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c-Axis Conductivity and Intrinsic Josephson Effects inYBa;Cu3z07—-5
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We have observed intrinsic Josephson coupling between, CoOble layers of YBaCw0,-5 by
direct detection of ac and dc Josephson effects. The crucial points were a reduction of the junction
size to thel-2 um range and a weakening of the interlayer coupling via oxygen depletion of the
CuO chains. As a result we obtained distinct signatures inIthe characteristics and 11 GHz
microwave emission caused by ac Josephson currents. The temperature dependence of the critical
current supports the idea of a superconductor-insulator-superconductor interlayer tunneling mechanism.
[S0031-9007(96)00808-3]

PACS numbers: 74.50.+r, 74.60.Jg, 74.72.Bk, 74.80.Dm

The layered structure and strong anisotropy of highcircumstances it should be possible to reduce or tune the
temperature superconductors (HTS) suggest a concept miterlayer coupling via oxygen content in such a way that
stacked two-dimensional superconducting planes whicimtrinsic JE are likely to be observable.
are only weakly coupled in the direction by Josephson  Recently, Linget al. claimed to have found evidence
effects (JE). This viewing of the superconductor as a sefor intra- as well as inter-unit-cell Josephson coupling in
quence of intrinsic Josephson junctions has found its strikyBCO close to the transition [6]. Modulations of the dy-
ing confirmation in the experiments by R. Kleiner al.  namic resistance versus magnetic field have been assigned
on BihSnCaCuyO; (BSCCO) and TBaCaCwOy to two junction widths. The smaller width of 3.5 A, de-
(TBCCO) single crystals [1,2]. These experimentsduced from just two peaks that are not even periodic, was
have unambiguously revealed the SIS (superconductobelieved to arise from an intra-unit-cell junction between
insulator-superconductor) tunneling character ofttaxis  neighboring Cu@planes. A second length of 21 A which
transport current in highly anisotropic superconductors. has no intrinsic explanation has been calculated from a pe-

However, a necessary condition for the occurrence ofiodic pattern that, however, lacks the characteristic Fraun-
weak link behavior is that the order parameter is suffi-hofer signature, i.e., central structure twice as wide as the
ciently suppressed within the barrier. This condition isside maxima. Rather, it is best explained in terms of an
perfectly met in the Bi- and Tl-based compounds wheréanterference pattern of two or more weak links within the
wide oxide building blocks separate the Gu@buble or crystal. Infact, the authors report that only a small fraction
triple layers. As a direct consequence these materials exf the total crystal contributes to the signal. Deviations
hibit an extreme anisotropy ratip = A./A,, = 10>°-10°  from the ideal behavior are accounted to crystal imperfec-
and the calculated effective coherence length is considetions and other phases. Hence, it seems very controversial
ably smaller than the interlayer spacing [3]. whether the observed effects are of intrinsic nature.

In contrast, YBaCuw;O,—s (YBCO) exhibits conductive A series of characteristic features allows the definite
CuO chains located right in the middle of the structureproof thatc-axis supercurrents are limited by JE: (1) In
which separates the superconducting double layers. Thesige resistive state theV characteristics should exhibit a
chains may even become also superconducting by proxoncave curvature in contrast to a convex flux flow behav-
imity effect, and it is not clear whether weak link behav-ior. (2) The shape of thé-V curve described by a RSJ-
ior can arise at all. In completely oxygenated YBCO thelike (resistively shunted junction) model is determined by
chains are very effective in mediating the interlayer chargehe McCumber parameteB. = (27/®o)CR¥I., where
transfer which finds its expression in the low anisotropyl., Ry, andC are the critical current, normal state resis-
ratio of y = 5. However, this mechanism should dependtance, and junction capacitance, respectively8Jf> 1,
strongly on the concentration of chain oxygen vacanciesswitching of single junctions leads to distinct hysteretic
In fact, from a fluctuation analysis of the specific heat andsoltage steps wheré.Ry is in the order of the gap en-
in-plane conductivity the effective coherence length hagrgy, i.e., in the mV range. In BSCC@. > 1 and
been shown to drop drastically fro. = 3 A (6 =0) the strong hysteresis of the intrinsic series array results
to £, = 1.4 A even for a slight depletion o8 = 0.1 [4].  in brushlike I-V characteristics with a great many of
Although a mean field coherence length of this dimensiorbranches each corresponding to a certain number of junc-
has no real physical meaning, it gives a rough impressiotions in the resistive state [1,2]. Taking typical YBCO
of the effective coupling strength. Correspondingly, theparametersp. = 100 mQ cm, j. = 10° A/cn?, and an
c-axis normal conductivity is expected to change its charestimatede, = 10 the above expression yield3, = 2.
acter from metallic to semiconducting [5]. Under theseConsequently, in YBCO hysteresis is expected to be small
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if it shows up at all. (3) From the temperature dependenctayer wasin situ sputter deposited to planarize the film

