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Detection of quantized flux penetration into very small O-type Josephson links
in Bi,Sr,Ca;Cu,0, single crystals using ESR spectrometry
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Magnetic-flux trapping in BiSr,CaCyO, single crystals is investigated using an electron-spin-resonance
spectrometer to study the trapping mode of highsuperconductors. Several series of periodic microwave
(MW) absorption spectra were observed at external fldxgs (k+=1/2)®,, k=0,1,2... . They are super-
posed on a broad MW spectrum ascribed to the surface impedance. The periodic spectrum is clear evidence for
stepwise transitionsk(—k+ 1) between energy states of Josephson-junction links by microwave absorption
and for stepwise penetration of flux quadtg. The periodicity with a half quantunk¢- 1/2)d, was shown to
be due to 0-type Josephson-junction links. It was possible to follow the angular dependence of a few sets of
periodic spectra and to determine the sizes and orientations of the intracrystal Josephson links. The link size
and the number of quanta penetrating the links are very small, an order of @rb%dnd several to a few tens
of quanta, and are about 10-?lfimes smaller than those in Y-Ba-Cu-O angB#,CaCuyQ;g crystals. Every
link surface is found to be closely located in thke crystal plane[S0163-182@7)05521-5

[. INTRODUCTION studied, however, the resolved spectrum duebtpis not
found® in contrast to observations for Y-Ba-Cu®;%°
The study of the magnetic-flux-trapping modes in singleTl2212"* and ErBaCus0, crystals!” The Bi2212 supercon-

crystals of ceramic superconductors is important in underductor shows a lower magnetoresistivity than the Y-Ba-Cu-O
standing high¥, superconductivity and in applications, since and TI2212 superconductors at high temperattites. To
flux trapping governs the conductivity in magnetic fields. understand the different trapping modes affecting the resis-
There may be superconducting loops containing intracrystdfVity we have studied Bi2212 single crystals using a previ-
Josephson junctiongJ’s such as the superconductor/ ©USly improved ESR spectrometér.
(dislocation/superconductors, which are created by disloca-
tion, in addition to the intracrystal JJ's formed by the intrin- 1. MICROWAVE RESPONSES FROM JUNCTION LINKS
sic insulator layers in higf~ superconductors as well as

Abrlkosoy vortices. These loops play an lmportant_role Ir‘using an ESR spectrometer by sweeping the static magnetic
flux trapping. There are several techniques for studying fluxie|q” A few sets of periodic line spectra are observed for

line lattices(FLL) and the flux quantun®,. Each method v _g5.cu-O and TI2212 single crystdid~1° The structure

has its advantages and limitations. Neutron-scattering probes,q the angular dependence of the spectra have been reason-
the bulk features of the FLE The Bitter decoration method ably understood as a microwave absorption by JJ links. The
using scanning electron microscopy or atomic-force microsspectra reported are composed of periodic lines at a series of
copy is more powerful in studying the details of the structurethe magnetic fluxe®, = (k+ 1/2)®,, instead of a periodic-
and the pinning of the FLE® However, it probes the FLL ity of &,=kd,, k=integer>®~**The cause of the period-
mode only at a weak magnetic field <500 Oe and does icity including a half quantuni1/2)®, is interesting in rela-

not provide direct information o®,. The microwaveéMW)  tion to d-wave mechanism of superconductivify?®
magnetoabsorption measurement using electron-spinfFherefore we presently discuss the difference between the
resonancéESR) spectrometers directly probes the flux quan-responses from 0 and junctions, which may relate to the
tum @, trapped in Josephson junction links?as described periodicity.

later. Since JJ links have multienerfdiscrete eigenstates, The flux states of a Josephson loop or link are discussed
the measurements give rise to an equally spaced line spetheoretically by Silver and Zimmermdrand other$=** The

trum as the results of transitions between the successivessential ideas are given briefly as follows. The supercurrent
eigenstates by microwave absorptftif=12 The periodic | and the Gibbs’ free energy of JJ links are given by
magnetoabsorption spectrum is clear evidence for the step-

