ point analysis mode and accumu-
crystals partly because of the lack of proper probes for itdate x rays for 100 sec for each 00 um? region. Since
characterization. Inhomogeneities and defects in highwe are interested in the relative change of the cation compo-
temperature superconductors influence the distribution o$ition, no absolute value calibrations are made.
vortices and phase transitions of the vortex systems. Twin Due to large thermal fluctuations, vortex lattice melts into
boundaries in YBgCu;0,_, (YBCO) are known to play an vortex liquid upon increase of temperature and/or magnetic
important role to determine vortex penetration into thefield.” Figures 1a), 1(b), 1(d), 1(f), and Xg) shows the dif-
crystall The existence of well-defined first-order vortex- ferential MO images for BSCC®- (500 390x 30 um®) at
lattice melting is also deeply affected by the presence of twiryO K near the bulk vortex-lattice melting transition field. Due
boundarie$. It is reported by magneto-opticéMO) obser-  to the presence of the vortex dome induced by geometrical
vations in BSCCO that the vortex-lattice melting field showsbarrier in a thin superconductdtthe vortex- Iattlce melting
large spatial variationsOn the other hand, inhomogeneities starts close to the center of the crydfig. 1(a)].* The bright
of microscopic scale are also reported by the state-of-the-aregions in Fig. 1 correspond to those experienced larger
scanning tunneling microscopy by Patal? They report change in the local magnetic induction upon increase of the
that the superconducting gap in BSCCO has a large variatiofield by SH and hence are considered to be newly melted
with characteristic length of about 20 A. It is needless to sayegions. The vortex-liquid regiotvortex puddle, which is
that correct physical pictures of the superconductivity carenclosed by the solid-liquid boundary, expands upon increas-
only be obtained by taking into account the real nature of théng the field as shown in Fig.(f). In an ideal case of a
materials. In this paper we characterize high-quality BSCChomogeneous thin superconductor, the vortex puddle is ex-
single crystals using differential MO technique in terms ofpected to expand keeping the nearly oval boundary. How-
the spatial distributions of vortices and the vortex-latticeever, the boundaries in Figs(kl, 1(d), 1(f), and 1g) display
melting field. rather complex patterns. Such a nonideal expansion of

The crystals used in the present study are grown by théquid-solid boundary has been reportet?19The thickness
floating-zone method using an image furnace. They are sutof the vortex liquid-solid boundary tells us how the vortex-
sequently annealed under controlled atmosphere to be opflattice melting evolves locally. In the region where the
mally doped withT,=91.7 K andsT,<1.5 K.° These crys- boundary is fat, the boundary has moved a lot with the in-
tals are carefully cleaved to the thickness of aboutu®® crement of fieldSH, while in regions where it shows discon-
and cut into approximate dimensions of 50000 tinuity, the propagation of the interface is pinned. Though the
X 30 um? using a wire saw. We always cut the crystal socrystal is high quality judging from the sharp transition width
that the edges are either parallel or perpendicular to théT.~1.5 K, and the small rocking curve width6~0.1°,
growth direction of the crystala axis). In some cases, one there must be inhomogeneities of some kind to account for
of the corners is intentionally removed for easier identifica-the above behavior of the boundary. Local variation of the
tion of the orientation of the crystal. Differential MO images chemical composition and/or oxygen content is a possible

0163-1829/2003/61.0)/1045045)/$20.00 67 104504-1 ©2003 The American Physical Society



M. YASUGAKI, M. TOKUNAGA, N. KAMEDA, AND T. TAMEGAI PHYSICAL REVIEW B 67, 104504 (2003

H=101 Oe H=102 Oe

——r N St — ; C e

H=1000e

H=1060¢

0100 200 300 400 _
X (Uum)
:104 e

FIG. 2. Differential MO images for BSCC®B-at T=70 K near
the vortex-lattice melting transition fiel@d) 99 Oe,(b) 100 Oe,(c)

FIG. 1. Differential MO images for BSCC®-atT=70 Knear 101 Oe,(d) 102 Oe,(e) 104 Oe, andf) 106 Oe. Vortex-lattice
the vortex-lattice melting transition field) 101 Oe,(b) 102 Oe,(d) melting proceeds along lines nearly perpendicular to dahaxis
103 Oe,(f) 104 Oe, and(g) 105 Oe. Positional dependence of forming arclike structures(g) Schematic drawing of the crystal
strontium versus copper ratio @o) vertical and(e) horizontal bro-  growth process in the floating-zone meth@eft pane). Counter
ken lines in(d). Vortex solid-liquid boundaries show large motion rotating feed rodA) and grown crystalC) sustain molten zon¢B)
and pinning at pointé\ andB in (c), respectively. by surface tension. The right panel shows schematic expanded
cross-sectional view of the molten zone. The growth front is curved
by the thermal gradient. Arclike structur@sroken line$ seen by

candidate for such inhomogeneities. In order to map out pos'\-/IO observations run parallel to the growth front.