of the critical current it is possible to specify the type surface. As asecondary advantage the embedding protects
of Josephson coupling and to distinguish between SN$&e sensitive mesa edges against degradation by ambient
(superconductor-normal metal-superconductor) proximitymoisture, etc. The top of the mesa was laid open by lifting
or SIS-tunneling behavior. (4) If the critical current is off the photoresist. In a final step a gold wiring layer was
exceeded and a finite voltage drops across the junctionsputtered and patterned to provide the top contact leads to
the ac Josephson effect will be detectable as a microwawbe mesa. The residual YBCO film underneath the mesa
emission signal where the frequengyis directly related serves as superconducting counterelectrode. The remain-

to the voltageV via ing thickness of the bottom film has been chosen large
2e V v enough so that the critical current is first exceeded in the
f= TN (483.6 MHz/ V) - (1) mesa and not by the spreading currents.

To guarantee a homogeneous feed current flow and to

This implies a voltage drop of 1-2 mV for a stack avoid distributing currents within the mesa the top elec-
of N = 50-100 junctions radiating at a fixed detection trode has not been split into separate current and voltage
frequency of 11 GHz. leads. As mentioned above, a low contact resistance is

However, in order to observe these signatures the jun@ssential in this arrangement.
tions have to be small enough. For circular geometry the The samples, which contain 18 mesas on a chip, are
crossover to the long junction regime occurs for diameterslc connected to a low noise current-voltage source and
around(4 — 10)A; [7]. Here, the Josephson penetrationmounted in a chip carrier on a copper block close to an
depthA; is equivalent to the magnetic penetration depth  X-band waveguide (WR75). The tip of a wire through
of the material with screening currents in thalirection  the waveguide is placed on the contact leads to couple
[2] which is in the order ofi uwm for YBCO. Because of the microwave emission signal into the waveguide which
the high critical current densities in long junctions, movingis connected to a commercial low noise 11 GHz satellite
vortices will cause considerable dissipation, lead to spurireceiver. The dc voltage drop was measured by the 3-
ous radiation, or, on the contrary, may even suppress rgoint compensation technique. In all the figures with the
diation at all. Additionally, with increasing junction area exception of Fig. 5 the Ohmic contact resistance has been
it gets harder to carry off the dissipated power and selfsubtracted.
heating becomes a problem. Figure 1 shows the-axis resistivity as a function of

The limitation of the junction size to a micron scale rulestemperature for four samples annealed under different con-
out the use of single crystals since handling is no longeditions with transition temperatures indicated at the curves.
practicable. Instead, we used very smooth epitaxtalkis  The assigned anisotropy ratigshave been deduced from
oriented films and a photolithographic planar technology tahe resistivity ratios imtb andc directionsy = \/9./0u
realize intrinsic Josephson junctions. Batches of at leastirectly above the transition. Obviously, with decreas-
4-7 identical YBCO films were simultaneously depositeding oxygen content the-axis transport changes from a
at 670°C on CeQ-buffered sapphire substrates by anmetallic to a semiconducting behavior. Close to the metal-
intermittent thermal coevaporation scheme described imsulator transition the anisotropy increases drastically and
detail in Ref. [8]. After cooling to room temperature in we obtainy values up to 80 ford = 0.5. But even a
200 mbar of dry oxygen the chamber was pumped down
again, and a 30 nm thick gold contact layer was evaporated
without breaking the vacuum. This procedure ensures 600
very low contact resistivities arounth™® Q cn? which
are essential for a three point probe of tiny contact areas. 500

To remove oxygen in a well-defined way and for a direct
comparison samples of each batch were annealed &350 400

for 6 h under various oxygen pressuréd (' =102 mbar). g
The approximate oxygen depletion has been deduced from § 300
the established’,. variation with oxygen content as deter- 2 200

mined in a previous study [9].

The c-axis conduction geometry was realized by a stan- 100 3K =34 |
dard photolithographic three layer process. Starting from 80 K ¥=24
the gold covered YBCO films, mesa structured ef um A

. . . (/] L - n
diameter were defined by photoresist. Subsequently, 20 70 120 170 220 270
the surrounding 350 nm thick film was milled down to Temperature (K)
290-250 nm by 300 eV argon ions resulting in mesas 0fZIG. 1. Temperature dependence of tleaxis resistivity

60—100 nm height corresponding to a stack of 50—85 juncfor four oxygen-depleted YBEW;0,_s mesas with transition
tions. Immediately after ion milling a LaAlQinsulating  temperatures and anisotropy ratios as indicated.
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L.6———————— T fulfills relation (1). Switching into the resistive state re-
T —57K sults in an immediate b_reakdown of Fhe .signal'until another
12 0; 16 im _ group of superconducting junctions is biased in such a way
3 [ - ’// that the emission falls within the bandwidth of the detec-
El ; - ' ' tor again. Hence, the emission peaks are directly corre-
< osh 4 ‘ Lk / lated to the voltage steps. Typically, at 4.2 K the critical
& 4 1 , current density of such depleted material lies in the range
8 / of (5-10) X 10* A/cn?. It should be mentioned that by
0.4 Lop / changing the current path to the mesa any spurious effects
/ which might arise from grain boundaries in the YBCO bot-
N 09" "5'0_ 50 70 80 tom electrode could be definitely ruled out.