The MW magnetoabsorption spectrum can be measured

wise penetration of quantized flux into JJ links and provides I=1.8iN(A ¢), (D)
fundamental flux-trapping information, such as the size and
orientation of the Josephson links;*2to a high field of the E=L12/2— (Dl J2m)cog A ), )

limit of the ESR spectrometerd ;=5000—-20 000 Oe. On

the other hand, the Abrikosov vortices do not give such avhere ®,, I., L, and A¢ are the flux quantum, critical
periodic spectrum but give a structureless broad spectrurourrent, inductance of the loop, and the supercurrent phase
due to microwave surface impedariéel’ Here the micro-  shift across the Josephson junctions, respecti/élgr the
wave response of Bsr,CaCyO, (Bi2212) single crystals is cases ;>0 andl <0, the energy of the JJ links has mini-
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mum value at the phase shift¢p=0 (exactly, O+ 2k, k
indicates integerand A¢=m (exactly, =+ 2kw), respec-
tively, as is seen from Ed2). The JJ links have multieigen-
statesEy with a phase shift by 2 betweerk andk+ 1 states.
The above two junctions, respectively, are named O junctions
and 7 junctions®?2~2>Whether the real junctions in super-
conductors belong to the O junction sfjunction depends on
the superconductivity mechanisms concerrsngave and/or
d-wave spin-pairing models and on the relative orientation of
the crystallographic axes with respect to the Josephson junc-
tion interface??~%°

Generally for links containing a numb@t of junctions,
the phase shift is given by Eg&) and(4) from the quanti-
zation condition of the phase integral around the link, which
leads to the flux quantization inside the lirks,

Ap=27w/M)(k—D/Dy) for O junctions, (3)

Ap=(27IM)(k+M/2—D/Dy) for 7 junctions,

(4)

where ® is the flux penetrated across the link surf&dt
should be noted again that the JJ links have multieigen states
Ex, which have a phase shift bym2betweenk and k+1
states but have an equivalent energy, as is seen from Eqgs.
(2)—(4). Namely, the links can accept a number of fluxes by
changing the phase shift byr2 which differs from Abriko- FIG. 1. Energy states of a superconducting link haviaga
sov vortices, as described later. 0-type and(c) a w-type Josephson junctiotb) and(d) are micro-

The shiftA¢ for an even numberM=2m) of = junc- ~ Wave spectra due to the transitiofvertical arrows between states
tions reduces from Eq(4) to Eq. (3) by replacingk—k for (b) O-type and((_ll)_ m-type Josephson links. The energies are
+m. For an odd number (@+ 1) of 7 junctions, it becomes shown for the c:_ondlt_lor'ib[?/2<M<I>0/4+LIC for the numbeM of

the Josephson junctions in the lotRefs. 4 and b
Ap=2nw/M)(K'+1/2—=P/dy) for odd = junctions.
(5) sociating penetration of a flux quantuiw, into the link for

e ; ; 4,5
Hereafter we call the links containing O junctions, or an eveneaCh transition, as increasing the external fidld™" If we

: : . S applied a lower MW magnetic field ,sinwt than the dc field
number of7r junctions, 0-type links, and those containing an M '
odd number(including one of = junctions, m-type links. Hgc (except for near-zero dc figkdthe MW field acts ap-

; : ; proximately only as an oscillating field to produce the tran-
hJ]SII:ri]gsI.E?(;(i)ﬁée,;fc??gr(g)jt:gif gﬁégit%?ﬁr:gg :2 ; FT :g/i/n sition and the external field, is approximated to be the dc