sible variation of chemical compositions, detailed chemical
analyses on selected regions of the crystal are performed.
Figures 1c) and Xe) show the spatial variations of the ratio (700x500x30 um?®). Here, the vortex liquid region ex-
of strontium to coppeftSr/Cu along horizontal and vertical pands forming a lot of linear structures nearly parallel to a
broken lines in 1d), respectively. The Sr/Cu ratio shows no- specific direction of the crystal, which is confirmed to be
ticeable variation in this small crystal. The location of the perpendicular to tha axis. Close inspection of these linear
large variation of the Sr/Cu ratio seems to closely match thdeatures shows that they are not completely straight but are
region where vortex solid-liquid interfaces show large mo-arclike with their radius of about 10 mm. A hint for such a
tion (point A) or sign of pinning(point B). The ratios of shape comes from the fact that the crystal grows alongthe
other cation elements show similar variations with reducedaxis. Namely, the arclike structures run nearly perpendicular
magnitude. It is difficult, however, to determine how the lo-to the growth direction. During the crystal growth by the
cal doping level changes with the change in Sr/Cu ratiofloating-zone method, molten zone separates the polycrystal-
since it is determined by the charge balance of all the eleline feed rod and the grown single crystal of about 6 mm in
ments including oxygen, which is not analyzed here. diameter as shown schematically in the left panel of Fig.
Figures 2a)—-2(f) shows other typical examples of the 2(g). The curvature of arclike structures is nearly equal to
evolution of vortex solid-liquid boundaries in BSCO®- that of boundary between molten zone and the grown crystal
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[right panel of Fig. 2g)]. In the case of crystal growth from
liquid phase such as floating-zone method and Czochralski
method, the presence of striation is well-known. In impurity-
doped Si(Ref. 1) and GaAs? the striation consists of pe-
riodic modulation of dopant concentrations. The striation can
occur due to the rotation of the crystal during the growth. In
this case the spacing of the striation agrees with the growth
length of the crystal per rotation of the crystal. On the other
hand, it can also arise from temperature fluctuations due ei-
ther to thermal convection or to Marangoni convection. Tem-
perature fluctuations can lead to the change in the equilib-
rium composition in the melt. Since the crystallization front
between the crystal and the melt is curved as shown in the
schematic cross-sectional view in the right panel of Fig),2

the equi-chemical composition line would be also curved.
Since the time scale for the instability is of the order of
seconds, the striation has characteristic length scale of about
10 um at a typical growth speed of 20 mm/h for semicon-
ductors. However, in our growth condition of BSCCO crys-
tals, the growth rate is 0.2 mm/h which is two orders of
magnitude slower than the typical growth rate in the floating-
zone method. Hence, we expect that the characteristic length
for the compositional variation based on this mechanism is
much shorter. In the steady state of the crystal growth, the
composition of the molten zone should stay constant. How-
ever, extremely slow crystal-growth rate inevitably induces
temperature fluctuations of the molten zone since we only ki 3. pifferential MO images for BSCC@-at T=70 K be-

