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Visualization of vortex chains in Bi,Sr,CaCu,0g.., by magneto-optical imaging
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We visualized vortex chains in the crossing-lattices state 5BCaCy0Og., by using magneto-optical
imaging technique. From the spacing of vortex chains, we could determine the anisotropy parameter quanti-
tatively, from y=800=80 for a slightly underdoped sample $6=490=50 for slightly overdoped samples.
Vortex chains can be rotated by changing the direction of in-plane field in the @la@e. Hysteretic motion
and the forking of vortex chains are discussed in relation to the indirect pinning of Josephson vortices through
pinning of pancake vortices.
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Recently, vortex states in highly anisotropic supercon-how much we can control JV's in this state, although it will
ductors under tilted fields have attracted much intefésin  be important for future applications.
magnetic fields tilted from the axis, characteristic arrange-  We performed magneto-optical observations in BSCCO
ment of vortices in theab plane of BySr,CaCyOg,,  under crossing-lattices state. In our previous refome
(BSCCQ was found by decoration measurements as early ademonstrated the shift of a vortex puddle and creation of
1991™ They clearly demonstrated the existence of a densene-dimensional channels for vortex penetration caused by
one-dimensional arrangement of vortices along the tilted direlatively high in-plane fields up to 3 kOe. In this paper, we
rection (vortex chain concomitantly with the usual vortex focused on vortex distribution in the crossing-lattices state

lattice. Judging from the evolution with tilting, the origin of \ith low in-plane fields H,<110 Oe). We observed vortex

vortex chains in BSCCO is considered to be different fromchains in the images, and studied the motion of the underly-
that in moderately anisotropic YBECU, xAlx)307 5. ing JV stacks over the whole sample upon changing the mag-

In the latter case, vortex chains are explained in the frameégiy,de and direction of in-plane fields. Observation of vortex

. . -20 . .
work of anisotropic London modéf** In highly aniso- . aing enabled us to determine the anisotropy parameter

tropic BSCCO, however, angular dependence of vortex- ——— .
lattice melting field indicates that the scaling relation based M /Mgy, Where m; and m,,, are the electronic mass

on anisotropic Ginzburg-Landau motfelis no longer alogg(t:fz:egams ?nldab plane, respictl\;ﬁly.t i vent
available!? Both the existence of “chainlattice” state and crystals were grown by the traveling solven

the new scaling were solved by considering the crossingﬂoating zone method. We co_ntrolled oxygen concentratio_n
lattices state in which the pancake vortic@/’s) and Jo- Py annealing under appropriate oxygen pressure. In this
sephson vortice§V'’s) coexist® Such a coexistence of the Paper, we used slightly underdopgtb. 1), optimally doped
orthogonal vortices was first proposed by H&&&he most  (n0. 2, no. 3, and slightly overdopedno. 4 BSCCO
important point in Ref. 3 was the introduction of substantialcrystals with the second magnetization peak at 27.5 K
attractive interactions between PV's and JV's caused bynd critical temperature ofH, (Oe), T, (K))=(230, 86),
shifts of PV’s by a current around a JV. (350, 91),(350, 91), and380, 87, respectively. Magnetic

In the crossing-lattices state, two-component vortices atinduction perpendicular to the sample surface was visualized
tracting each other opened a new stage for vortex mattddy magneto-optical imaging technique. Faraday rotation in a
physics. Recent theoretical studies based on this model sufjismuth-doped garnet film mounted on the cleaabdlane
gest the existence of various vortex phases in tilted fields. of the crystal was detected by a polarizing microscope and
Several experimental results of ac susceptibflitsansport recorded by a cooled charge-coupled device carfefa.
and magnetization measuremehtmdeed, manifest some achieve a higher sensitivity, we utilized a differential
features of transitions in vortex phases under tilted-fieldgnethod?® Namely, a difference between two images at dif-
close to theab plane. ferent applied fields oH,+ 6H, andH,— 6H,, wherez di-