: . magnetic fieldH 4. (therefore®,=~d 4. for flux). As a re-
tively, as a function of the fluxb, due to the external mag- sultg a periodicdcl\/fw absorpti(on spg?:trum w?th 2 de-field

netic fieldH, separationAH, which corresponds tab,, is observed by
By=Dyq(t)+ P sinwt, (6) sweeping the dg mqgnetic fiekly. usi_ng an ESR spectrom- .
eter, as shown in Fig. 1. When a high microwave power is
[Hx=Hgydt) +H sinwt], applied at near zero or small dc field the microwave currents

in Josephson junctions also cause fluxon nucleation and an-
where @, (t) and @ sinwt, respectively, denote the fluxes nihilation and give rise to a small additional splittirg?®
due to the dc magnetic fieldy(t) which is swept in ESR Here we do not discuss the additional splitting since the
measurements and the microwave magnetic flé|inwt  splitting was not clearly observed for the present Bi2212
oscillating at an angular frequenay The flux®,, due to the  crystals probably because of the larger dc field than the ap-
modulating magnetic fieltH,,, which is applied in the ESR plied microwave field even for the first line of the periodic
measurements, is omitted in E§), since it acts only as the spectrum:H4/2(~several to several tens ©eH ,(~0.01
reference for detecting the MW response in the first deriva~0.1 Og. In the case of the conditionl2,+ M®/2< D,
tive form via lock-in amplification if a very smalH,, is  the two adjacent states do not overlap, and result in no reso-
used:H,<Hgy(t).1% The energies have minimum value at nant transition by microwave field and hence give no MW
®,=kd, for 0-type links andd, = (k+ 1/2)d, for 7type  absorption with a periodicit§. Anyhow the observation of a
links as shown in Figs. (&) and Xc). periodic MW response is clear evidence for stepwise pen-

In the case of large value fdrl. or M described by the etration of flux quanta into JJ links.

condition AI.,+M®y/2>d,, two adjacent energy states  The transitions occur at a series of external fluxes shifted
E(®) andE. 1(P) overlap[Figs. @) and Xc)].*>?*Then by ®,/2 from the energy minimum position as shown in Fig.
a resonant transition betwedn (®) and E,, ;(d) states 1. So the transitions will be observed stepwise at the external
occurs by application of microwave magnetic field, and asfluxes ®,=(k+1/2)® for O-type links and®,=k® for
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L prepared by cutting and cleaving. Every sample was con-
firmed by x-ray diffraction to be a single crystal. Measure-
ments of the microwave response for those crystals were
made at 77 K using a JEOL-FGX3 ESR spectrometer with
100 kHz field modulation. A small modulation field &f,
~0.01-0.1 Oe is used in the measurements so as to mini-
mize the effect in flux trapping as is discussed in the previ-

AHyfs ous sectiond,,<H,, except for zero fieltH,=0). We have

T . T ; . . . ; — improved previously the magnetic power supply of the spec-
trometer so as to sweep a wide range of the static magnetic
FIG. 2. Microwave spectra observed at 77 K for a thin Bi2212field, across zero:—1000—+9000 0€%?! The magnetic-
single crystal(i) of a sizeaxbxbxc=1.2x4.0x0.008 mnius- field strength was measured using a gauss meter, Denshijiki
ing an ESR spectrometer by applying the magnetic field parallel tdnd. Co., Ltd. GM-003. The microwave power applied is
the directions making angi#=(a) 70°, (b) 75°, (c) 82.5°, and(d) 0.1-1 mW. The MW magnetic field , is crudely estimated

0° with thec axis in theac crystal plane. The modulation frequency to be an order of 10° Oe, which is much smaller than the dc

is 100 kHz and the modulation width 0.05 Oe. The structures desmagnetic field.

ignated I-11l originate from flux quant®, penetrating into Joseph-

son links. Successive penetration at the external flukgédd,

=+1/2,1+1/2,2+1/2 . . . indicates that the links are 0 type. IV. RESULTS AND DISCUSSIONS