control the halogen lamp power in the floating-zone methodq, the vortex-lattice melting transition field) 40 Oe, (b) 41 Oe,
Variation of circumstances around by the floating-zone fur-c) 42 0e,(d) 43 Oe,(e) 44 Oe, andf) 46 Oe. Several straight lines
nace such as changes in the ambient temperature could resiffving different contrast from the rest of the region can be identi-
in the temperature fluctuations of the molten zone. For eXfied in the vortex solid statéa)—(c).
ample, our BSCCO crystal grows about & in 5 min,
which is a typical time scale for the fluctuation in ambient
temperature. This value is comparable to the spacing of thsuch as twin boundaries in YBCEStraight lines in the vor-
arclike structures in the vortex liquid region. It should betex solid phase are observed only in a small number of crys-
noted that the motion of the translation mechanism of theals. This is in contrast to arclike structures or irregular solid-
mirrors in the floating-zone furnace is found to have negli-liquid boundaries, either one of which is always observed.
gible irregularity and can be excluded as a possible origin of Vortex solid-liquid boundaries in BSCCO grown by the
the arclike structures. floating-zone technique always show irregularities of some
Figure 3 shows another typical example of the patterrkind. The pattern depends on the size of the crystal. Namely,
observed in the differential MO images in BSC@D(500 when the sample is large, the solid-liquid boundary shows
X 800X 30 um°). Straight lines parallel to each other can bearclike structure, while it shows oval shape with some ir-
identified in the vortex solid phase bela<42 Oe as in regularities when the sample is small. When the magnetic
Figs. 3a)—3(c). The direction of these straight lines are al- field is applied along the axis in thin BSCCO crystals,
ways nearly parallel to tha axis, which is the growth direc- vortex penetration is delayed by the geometrical barrier
tion of BSCCO crystals. Such straight defects could be rewhich is supported by the shielding current at sample edges.
lated to the crystal defects, most probably, the small angldhe flux profile of such a sample is determined by the width-
grain boundaries. It is very difficult to make the grown to-thickness ratiov/t of the sample. Figure(4) shows the
BSCCO crystal into one single crystal, unlike the case ofcalculated field profile for thin infinite strips with various
La,_,Sr,CuQ,.* BSCCO crystals usually grow along tae  widths and a fixed thickness of 30m. We assume the edge
axis with medium size crystallites whoseaxes are rotated shielding current flows only in the regions within half the
one to the others. This growth habit naturally produces a lothickness from the edges. In a sample with small width, the
of small-angle[00]] tilt grain boundaries. In MO observa- edge current occupies a large portion of the sample and flux
tions, we select a flat part of the crystal with no visible de-profile becomes steep as shown by inverted solid triangles in
fects on both surfaces and cut it into rectangular shape. Howrig. 4(a). By contrast, the flux profile in a sample with large
ever, we cannot completely exclude the possibility to havewidth has a large flat region near the center of the sample
small angle grain boundaries with very small misorientation[solid circles in Fig. 4a)]. BSCCO crystals have a spatial
buried in the crystal. Small angle grain boundaries inmodulation of the cation composition as we have shown al-
BSCCO are reported to be a channel for vortex mdfion ready, which leads to the modulation of the melting field. As
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Position (1tm) studies. For example, conflicting results on the in-plane an-
isotropy in BSCCO single crystals may, in part, find expla-
FIG. 4. (a) Calculated field profile for thin infinite strip super- nation based on the presence of inhomogenéi'fﬁa’§.An-
conductors with different widths in the presence of geometrical barpther important issue is how much are these inhomogeneities
nher. Thel th'Ck”e?S °f|the sample is fixed to 3. (b) E;:arlnplels_og intrinsic to BSCCO crystals grown by the floating-zone tech-
the evolutions of melting pattern upon increasing the local induc ;e - Since there have been no reports of vortex-lattice
tion by 6B for the small (inverted triangles and large samples . - .
. P . 2 o melting transition in BSCCO crystals grown by methods
(circles. Due to the intrinsic spatial variation of the melting field, her th he floati h i | floati
the size and the number of the liquit)( boundary b), solid (§  Other than the floating-zone or the traveling-solvent floating-
regions change. zone techniques, we cannot comment whether it is intrinsic
to the crystal growth technique or not. However, it is worth
mentioning that Kasagt al. found one-dimensional arrange-

an example, we superimpose the local variation of the meIt[nents of vortices in (La.,Sk),CuG, grown by the

ing field shown in the wavy broken line. The increase in ﬁeldtravellng-_solvent floating-zone te_x_:hmq?:?e.‘!’hey observed
H by 6H leads to multipie liquid (), boundary b), and V(_)rtex a.\hgnment.s along a specific qllrecnon Qf the crystal
solid () regions for a sample with small width, while there is With typical spacing of about 5@m using scanning SQUID
one large liquid region for a sample with large width. This MICroScopy. o _
scenario is confirmed by systematic measurements of the Finally, the striation in semiconductors can be controlled
sample size dependence of the melting patterns. We preparé®Some extent by optimizing the growth conditions to mini-
three crystals by cutting one large single crystal BSCCO-DMize turbulent flow in the molten zone during the crystal
Figures %a)—5(i) shows the vortex solid-liquid boundaries growth. Similar optimization against temperature fluctua-
for these crystalg§D1: 750< 690x 30 um?®, D2: 450<450 tions and instabilities in the melt may work also in oxide
X 30 um?, D3: 360x290x30 um?®). The change in the material BSCCO. Studies along this line would be vital for
melting pattern with changes in the sample size is consisterthe exploration of physical properties of high temperature
with the above calculation. Namely, when the size of thesuperconductors not only for vortex physics but also for
sample is large as in Figs(8-5(c), vortex liquid regions other more fundamental properties related to the mechanism
nucleate at various locations in the sample and expand fornef superconductivity.
ing arclike structures. As the size of the sample is reduced, In summary, intrinsic inhomogeneities and defects in high
the number of nucleation points decreases and the arclikguality Bi,S,CaCyOg,, single crystals grown by the
structures are connected to form a single or a small numbdfoating-zone technique are characterized by differential
of liquid puddles as shown in Figs(dj—5(f). Further reduc- magneto-optical observations. An ideal vortex-lattice melting
tion of the size results in the nearly ideal shape of the vortexstarting from the center of the sample with oval solid-liquid
puddle[Fig. 5i)]. boundary is distorted by compositional modulations, which
How much the inhomogeneities presented in this papeare most probably induced by the temperature fluctuations
affects macroscopic properties of BSCCO crystals, such aduring the crystal growth. Another typical pattern of straight
transport, thermal, magnetic properties are subject of futurénes in the vortex solid state is discussed in relation with the
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