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Novel microwave measurements in ceramic YBa;Cu3O7-5 reveal that in the superconducting
phase the absorption is highly nonlinear in the microwave power. At T=80 K the surface resis-
tance increases with dc field at a rate of 0.0025 Q/Oe, and with the microwave rf field at 0.07
Q/Oe, resulting in an absorption that can be substantial in the absence of an applied dc field.

INTRODUCTION

The electrodynamic response of the ceramic high-T, su-
perconductor oxides has attracted increasing experimental
and theoretical attention.! ”!7 One of its most interesting
aspects is the strongly field-dependent nonresonant mi-
crowave absorption observed at small values of the applied
magnetic field (few Oe) and low microwave power (tens
of mW).”~!* This microwave absorption has been associ-
ated with thermally excited quasiparticles,’?!? with
damped fluxon motion,” ~!' or with Josephson junction
currents.®14 716 Another interesting aspect of the electro-
dynamic response of the high-T. materials is the harmon-
ic generation observed with low-power radio-frequency
driving'® and with high-power microwave frequencies. !¢’

In this paper we show that the microwave absorption of
ceramic YBa;Cu3;O7-; in the superconducting state is
highly nonlinear in the microwave power. With a suitable
balancing arrangement we demonstrate that the depen-
dence of the microwave absorption on the microwave
magnetic field is much stronger than on the biasing dc
field. As a result the microwave loss at moderate power
levels can be substantial even in the absence of a dc field.

EXPERIMENTS

The experiments were carried out at X-band microwave
frequencies with the sample located at the bottom wall of
a TE|o; resonant cavity where the rf magnetic field is
maximum. A dc biasing field H( was applied by a pair of
Helmbholtz coils either parallel or perpendicular to the mi-
crowave magnetic field Hsinwt and no effort was made
to shield the Earth’s field. The power was provided by a
2.2-W traveling-wave tube amplifier fed by a backward
wave oscillator. Its frequency was stabilized by an exter-
nal crystal oscillator mixer and manually adjusted to the
resonance (9.4 GHz) of the slightly undercoupled cavity
with @ =2000. A (0-50)-dB precision attenuator is used
to vary the microwave power that is transmitted to the
cavity by a ferrite circulator. The changes in the mi-
crowave response of the sample with varying Ho or H,
were measured with a balancing arrangement employing a
hybrid-tee bridge illustrated in Fig. 1. The signal
reflected from the cavity-sample system feeds one of the
two symmetric arms of the tee while the other is fed by a
reference signal derived from the incident radiation by a
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10-dB directional coupler. In order to measure the non-
linear response, the amplitude and phase of the reference
signal are adjusted at the minimum power level (20 uW)
to produce a null in the detector arm and then the power is
scanned. Since the reference signal is proportional to the
incident power, the radiation that appears in the detector
arm with increasing power arises solely from the changes
in cavity reflection which are nonlinear in the microwave
power. Alternatively we can balance the bridge at a given
power level and scan H to obtain the field dependence of
the sample response, similar to the one measured with
conventional ESR spectrometers.® !> The microwave
output from the bridge was measured with a power meter
(to give a direct measurement of the square of the cavity
reflection coefficient) or detected with a local-oscillator
heterodyne receiver for greater sensitivity.

All the results described in this paper were obtained
with a sample of ceramic YBa;Cu3;O7-5 with resistive
transition at 7. =92 K, in the shape of a slab with dimen-
sions 1x5%10 mm?>. Similar results were obtained with
other samples of high-7, ceramic materials. Figure 2
shows the variation of the microwave bridge output when
the incident power (P) is scanned from 20 uW to 2 W, at
several temperatures (7°), with no biasing dc field Ho. As
evidenced from the plots the microwave response is linear
in the incident power at temperatures above 7, but is
highly nonlinear below T7,.. Actually, the nonlinearity
manifests at quite low power levels (a few mW) as shown
in the inset of Fig. 2. Notice that the plots were produced
in a xy recorder with the y input fed from a diode detector
in the heterodyne receiver and the x axis fed directly from
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FIG. 1. Schematic experimental arrangement for measure-
ments of the nonlinear microwave response of Y-Ba-Cu-O.
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FIG. 2. Power dependence of the nonlinear (cw) microwave
response of Y-Ba-Cu-O at 9.4 GHz (cavity Q=2000) for
several temperatures. Inset shows the onset of the nonlinear
response at low power levels measured with sensitivity 10 larger
than in the main figure. It is worth noting that below 200 mW
the effect is the same whether cw or pulsed microwave excitation
is used.

a power meter. The continuous-wave (cw) microwave
power was scanned by manually rotating the attenuator
knob. These plots are shown here for a clear demonstra-
tion of the nonlinear response. However they were not
used for quantitative measurements because the signal
from the diode is not linear in the microwave power and
also because there is some sample heating with cw power.
The heating is more pronounced for P > 500 mW, partic-
ularly at temperatures close to 7., and combined with the
irregular power scan rate is responsible for the wiggles in
the data of Fig. 2. It is worth noting that the nonlinear
response below 200 mW is the same whether cw or pulsed
microwave (width 50 us, 500 pulses per second) is used,
indicating that heating is negligible at lower power levels.

The nonlinear signal of the microwave bridge arises
essentially from changes in the amplitude of the cavity
reflection coefficient with power, since the phase change
was found to be negligible. Thus we can determine the
dependence of the sample surface resistance on Ho and H
by measuring the reflection coefficient I'(Ho,H ) directly
from the variation of the reflected power P, with P. This
was done by using the calibrated attenuator to determine
P and a power meter at the bridge output to measure vari-
ations in P,. The surface resistance was determined with
the cavity perturbation expression R, =(4zwV,./c?4AQ)T
where w is the microwave frequency, V. is the cavity
volume, c is the speed of light, and 4 the sample surface
area.