Attractive interactions between PV’s and JV’s enable ugection is parallel to the axis, was stored and averaged over
to control the arrangement of PV’s by JV’s. Recent direct50—1000 times. Due to this averaging process, it took about
observations by scanning Hall probe microscopy clearly8 min to 2 h toobtain one differential image in the present
demonstrate that one can manipulate PV’s through the maestudy. Magnetic fields parallel to the axis (H,) and ab
tion of JV’s by changing the applied fields parallel to tie ~ plane H,) were applied independently with two sets of
plane® Moreover, JV stacks play a role as a channel formagnets. In this paper, we chose thexis within theab
penetration of PV'$2 Such a controlled motion of PV's plane perpendicular to thd,.
sheds a new light for possible applications of a PV stack as a Figure 1 shows a differential image of sample no. 1 at
“bit” in a logic device. Direct observations of vortices by H,=61 Oe andH,=10*+2.5 Oe at 60 K. Direction o,
Lorentz microscopeand magneto-optical imagifg'® also  is almost horizontal in Fig. 1 as shown by an arrow. We
demonstrate some interesting nature of vortices in th@bserved stripes with bright and dark contrast parallel to the
crossing-lattices state. However, it is still an open questiorH, in the image. In this differential image, the brighter
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FIG. 1. Differential magneto-optical image on thé plane of = 516—\\3:‘;&_3

sample no. 1 foH,=10x2.5 Oe at 60 K. In-plane field ofl, = 14 = E

=61 Oe was applied parallel to the arro@insey Fast Fourier :I”I“”“”m“””nm(?ﬁ)hmE_
transformation of the image in the area marked by a white rectangle ] ] ]
in the main panel. H -2 (09'1/2)

X

(darkep regions correspond to the areas to which PV’s pen-
etrate morglesy. The observed contrast on bright and darkH — (a) 14 Oe,(b) 55 Oe, andc) 86 Oe.(d) H, dependence of

. . . Jdhy ] 1 . X

!'nes C,orreSponds to the difference ,Of the change_ln magnet@pacing of the stripesc() at various area in the sample no. 1. Solid
induction (B) of about 200 mG. This magnitude is compa- line indicates a fit byc,— \y®o/BH,, with y==800. Inset of(d)

rable to the average change Bfover the entire sample, ghows hysteresis in, against the cycle of théf, (H,=51-32
which is significantly reduced from the change of external .73 .51 og).