A. Microwave responses

m-type links. Our suggestion is that by this relation we can ) _
identify the O-type andr-type links by detection or by non- F|gun_'-3 2_shows the microwave response sp_ectra in the
detection of the microwave absorption spectrum due to tranfirst derivative form observed at 77 K for a thin sample,
sitions at external fluxes involving the half-quantdrg/2, as ~ denoted (i), having a size axbxc=1.2x4.0x0.008
shown in Figs. ) and Xd). mrrf‘. The spectraa)—(d) are mgasured py applying the mag-
On the contrary, although there exist a large number oft€tic field parallel to the directions making ange=(a) 70°,
Abrikosov vortices, they do not give rise to a periodic Mw () 75° (¢) 82.5%, andd) 0° with thec axis in theca crystal
spectrum. Each vortex accompanies a single flux quaRtum, Plane[V is defined in the inset in Fig.(@)]. Well-resolved
namely, the energy of the Abrikosov vortices is single val-2nd equally spaced lines originating from flux quanta were
ued. Therefore Abrikosov vortices cause only a structurelesgPserved for Bi2212 using thin single crystal, denoted by I,
magneto-MW response due to microwave surface impedandt @nd lll'in Fig. 2. They are superposed on a broad spec-
relating fluxon nucleatioh® " and never give rise to a peri- r'um denotedw, Wh_"l:7h is supposed to be the microwave
odic MW absorption spectrum which is characteristic ofSurface |mp_edanc’e°’._ The periodic spectra I-Ill seem to
multivalued energy states. Thus we can selectively extradi@ve opposite polarity to the broad compon@hes is seen
the information about JJ links by detecting the periodic Mw{rom Figs. 2a)—2(d). We integrated the spectra to confirm

spectrum using ESR spectrometer. the polarity and to get the real resonant magnetic fields of the
lines. The spectréa) and(b) in Fig. 3, respectively, show the
Il EXPERIMENTS first derivative spectrum observed in the dc magnetic-field

direction W=50° in theca crystal plane and the integrated
A crystal of BpSr,CaCyO, superconductor(size: spectrum(absorption form Figures &) and 3d) show the
~5.3 mntx20 mm was grown by the floating-zone decomposed spectra of Fig(b3 and, respectively, present
method. Several sample crystals of different thickness werthe sharp component Il and broad compon&vit They
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FIG. 4. Microwave spectra observed at 77 K for a Bi2212 single a &Cu% /’5// f,,/
crystal (i) of a size 1.X5.7x0.027 mni having slightly larger n - X W
thickness thar(i). The measurements of the spectea and (b), UJL“/A/H“%@
respectively, are made by applying the dc magnetic field parallel to b — C%

the same direction as the spediior and(d) in Fig. 2 measured for 1———6&
. . -b
crystal(i). The ESR measurements are made using the same param-

eters as those for Fig. 2 apart from the amplification gain. ] ) ) o
FIG. 6. lllustration of some intracrystal Josephson junction in-

clearly indicate that the two components have opposite poterfaces created by dislocatiotisroken line$ including (a) the bi-
larities, one being 0° phase MW response and the other belrfgector direction of th@ andb crystal axes(b) a- or b-axis direc-
180° () phase response to the input phase of MW Supplled'on and(c) c- a+ms direction, andd) a twin-type interface. Onlyl

into the resonantESR) cavity. The wind spectruriV in the orbitals of C&" ions of Bi2212 are shown, sinakwave conduc-

absorption form has a similar shape to the microwave surfack/llY Mechanism is suggested for cuprate superconductors. The
phase change of the supercurrent across the interfase+s0 for

bcdanca. w1 asorbe to he nurlsation o Abriso) 810 7 or (@, and 0 orr for (1) depending o he degree o

! - the atom displacement along the dislocation. The resultant phase
fluxons. The cause of t_he phase difference between the tW&mange along links denoted by thick solid or dotted circles becomes
component responses is not clear at present. 3A¢=0 or 2r by crossing twice the junction interface.