With increasing interlayer coupling, i.e., enhanced oxy-
gen content,8. becomes smaller, and we cannot expect
pronounced features in thleV curves. However, the ac
Josephson effect should remain untouched. The typical ap-
pearance of moderately depleted YBC®=£ 0.2-0.3) at
4.2 K is depicted in Fig. 4. The most prominent structure
in the7-V curve is the 200 mV jump at 30 mA bias which
corresponds to a current density ¢f(4.2 K) = 1.5 X
moderate oxygen depletiors (= 0.1-0.2) where 7. is 105 A/cm?. However, at this power level, the switching is
still above 80 K yields a considerably larger anisotropymainly caused by self-heating and exhibits a large thermal
of y = 20 than found for completely oxygenated YBCO hysteresis (not shown) when the current is ramped down.
(y =5). The important effects occur below this step, when the volt-

The most prominent structures in tHeV character- age drop across the mesa is in the range of a few milli-
istics are observed in strongly depleted YBCO. &  volts. In this case, there are two broad emission peaks
50-60 K, 6 = 0.4-0.5). This is demonstrated in Fig. 2 corresponding to two groups of junctions radiating at dif-
foral.6 ummesaat4.2K. The critical currents of the in- ferent biases. The inset shows the same structure plotted
dividual junctions are not uniform in this case and switch-yersus voltage in the range below the jump. For the first
ing of one or several junctions leads to voltage steps with @eak the voltage drop of 0.6 mV can be assigned to the
small hysteresis so that the overall curve is reminiscent oroup with the lowerj,. From Eq. (1) we estimate a num-
the -V brush of BSCCO [1]. The curvature clearly rules per of about 25 junctions contributing to the observed peak
out any flux flow behavior. The smallest jumps which maywhich is consistent with the prepared total mesa height of
be assigned to single junctions exhibit a width of 1—-2 mV5q ynit cells.

(cf. inset of Fig. 2). A similar stepped characteristic fora A|l data shown so far were taken at 4.2 K. With in-
different device is shown in Fig. 3 together with the simul-creasing temperature thHeV characteristics get rounded
taneously recorded microwave emission signal. A numuyntil jumps are smeared out. Nonetheless, microwave

ber of peaks is observed which arise whenever the voltagémission as a fingerprint of ac Josephson currents could
drop across a certain group of junctions within the mesa
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FIG. 2. Current-voltage characteristic of oxygen deficient
YBa,Cw 0,5 (T. = 57 K) recorded at 4.2 K. The inset which
gives a magnified detail demonstrates a miniméinky of
1-2 mV.
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FIG. 4. Voltage vs current and 11 GHz emission for mod-

FIG. 3. Voltage vs current and related microwave emissiorerately depleted YBELWw0O;-5 (6 = 0.3) at 4.2 K. The inset
at 11 GHz for highly oxygen deficient YB&WwO;_5 (T. =
57 K) taken at 4.2 K.

930

shows the current and the emission signal plotted vs voltage to
demonstrate the consistency with relation (1).
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FIG. 5. Microwave emission at 11 GHz as a function of FIG. 6. Temperature dependence of the critical current in
temperature. For clarity the curves are vertically shifted withthe ¢ direction for YBaCuw;O;-5 films with different oxygen
respect to each other. Since the contact resistance is not puradpntents and a TBCCO sample. The transition temperatures
linear, it has not been subtracted. are indicated in parentheses. Details concerning the theoretical
Ambegaokar-Baratoff fit (AB) and tha? dependence are given
in the text.

be detected closely up to the transition temperature. The
evolution of the emission signal with temperature is shown

in Fig. 5 for a slightly oxygen deficient filmit. = 83 K, \yhole temperature range beld. The chain occupation

5 =02). o plays a crucial role for the interlayer coupling. YBCO
For completely oxidized YBCOT(. > 87 K) we never  yjith completely filled chains does not show any Joseph-

found evidence for intrinsic JE. The dc characteristicsggp, signature, at least for a junction sizd -2 um. A

were determined by flux flow and a purely thermal voltagegjight depletion results in a drastic weakening of the cou-

jump which often led to destruction of the device. Corre-pjing strength so that pronounced Josephson tunneling be-
spondingly, besides a weak increase of the thermal nois@gvior can arise.
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