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d-like symmetry of the order parameter and intrinsic Josephson effects
in Bi,Sr,CaCu,0g, 5 cross-whisker junctions
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An intrinsic tunnel junction was made using two,Br,CaCyOg ., 5 single-crystal whiskers. The two whis-
kers with a cross angle were overlaid at theplanes and connected by annealing. The angular dependence of
the critical current density along theaxis is of thed-wave symmetry. However, the angular dependence is
much stronger than that of the conventiodalave. Furthermore, the current vs voltage characteristics of the
cross-whisker junctions show a multiple-branch structure at any cross angle, indicating the formation of the
intrinsic Josephson-junction array.
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Much attention has been paid to the symmetry of the orexperiment by using BBr,CaCyOg, 5 (Bi2212) whiskers.
der parameter for the highs superconductors. It is neces- Two whiskers were joined crosswise and annealed for a short
sary to clarify the symmetry of the order parameter to elucitime (30 min at 850 °C, which is 30 deg lower than the
date the mechanism of highs superconductors. In recent melting point. Because the widths of the whiskers ranged
years, the results of many experiments have made it genefrom 10 to 30um, the junction area was two orders of mag-
ally acceptable to assume that hip-superconductors are nitude smaller than that of their twist junctiohsThe
of a d-wave symmetry; however, the idea that the order multiple-branch structures observed in the current-voltage
parameter is of-wave type still remains tenaciously. (1-V) characteristic of the cross-whisker junction are a fea-
Josephson effects using twisted tunnel junctions directlfure of the intrinsic Josephson effétt? In this paper, a
reflect the pairing symmetry of the order parameters in sugd-like pairing symmetry of the critical current density along
perconductors. If two superconductors were joined at variougjith the intrinsic Josephson properties is presented using
angles at theirc planes, the Josephson current would becross-whisker junctions.
changed according to the symmetry of the order parameters The fabrication process of a cross-whisker junction is ex-
between the two superconductors. In the YBaO,_ 5 ab- plained in the following. First of all, whisker crystals were
plane grain-boundary junction formed by the bicrystal sub-prepared. Details of the growth conditions and their charac-
strate, the angular dependence of the critical current densifgrization have been given in our previous papérs’ An
was observed. The critical current density was exponentiallamorphous plate of B&r,CaCu,0, prepared by the melt
suppressed with the grain-boundary angle. This result sugquench process was annealed at 850 °C for 120 h in a flow-
gests that the order parameter hasdavave pairing ing 72% Q-N, gas mixture. Many pieces of whisker crys-
symmetry?~© tals were grown from the surface of the amorphous plate.
On the other hand, Lét al.’ fabricated twist junctions, in  The whisker is a single crystal, and the obtained whisker is
which cleaved single-crystal strips were connected by heafflat, long, and slender. The direction of length is thexis,
ing with a rotation angle around theaxis. Their junction and the flat surface is theplane. The thickness is 1+@m,
showed angular independent critical current densities. Frorand the width is 10—-3@m. The length of the large whisker
their results, they concluded that the pairing is ofsamave is 20 mm or more.
symmetry. In their study, the widths of their single-crystal A schematic of the fabrication process of cross-whisker
strips were about 30@m. Therefore, the current may possi- junction is shown in Fig. 1. Two appropriate pieces of whis-
bly flow on the surface of the sample, since their junctionkers were intersected and placed flat on the MgO substrate.
area is much larger than the penetration depth. They heatéthe two whiskers were then mutually contacted by the
their samples just below the melting temperature for 30 hplane. To study the angular dependence of intrinsic Joseph-
Annealing at such a high temperature for a long time wouldson properties, samples with various cross angles were made.
result in a welding rather than a joining. Suitable cross angles were chosen in the rangeaof
We insist that the angular dependence of critical current=45°—90°. Here,a represents the interior angle between
density J.) must be examined with the junctions that showthe two crossing whiskers. To join two whiskers, a short-time
intrinsic Josephson effects, since the junction showing intrinannealing was performed at 850 °C for 30 min in a flowing
sic Josephson properties suggests an almost homogenedi®46 O,-Ar gas mixture. The cross section of the junction
flow of the Josephson current and thus a good quality of thevas polished with a focused ion-beam milling machine using
joining2~1° Therefore, we performed an intrinsic junction Ga. The cross section was observed with a scanning ion-
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) o FIG. 3. (Colorn Schematic of the formation of the mesa
FIG. 1. (Colorn Schematic of the fabrication process of the structure.

cross-whisker junction. Two whiskers are jointed at various cross
angles.

beam microscop€SIM) in order to examine the conditions 20— —————————
of the joint of the two whiskers. The top view of the junction I
area is shown in Fig.(3). The enlargement of a side view of
the cross section is shown in Figh2. No crack or boundary
line was visible in the cross section between upper and lowel 1 ]
whiskers. This suggests that annealing process satisfactoril ol ]
combines the upper and lower whiskers. I ]