fields (260H,=5 Oe) due to the shielding effect. The period
of stripes is well-defined. Actually, fast Fourier transforma-dard deviation. Although there is slight positional variation,
tion (FFT) of the area marked by a white rectangle results inoverall profiles are roughly represented by a solid line of
sharp peaks at finit&, as pointed by arrows in the inset. CyOCHX_”Z. This relation reminds us of the spacing of Joseph-
Thus the defined period of stripes along theirection (c,) son vorticesyy®,/BH,, whered is the flux quantum, and
is about 20 um at this condition. As will be shown later in 3 specifies arrangement of Josephson vorttéasfith using
detail, a rotation oH, within theab plane causes a rotation g=2/\/3, the fitting givesy= 800+ 80. This value is in rea-
of stripes. This fact indicates that the stripes do not originat&onable agreement with that for underdoped BSCCO. Judg-
from any correlated pinning inherent to the sample but aréng from the qualitative and quantitative agreement, we con-
generated by the in-plane fiekd, . clude that the observed stripes correspond to vortex chains
Structure of the stripes is sensitive to the changélof  located on the JV stacks. Since we applied relatively large
Figures 2Za—9 demonstrate evolution of the stripes upon in-H,, the vortex state at these fields can hardly be the “chain”
creasing the value dfl,. At H,=14 Oe[Fig 2(a)], several state but the “chaiftlattice” state® In the “chain+lattice”
bright lines almost parallel to thd, are discernible near the state, PV density within a chain increases faster than that in
center of the sample, and they are slightly modulated. As the lattice upon increase ¢,.'* Thereby, we regard the ob-
H, increases more, these stripes become more straight, asdrved each bright line as a vortex chain in the chdattice
the spacing becomes smalléi, =55 Oe in Fig. Zb)]. The  state.
area in which stripes were observed changed between Fig. 1 In the crossing-lattices state, existence of vortex chains is
and 2b). This fact indicates that the region in which the based on the underlying JV's. We observed an irreversible
chains are observed is not determined by any intrinsic naturmotion of JV's upon changing, [inset of Fig. 2d)]. The
in the sample, but depends on experimental setting. Contragifference inc, between increasing and decreasing processes
of the stripes becomes weaker by further increaslpgipto  of H, amounts to 2um at H,=51 Oe even at the same
86 Oe due to the limited spatial resolutipRig. 2(c)]. We  area of the sample. Such an unusual counterclockwise hys-
could resolve each stripe up to about 110 Oe in our preseneresis can be caused by the intrinsic pinning due to the lay-
system. Changing the averadfg from 7.5 to 15 Oe influ- ered structuré® Strong intrinsic pinning restricts the motion
ences the contrast in differential images, while keeping thef JV's along thec axis. Hence, upon decreasing thig,
spacing of the stripes constafmot shown. The spacing is JV's have to move more within thab plane to achieve the
determined only by the in-plane component of the appliecequilibrium flux density. This process can be observed as the
field. H, dependence of the spacing of the stripeg) (is  counterclockwise hysteresis of .
shown in Fig. 2d). In this figure, we plot the average of at With the temperature decreasing from 60 K, contrast in
variousx coordinates. The error bar corresponds to the standifferential images becomes weaker corresponding to the in-

FIG. 2. Differential images at 60 K foH,=10+1.5 Oe and
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5 - 4 FIG. 4. Variation of the vortex chains by a rotationtd§ within
E E o Tl b e b v e b g (A the ab plane.(a) Stripe structure after field cooling &,=51 Oe
0 50 100 150 200 250 (¢=0°). Differential images were taken Ht,= 10+ 1.5 Oe. Dif-
Position (um) ferential images after rotation ofl, to (b) ¢=—20°, (c) ¢

=—25°, and(d) ¢=—30°. In Fig. 4c), forking of a vortex chain
FIG. 3. Differential images for BSCCO with different oxygen takes place at the points marked by arrows. The points of forking
concentrations(@) optimally doped sampléno. 2 atT=60 Kwith  move with further rotation of in-plane field ifd).
H,=10+1.5 Oe antH,=31 Oe,(b) optimally doped sampléno.

3) atT=65 K with H,=8%2.5 Oe andH,=32 Oe,(c) slightly  4(a). Hereafter, we set this direction as azimuthal angle
overdoped samp.léno. 4)_atT=60 K v_vlth_Hz='10i 15 Oeand _qo Upon rotatingH, within the ab plane to$=—20°,
Hx=31 Oe.(d) Line profiles along white lines it@)—(c). JV's and hence vortex chains follow th#, direction [Fig.

crease of pinning on PV's. Such a pinning impedes the mo@(b)]. On further rotation, we found the creation of a clear

. ' . forking of vortex chains at the positions marked by arrows
::,(38 iz:ap\éila?qn(ig?qncﬁ r(;?fgfgﬁtigemtg]e;gncoen ?ﬁ;wiigrthﬁ:ig. 4(c)]. The points of forking move with further rotation

ag 2z Co t(r) ¢=—30°. Such forking phenomena have been observed
hand, increase in temperature also diminishes contrast o

stripes in differential images with 8H,=3 Oe, possibly I other observations by changing the magnitudeHot

due to larger fluctuations on the vortex position. In the tem—Slnce a single JV cannot terminate or split into o vortices,

perature range in which we resolved the chains (58 K the forking can be ascribed to the splitting of JV stacks into