a TN T The structure and the broadness of the spectrum differed
{ from crystal to crystal and depended on the thickness of the
b crystals. As shown in Figs.(d and 4b), another crystal
having a slightly larger thicknegsi ; 1.2x5.7x0.027 mn3)
I 11/5 than crystal(i) gives broader and more complex spectra in
¢_\_J AHYs 3 the same magnetic-field orientations as Fig®) 2and Zd),
A\ respectively, for the latter crystal. Much thicker crystals such
— r , T T T T T T ; as (iii ) having a size 2.83.0x0.4 and(iv) 1.2x4.0x2.0
-1000 0 1000 2000 3000 mm? give only structureless broad spectra, as is shown in
Magnetic field (Oe) Fig. 5 for sample(iii ). These results indicate that there are
many sets(groups of ensembles of JJ links with different
b) sizes and orientations and that the number of the sets in-
creases with the increase of the thickness of the cristps-
tal size. As a result the structures are diminished by super-
position of a number of different periodic spectra and
it disappear into broad component of surface impedance. This
might be the cause of the failure in detecting periodic spectra
for Bi oxide superconductors in the past ESR study probably
using thick crystalg®
FIG. 5. Microwave spectra observed at 77 K for a thick Bi2212
single crystal(iii ) having a size 2.83.0x0.4 mn? for the mag-
netic field aligned alonga) the a-axis and(b) the c-axis directions.
The measurements were made with the same parameters as Fig. 2,The successive lines of Il are observed at field increments
apart from the amplification gain. The structures originating from *1/2,+(1+1/2),%(2+1/2), . . . from the zero fielHH,=0 as
the flux quantumb, are smeared out by superposition of a numbershown in Figs. 2o)—2(c). This indicates that the transition
of spectra due to slightly differing Josephson links. between states occurs at a stepwise progression of the exter-

B. 0-type Josephson links
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FIG. 7. Angular dependence of the microwave spectra inctherystal plane for the thin Bi2212 single crysia). The data points
denoted by larger size of circl€s represent the stronger spectrum line. The trianiylat an experimental angié’=75° denote the line
positions of the periodic spectrum Il in Fig(t8. The solid curves for spectra | and Il show the calculated Hdependence. The spectrum
I shows the minimum line-separation ¥t=—12°, which corresponds to the direction of the normal axisf the Josephson link surface
projected to theca plane. The spectrum lland the line separationsliverges at¥’=80°, and indicates that the normal axis makes angle
90°-80%=10° with thec axis. The inset shows the superconducting links having a Josephson junction and surf&ésaretext

nal magnetic fluxd,=(k* 1/2)®, [characteristic of 0-type
links in Figs. 1a) and Xb)] and not the progressio®,
=k® [characteristic ofr-type links in Figs. {c) and 1d)].
The periodicity of k=1/2)®, is also reported for Y-Ba-
Cu-O and TI2212 single crystals! Thus it may be con-

of the rotation anglA¥=5°~10° with respect to the exter-
nal magnetic field ) direction in the ESR cavity. The
spectral line positions are plotted as a function of the experi-
mental rotation angl&. Figure 7 shows the angular depen-
dence of the spectra observed in teecrystal plane. Figure

cluded that the intracrystal links in the single crystals ofg ;g essentially the same angular dependence as Fig. 7, but is

these ceramics superconductors contain O junctions or
even number ofr junctions, and do not contain a sindler
an odd number of# junction.

This might be understood by intracrystal Josephson jun

tions and JJ links illustrated in Figs(e#6—6(d), where the
links are located in or near theeb plane since the location

was experimentally suggested as described later. The cas@

C_

ah expandedprecise plot in a range of angle?=62.5-95°

for the spectra, which are measured in a smaller angle inter-
val AW=2.5° Even for the thinnest cryst@l) of the present
samples, the MW response spectrum was found to be com-
posed of many sets of periodic lines with different spacings
gd different angular dependences. The spagsiHgbetween