Figure 3 shows measurements of the surface resistance
at Hyo=0. The main figure represents the variation of R;
with the microwave field H; at 7=80 K. As expected, at
small microwave power the resistance vanishes at Ho=0.
However the resistance increases with power implying
that microwave loss exists even in the absence of a dc field.
From the data of Fig. 3 we see that R;(H ) has a linear
dependence on H; with slope 0.07 @/Oe. The inset shows
the temperature dependence of R; at P=2W (H,=1.85
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FIG. 3. Circles: surface-resistance data at 7=80 K and
Ho=0 vs microwave magnetic field amplitude. Solid line: fit
with Eq. (3) of text. Inset shows R; as a function of tempera-
ture in the vicinity of 7, with incident power fixed at 2 W. The
data were obtained with pulsed (width: 50 us; rate: 500 Hz)
microwave to avoid heating effects at higher power levels.

Oe), demonstrating clearly the superconducting nature of
the nonlinear response.

Finally, in Fig. 4, we compare the dependence of the
reflected signal (a) with microwave power at Ho=0 and
(b) with H at constant power (20 mW) at 7=80 K. The
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FIG. 4. Measured bridge output power P; as a function of (a)
incident (cw) power and (b) static magnetic field with incident
power fixed at 20 mW. The change in the power reflected by
the cavity is approximately 2P;. At this power level there is no
observable heating effect.
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signal in (b), which shows the usual hysteresis effect, ! ™13
was obtained with the field H applied parallel to the mi-
crowave field H,. However, a nearly identical result is ob-
tained if Hp is perpendicular to H,. A striking feature of
the data in Fig. 4 is the fact that the signal obtained with
the variation of H, (20 mW corresponds to H;=0.185
Oe) is much larger than the one resulting from a corre-
sponding variation of Hy (at constant H). This result is
confirmed by the fact that the nonlinear response data of
Fig. 2 is not altered by the application of dc fields up to 15
Oe. This shows that the microwave absorption of granu-
lar high-T,. superconductors is intrinsically nonlinear.
From the data of Fig. 4(b) we find that the change in the
surface resistance with Hy is 0.0025 Q/Oe, a value very
similar to the one obtained in Ref. 10 and which is 28
times smaller than the slope of R;(H ).

DISCUSSION

The microwave response of the high-7, ceramic oxides
has been interpreted in terms of several microscopic mod-
els. However, the only one for which there is quantitative
comparison between theory and experiment is the model
of Portis et al.'® based on the interaction between the mi-
crowave currents and free or pinned fluxons created by an
external magnetic field. Therefore, we discuss our results
in terms of that model. Due to the granular nature of the
ceramic superconductors, the critical field H2 for the en-
try of fluxons can be as small as 50 mOe.® According to
the model of Portis et al.,'? fluxons created by a biasing dc
field Ho> H} with density ufHo/¢o (¢o is the flux quan-
tum, u is the permeability, and f is a proportionality con-
stant of order 0.1) interact with the microwave current J
with a force (po/c)(ZxJ), where Z is the unit vector in the
direction of Ho. This results in fluxon motion with the mi-
crowave frequency with velocity v=(¢o/cn)(ZxJ), where
7n is the fluxon viscous damping constant. The fluxons in
motion induce a microwave electric field that opposes the
current, giving rise to absorption and dispersion of the in-
coming radiation. The interaction between the sample
and the microwave radiation can be expressed in terms of
a surface impedance, whose real part is the surface resis-
tance '°

Ry(Ho) =Xol— 1+ +aH}) 1/ \/2, (1)

where X0=47rwylL/c2 is the surface reactance in zero
field, A, is the London penetration length, and

a=(fopo/dnwnrt)?. )

The experimental value of 0.0025 Q/Oe obtained for
R,(H,) is consistent with this model if we use parameters
in the range quoted in Ref. 10, namely, uf=0.1,
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n~10 "7 cgs units, and A, =300 A.

In order to use the same model to explain the observed
nonlinear response, we make the assumption that with
H (=0 fluxons are pushed in and out of the sample by the
rf magnetic field when it exceeds H during part of the
cycle. For H}y ~50 mOe, this occurs at power levels as
low as 0.8 mW in a cavity with Q =2000. This results in a
fluxon density proportional to the rf magnetic field and,
consequently, the microwave absorption is nonlinear in the
microwave intensity. Assuming that H ;> H} and
Hy=0, the model gives a surface resistance which de-
pends on the rf field as

RyH ) =Xo[—1+U+aH}?/2)121172/\/7 . 3)

For aH{ <1 this gives the observed linear dependence of
R,(H,). The solid line in Fig. 3 represents a fit of Eq. (3)
to the data with Xoa 120,14 Q/Oe, a value much larger
than the one used to fit the R;(H() data. At present, we
do not have a plausible argument to explain this dis-
crepancy. We note, however, that a similar difficulty is
encountered if one tries to interpret the microwave ab-
sorption in terms of Josephson junction currents. Accord-
ing to Ref. 15, the dependence of the junction loop current
on Hj is of the same magnitude as on H, contrary to our
observations.

In summary, we have shown that the microwave ab-
sorption of ceramic Y-Ba-Cu-O in the superconducting
phase is highly nonlinear in the microwave power. Con-
trary to general belief, at microwave power levels above 1
mW in a cavity with Q > 2000, the microwave loss in the
absence of a dc biasing field is not negligible. This ex-
plains the surprisingly large absorption previously ob-
served* below the superconducting transition. This result
raises difficulties for technological applications of high-7
ceramic oxides at high frequencies.
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