<70 K), we did not observe any noticeable change of th different directions between different layers. The point here

hai : C ty t A d d ]ﬁs that the forking can be generated by a rotatiotdgfeven
chain spacing. Lonsequenty, temperalure dependenee ot iy, ¢ changing its magnitude. Thereby, we ascribed the

should be small at least in this temperature range. origin not to the thermodynamic properties of the equilib-

Next, let us move to the effect of oxygen concentration OMium state, but to irreversible nature caused by flux pinning.
the vortex chains. Figure$8-9 demonstrate the differential Finally, we discuss the pinning effect on JV's in the

Images _for sample no. 2 to no. 4 Ia';(,~30 Oe. Doping of . crossing-lattices state. According to Ref. 3, crossing of a PV
oxygen increases flux pinning on PV’s, so that the contrast Ntack and a JV causes an energy gdin) (of

the differential image becomes weaker as mentioned above.

However, we can still identify the position of the chains in )

line-profiles of these images as shown by arrows in Fid).3 E__ 2.1, (1)

Increase in oxygen concentration, i.e., doping level, is known X 47292sIn(3.5\;/\ )

to reducey.?%?’In BSCCO, however, it has been difficult to

determine the value of accurately from any experiment. By where\,,, is the penetration depth within theb plane and

usingcy =\ y®,/BH,, we determine they of sample no. 2, \ ;= ys represents the size of a JV core along yfuérection.

no. 3, and no. 4 as 59060, 650+ 70, and 49650, respec- Number of the intersections iscl/per unit length along the

tively. This variation follows the tendency that the higher ¢ axis, wherec,= \8®,/yB, is a spacing of JV's along the

oxygen doping results in the smaller anisotropy. c axis. The attractive force between a PV stack and a JV
In the following, we will show the motion of JV’s with stack per unit length along theaxis is given by.

the rotation ofH, in sample no. 1. Figure (4 shows a

differential image of sample no. 1 at 60 K after field cooling E 1 2 1P .2
in H,=51 Oe. Such a field cooling procedure results in fo=— —= > — 0 . (2
straight chains parallel to thd, direction as shown in Fig. Chy CAy 4m?y?sIn(3.5\ /N p)
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With y=800, \,,=0.2 um, andB,=51 G, we obtainf,  The split JV's will attract other PV’s around them. This sce-
=2.7x10"° dyn/cm. Smooth manipulation of PV’s by a JV nario is conceivable to form an additional branch of vortex
stack is possible if the pinning on PV’s is smaller than thischain. _ _ _
attractive force. The pinning force on the unit length of a Pv__In  conclusion, we observed vortex chains in
stack can be estimated from the critical current denjsitys ~ Bi2SrCaCyOg..y under tilted fields by means of differential
f,=(1/c)j,- ®o, wherec is the speed of light. From magne- magneto-opthal imaging. O_bservatlon_s of vortex chains en-
tization measurements, we estimated the critical current der@l€d us to directly determine the anisotropy parameter for
sity of sample no. 1 tq.=1.0, 2.3, and 4810° Alcm?, samples mth various doping Igvels. The V|sual|ze_d charac-
and evaluated the pinning force f=2.1, 4.8, and 8.3 teristic motions of the underlying Josephson vortices upon

%105 dyn/cm at 70, 60, and 50 K. respectively. At lower the change in magnitude and direction of in-plane fields are

o i . discussed in relation to the effect of indirect pinning on Jo-
temperatures, random point pinning on PV’'s dominates 0Ve§ephson vortices in the crossing-lattices state.

the attraction by a JV stack. In practice, the pinning force
does not act uniformly over the whole PV stack. When some  This work was supported by a Grant-in-Aid for Scientific
PV’s are fixed by the point pinning, some JV’s will give up Research from the Ministry of Education, Culture, Sports,
to hold the intersection, and hence, JV's stack may split outScience and Technology.
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