(a)—(d) present some possible interfaces created by dislocauccessive equally spaced lines varied like a function of

tions involving(a) the bisector direction of tha andb crys-
tal axes,(b) the a- or b-axis direction and(c) the c-axis

1/co® as well as the magnetic-field position of each line,
whered is a direction angle described later. We were able to

direction, andd) a twin-type interface. The phase change offollow the angular dependence only for three periodic spectra

the supercurrent across the interface\ig=0 for casega)

which are denoted by I, Il, and Il in Figs. 7 and 8, where the

and(c), = for (d), and O orm for (b) depending on the degree solid curves denote the 1/apdependence. It was impossible
of the displacement of atoms along the dislocation. Howeverto follow other weak lines because there were so many of
the current twice crosses the junction interface along the linkhem. The present observation of periodic spectra along with
circuit in every case, as indicated by thick solid or dottedthe angular dependence in the 1/¢ésrm is clear evidence
loop. Even in a case such @3, the penetration of supercur- for the stepwise penetration of quantized fluxes into JJ links,
rent to the junctions will occur along the loop with the phaseas discussed in Sec. 1.

changes 0-0 orr rather than a loop with the changes

0-7 or 7-0, since the 0 orr junction has a lower tunnel

The line separation is given b¥B=®,/S;, since one
flux quantum®dg penetrates into the link surfa& in each

barrier than the other. As a result, the resultant phase changgcrement of the flux densiti B which is due to the incre-
becomesxA¢=0 or 2m, and interpreting the above experi- ment of the magnetic field H.5%11 The separation shows

mental evidence of the periodicitk 1/2)®,.

C. Size and orientation of JJ links

an angular dependence of 1/6o3his is because the effec-
tive surfaceS., into which the fluxes penetrate, is changed
by the external field directionh=Hq/Hg). S is given by

We measured a series of MW-response spectra such #ise cross section of the surfa& (having normaln) pro-
Fig. 2 for the sampléi) by rotating the crystal in an interval jected onto the plane normal to the field direction Sy
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FIG. 8. Expanded plot of the angular dependence of the microwave response spectra in Fig. 7 araumndstlie theac crystal plane.

The spectra Il and ll{and the line separationsespectively, diverge ab=80° and 77°, and indicate that the normal axis of the Josephson
links make angles 10° and 13° with tleeaxis in theca plane(see text

=h-nS;=S;cosy, where ¢ is the angle betweeh andn as since it does not give a periodic spectrum but rather only one

shown in the inset in Fig. 7AB is given by line for =magnetic-field sides. If it were the case, the effec-
tive loop size for | should be multiplied by factor @.5
AB=d,/S;cos. 7 x2=1 um?) since the fluxon nucleation and annihilation oc-