The exposed surface acted as an insulation, which is 10| / ]
likely due to an insufficiency of Bi because of vaporization L L A o |
during the heat treatment. The stacking for the intrinsic Jo- [ #,:_.}..,.,w%‘i"’"- 7 0~90 ]
sephson is constructed of several layers near the intersectio 20 ‘
of two whiskers, as shown in Fig. 3. This region is electri- -0.06 -0.04 -002 0 0.02 004 0.06
cally isolated in thea andb directions by insulating surfaces, 20

and, therefore, a current flows along thaxis in the junction  _ L

as plotted in this figure. <: i (b)
Gold lead wires were attached to the four ends of the = 10 -

cross whiskers by silver paste for electronic measurements ™, I

Here, the whiskers work to form a junction and serve as ol

electronic leads to the junction. The transport properties of ﬁ

the interwhisker junction were measured by the sophisticatec t: I . ]
four-probe method. TheV characteristics were measured in -10 - M/ ]
a current-biased mode. i \,/,,ﬁw Lo o~75° ]

The |-V characteristics of the cross-whisker junctions oo L™ T
with the cross angle o= ~90° measuredt® K are shown -0.02 -0.01 0 0.01 0.02
in Fig. 4(a). The multiple-branch structure that is a feature of 20
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FIG. 2. SIM image of a cross section of the cross-whisker junc- FIG. 4. |-V characteristics of the cross-whisker junctions with
tion. (b) is the enlargement of the cross section. various cross angles.
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1600 ‘ 27
— JC=AT2(a)fO A(0)A,(0+ a)db. (1)
r Here,a represents the cross angle between the two whiskers.
1200 |cos2a | o If the pairing symmetry of the order parameter is of the con-
r \ ’," ventionald,2_,2> wave, the gap function&(¢) for the joined
. two whiskers take the forms

800 | ] A,=A(cog 6—sir? 6), @

T, [Alem’]

. A,=A(cog[ 0+ a]—sir[ 0+ a]). 3)

400 | /. | We assume that the momentum in tieplane for thec-axis

/ pair tunneling across the twisted boundary is conserved. In-
L serting these order parameters into Et). and integrating
L the equation with respect t6, the J. can be expressed in

0 : ‘ . ‘ ‘ ! ‘ ‘ terms of the joint angle as follows:
45 60 75 90 ) )
J.=7AT(a)A“coq2a). (4)

When we fix the parameteAT?(a) by the experimental

FIG. 5. Angular dependence of the critical current Valué and assume tha{a) is independent o, the calcu-
densityJ, . lated value of thel; having fourfold symmetry is plotted by

the broken line in Fig. 5. The observed angular dependence

the intrinsic Josephson junction was observed. The magnis much stronger than the calculated one. The deviation of
tude of the first voltage jump is-15 mV, corresponding to the measured angular dependence from the broken line may
the typical Bi2212 intrinsic Josephson junctitfiThe inter-  come from the angular dependenceTdiv). If the angular
val of the branch became smaller in the high-voltagedependence of(a) is known exactly, we can obtain the
region® The critical current at zero voltage is approximately structure of the superconducting order parameter, which pro-
11 mA. The area of the junction was measured at 88. vides important information to elucidate the mechanism of
From the critical current and the junction area, the criticalhigh-T. superconductivity.
current density {;) at 5 K was estimated to be-1170 The transfer integrals can be measured bydfaeis nor-
Alcm?. This value is consistent with the typical observed mal resistivity. In the normal state, all the junctions in the
in Bi2212 intrinsic Josephson junctions fabricated on singlaegion of the intrinsic Josephson junction, shown with a
crystals® black thick line in Fig. 3, contribute to the normal resistivity.

Figures 4b) and 4c) display thel -V characteristics mea- The contribution from the twisted junction is onlyNLbf the
sured &5 K for the cross-whisker junctions with the cross resistivity, N being the number of the intrinsic junctions.
angles ofa=~75° and~60°, respectively. Clear multiple- Since it is difficult to estimate the resistivity from the twisted
branch structures and large hysteresis were also observesbundary alone, the determination Bfa) remains a future
The voltage interval of the branches became smaller by inproblem.
creasing the voltage. The critical current density at zero volt- In conclusion, we have successfully fabricated a cross-
age were 341 Alch (a=~75°) and 57 Alcrh (a= whisker junction to make an intrinsic Josephson junction.
~60°), respectively. The angular dependencé@ s plotted  The junction showing intrinsic Josephson properties suggests
in Fig. 5. The maximum ofl; occurs at~90°, andJ. de-  the homogeneity of the Josephson current and, thus, a good
creases dramatically with decreasing cross angle; the minguality joint. The symmetry of the superconducting order
mum of theJ. appears around 45°. The angular dependencparameter was examined by the cross-angle dependence of a
of the J. has fourfold symmetry. This fact indicates that the J., in the cross-whisker junctions. Thk, was dramatically
order parameter in the Bi2212 superconductors is @like reduced with decreasing the cross-angle from 90 to 45 deg.
symmetry. The angular dependence of thgis d-wave-like, but much

We assume that the cross-angle dependenck obmes stronger than the angular dependence of the conventtnal
from anisotropy of the order parameter and the transfer intewave. If T(«) is known and the angular dependence of the
gral. Provided that the angular dependence of the transfesrder parameter is determined, these experimental results
integral between the twisted layers is writtenTdsy), theJ. provide crucially important information concerning the
is expressed as mechanism of the cuprate high- superconductivity.

Angle o [degree]
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