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NONLINEAR MICROWAVE SWITCHING RESPONSE OF
BSCCO SINGLE CRYSTALS
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Measurements of the surface impedance, Z,, in BizSr2Ca; Cuz0g4 5 single crystal
with microwave currents flowing along the & axis show clear evidence of a step-like
nonlinearity. The surface resistance switches between apparently quantized levels
for microwave field strength changes of less than 1 mG. This non-linear response
can arise from the presence of intrinsic Josephson junctions along the é axis of
these samples driven by the microwave current.

The work described in this paper was motivated by a chance observation
during the study of the microwave response of high quality Bi2SryCa; CuyOgys
(BSCCO) single crystals. While measuring the surface impedance, Z,(T), of
these crystals, an unusual step-like switching feature was observed in the cavity
resonances. (See Fig. 1) These effects are only observed in the presence of
microwave currents induced along the é axis, and seem qualitatively consistent
with the underdamped response of intrinsic Josephson junctions (JJs) in these
samples.

The measurements are performed in a Nb cavity ! operating in the TEg;y
mode at 10 GHz which is held at fixed temperature, T' <4.2 K. The sample
sits on a sapphire rod at the center of the cavity so that its temperature can be
varied independent of that of the cavity. The microwave field at the center of
the cavity induces circulating microwave currents in the sample. By orienting
the sample é axis || Hyr these currents flow entirely in the ab plane, while for
é L Hy current flows along the é axis as well as in the ab plane. All of the
measurements reported here are for the latter geometry, and the ¢ axis response
dominates due to the large anisotropy.

The sample surface impedance, Z, = R;+iX;, is typically determined from
changes in the quality factor and resonance frequency of the perturbed cavity
by R, =T'(Q~! - Q;l) and AX; = &(fo — fo), where I and £ are geometric
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factors, @y and f, are the background @ and fo. When the cavity resonance
is Lorentzian, as is usually the case, fy is determined from the maximum of
the peak, and the 3 dB (half power) width of the peak, Afaqp, gives Q7! =

Figure 1: Typical non-linear response of
BSCCO at 4K presented for an 50kHz fre-
quency span centered at fe = 10.114738GHz.
The traces presented were taken in 3 dB in-
crements of the input power.

Careful examination of the cav-
ity resonances revealed clear step-like
deviations from Lorentzian shape (See
Fig. 1), and thus from linear response.
At low input powers the resonance
appears Lorentzian, and can thus be
used with the ab plane results to ex-
tract the temperature dependence for
the ¢ axis alone.? An important fea-
ture of the data which can clearly be
seen in Fig. 1 is the existence of a
characteristic microwave power level
at which the switching occurs, which
stays constant over a wide range of
input power.

When the cavity resonances are
clearly no longer Lorentzian the usual

relationships between the 3 dB bandwidth, quality factor @ and R, cease to
hold, and we must resort to other methods to relate the measurements to sample
properties. We have developed a method 3 which relates the complex transmis-
sion through the perturbed cavity, S»1, directly to changes in surface impedance

AZ; of the sample.
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Figure 2: (a) Rs(H;¢) extracted from a res-
onance near Hifgwitch(4 K) (b) Rs(Hig) vs.
AX.(H:)

The results of our analysis ap-
plied to a resonance measured very
near the initial onset of nonlinearities
at 4 K is shown in Fig. 2a. The plot
of R, vs. H shows that initially R,
is independent of H,¢ as in the case of
linear response, but an abrupt jump
to increased dissipation occurs at a
critical value of H. This enhanced
dissipation leads directly to the ob-
served drop in H¢. Interestingly the
resistance almost appears quantized,
being independent again of Hy for

Hy > Hipswitch- The response is clearly hysteretic since the downward jump
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occurs at a different value of Hy, giving rise to the observed asymmetry of
the resonance. It is obvious that these features can only be quantitatively an-
alyzed after the extraction of the R, and X, vs. Hyr. The changes in R, are
accompanied by simultaneous changes in X, as can be seen in Fig. 2b.

We were able to track Hifswitch
as a function of temperature (See
Fig. 3) in a number of samples up
to ~ 70 K where the signal strengths
become too weak to clearly determine
it. For a simple one junction model,
one expects that Hirswiteh < 1/A¢, sO
for comparison 1/, is presented on
the right hand axis.