cur at a field corresponding ta1d, rather than=(1/2
The spacingAH and the response spectrum diverge at+k)dg.
6=90° and have minimum values #=0°, which corre- The number of the periodic lines ranges from several to a
sponds to the normal axis direction of the JJ link surfacefew tens as is seen for Il Ill, and other weak lines in Figs. 2,
One needs the angular dependence of the spacing in the thrégand 8. This differs from the several tens and hundreds
crystal planegca, ab, andbc) to determine the direction reported for Y-Ba-Cu-O and TI2212 compourids!! The
cosineqsin{ co<, sing sing, cog) of the normal axis1 inthe  present smaller values may be ascribed to a limit of the num-
polar coordinate$Z, ¢) of thea, b, andc axes. Figures 7 and ber of quanta acceptable to the Josephson links in Bi2212
8 show that the normal axesfor I, Il, and Il made angles because of the small link size.
(—)12°, 10°, and 13° with the axis in theca plane. The
results indicate that are closely located to the-axis direc-
tion, i.e., the surface plane of the links being in #teplane.
As shown in Fig. 7, other weak lines are observed around the The angular dependence of the overall width of the mi-
a-axis direction and not observed around ihelirection, crowave response spectrum, which is related to the width of
although they were difficult to follow the angular depen-the surface impedance spectrum, is also plotted in Fig. 7 with
dence. The results suggest that the link surface planes f@érows. We defined the width as the separatidn ;5 be-
these weak lines are also closely located indheplane. tween the field positions giving one fifth of the maximum
It was unfortunately also difficult to follow the angular
dependence of the spectra including I, I, and Il in toie
andbc planes since poorly resolved spectra were observed.
Especially, as shown in Figs(®-9d), the MW responses
in any direction in theab plane showed broad and widely
spread spectra superposing many weak lines on the broad
component. These results, however, lend support to the claim
that all the surface planes of linkprobably including 1-I11)
are closely in therb plane since the spectra are spread when
the magnetic field is applied on the link surface planes.
Similar periodic spectra have been reported for
Y-Ba-Cu-0>"1% TI2212!" and ErBaCu0, single
crystalst? However, the spacing observed for Bi2212 is
much larger, by about £Qimes, than those reported for the
latter compounds. From the angular dependence incthe
plane(Figs. 7 and 8 the link surfaces projected on tlado
plane (along the c axis are estimated to be5;=0.5
+0.1, 3+1 and 4.4:0.3 um?for I, Il, and IIl, respectively. _1500 ' Cl) ' 1500 s 550 4060
The real surfaces will not differ much from these values Magnetic field (Oe )
since their surface planes were suggested to be closely in the
a.b plane. The ||nk SiZeS are eXtremer Sma” Compared to the FIG. 9. Microwave spectra observed for a sing|e Crysthby
sizesS;=160 and 804,“«m2 reported for Y-Ba-Cu-G,and applying the magnetic field parallel to the directions making angle
S;=211 um? for TI2212 single crystalst For spectrum | W¥=(a) 0° (Hola axis), (b) 30°, (c) 60°, and(d) 90° (Hllb axis)
this might be due to Abrikosov vortices rather than JJ linkswith the a axis in theab crystal plane.

D. Angular dependence of surface impedance
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height of the broad component as shown in Figd)2It  crossing the boundary. Then the slight tilt of the link surfaces
varies like a function of 1/casas shown with dotted curves from theab plane can be understood. The cause of the small
in Fig. 7, and as do the periodic lines. The spectrum width ofink sizes observed for Bi2212 is not clear at present. One
the thick crystals(ii)—(iv) also showed a similar angular possible speculation might be its lower conductivity than
dependence to that of cryst@), and had minimum value in other superconductors, since the lower conductivity might
a direction close to the axis as well as the Josephson links. show a tendency to make a smaller superconducting loop. To
These results indicate that the nucleation and annihilation ofet further information about the JJ links in high-super-
Abrikosov fluxons, which is the origin of the MW surface conductors it is necessary to prepare artificial superconduc-
impedancé*~®occur in similar way(with a similar angular  tive multilayers, artificial Josephson-junction layers, and lay-
dependengeof the quantized flux penetration and annihila- ers involving insulator particles and to study the microwave
tion into Josephson junctions for increasing and decreasingesponse from them. The study in this direction is proceed-
the dc field. ing.
The present work indicates that the surface planes of the
JJ links in Bi2212 crystals are closely located in #iecrys-
tal plane(the normal axis of the surface being near the
axis). The close location in thab plane may originate from The present work has detected the quantized flux penetra-
the higher conductivity in thab plane than other directions. tion into intracrystal Josephson junctions of Bi2212 single
However, the link surfaces are slightly tilted from thdé  crystals. It elucidates a large difference of the flux-trapping
plane (~10°-209. Therefore the most plausible JJ links mode in Bi2212 from other ceramic high: superconduct-
might be a loop shown in Fig.(6), where the supercurrent ors. The size and the number of quanta acceptable to the
flows in twoab planes, which are separated by a JJ boundarjunction links are about 10—fQimes smaller than Y-Ba-
created by dislocation parallel to treb plane, by tunnel Cu-O and TI2212 single crystals.

V. CONCLUSION
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