Hitswitch ~ 10e can be related )
to a critical current density by J. =
Hit/Ae(T), where A(T) is the ¢ axis
penetration depth. Using Ac(0) ~ Figure 3: Hifswien(T), corresponding to the
40pm, as estimated from fitting AC(T)* onset of nonlinearities. A line representing
data to a tunneling model 2, we get A<(0)/Ac with Ac(0) = 40um from a tunneling
o ctemith = 200 A /cmz. This is well model. are p‘lott?d on .the x:xght axis foF com-

parison with single junction expectations.
within the range obtained in mixed
ac-dc experiments #® with 70 A/cm® < Jerrswiten < 1250 A/cm® and corre-
sponds to the value expected for optimally doped crystals with high T..

The ab plane critical current densities are much higher, Joqp ~ 7 x 108
A/cm?.€ The fact that similar switching behavior is not observed in our exper-
iments when Hyr || é (i.e. when only ab plane currents are induced) is entirely
consistent with this large anisotropy in J..

The picture which emerges from these measurements is consistent with
the previous results on BSCCO, being a highly anisotropic material composed
of CuO, superconducting layers in the ab plane, coupled weakly along the ¢
axis. The presence of JJs along the ¢ axis is a distinct possibility and behavior
consistent with this has also been observed in microwave emission and Shapiro
step measurements in the presence of dc-currents. 7

It is important to point out that the experiments described here differ from
typical microwave experiments on JJs, in that we measure dynamic losses as
a function of pure ac drive in the absence of any dc current or field bias. This
problem has only recently begun to be studied on experiments in manufactured
JJs and associated calculations. 9810

All of these consider the case of an overdamped nonlinear resistively shunted
junction (RSJ), which does not seem to be able to describe our present data on
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BSCCO, even qualitatively. The switching response and the rather complicated
hysteresis observed may indicate that one needs to consider an underdamped
Junction for BSCCO, by inclusion of a mass term in the calculations. The equa-
tion (¢ + B + sin ¢ = if coswt) which arises has many complex solutions, i
including regions of chaos, where such switching behavior may be observed.
This distinguishes the nonlinearities observed in BSCCO from those observed
in the ab plane of twinned YBCO single crystals 2 which do seem to be very
well described by the overdamped RSJ model. ' Overall, such nonlinear mi-
crowave response with JJ like behavior appears to be a characteristic intrinsic
feature of the cuprates.

Acknowledgments

This work was supported by NSF-DMR-9623720. We thank John S. Derov and
Rome Laboratory, Hanscom AFB for encouragement and the loan of essential
equipment and P. Kneisel for annealing the Nb cavity. Qiang Li is supported by
the US Dept. of Energy under contract No. DE-AC02-76CH00016. T. Jacobs
is presently at the University of Karlsruhe, Germany.

References
1. S. Sridhar and W. L. Kennedy, Rev. Sci. Instrum. 59, 531 (1988).
2. T. Jacobs et al., Phys. Rev. Lett. 75, 4516 (1995).

3. T. Jacobs, B. A. Willemsen and S. Sridhar (to be published);
T. Jacobs, Diploma Thesis, Universitat Karlsruhe, Karlsruhe, February
1996.

4. R. Kleiner et al., Phys. Rev. B 50, 3942 (1994).

5. S. Luo, G. Yang, and C. E. Gough, Phys. Rev. B 51, 6655 (1995).

6. B. D. Biggs et al., Phys. Rev. B 39, 7309 (1989).

7. R. Kleiner and P. Miiller, Phys. Rev. Lett. 68, 2394 (1992).

8. D. E. Oates et al., Appl. Phys. Lett. 68, 705 (1996).

9. L. M. Xie et al., Bull. Am. Phys. Soc. 41, 283 (1996).

10. S. Sridhar et al., (in preparation)

11. S. H. Strogatz Nonlinear dynamics and chaos: with applications to
physics, biology, chemistry, and engineering (Addison-Wesley, Reading
1994).

12. A. Erb, E. Walker, and R. Fliikiger, Physica C 245, 245 (1995).



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed hercin do not necessarily state or
reflect those of the United States Government or any agency thereof.







