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We have measured the microwave resistance of sintered YBa;Cu3O7—5 at 9 GHz as a function
of temperature, magnetic field, and microwave power. We observe a rapid change in slope with
temperature about 1 K below the onset of the superconducting transition. There is a strong mag-
netic field dependence only below this slope-change temperature. This behavior is similar to that
seen in low-frequency resistance measurements. We also observe an increase in microwave resis-
tance with microwave power for temperatures below the superconducting onset temperature. We
estimate that the microwave currents may be large enough to give such an effect due to weak-link
structures in this material. We show that the power dependence is not due to bulk sample heat-
ing, but we cannot rule out self-heating on a microscopic scale.

INTRODUCTION

The origin of the microwave losses in YBa;Cu3O7—;
(Y-Ba-Cu-O) below the superconducting transition is of
interest for both scientific and technical reasons. Recent
attention has focused on the granular nature of this ma-
terial. In particular, the sensitivity of the microwave
losses to small magnetic fields has been attributed to the
suppression of superconductivity in weak-link structures
between or within superconducting grains."? Low-
frequency resistance measurements have also been inter-
preted in terms of weak links.>»* These losses must be re-
duced if the material is to be useful in many applications.
On the other hand, the granularity might be exploited to
study a large system of coupled superconductors. As a
probe of the material properties, a microwave measure-
ment is a useful complement to low-frequency measure-
ments for at least two reasons: It is a contactless measure-
ment, and it permits the resistive behavior to be studied at
temperatures below the dc zero-resistance temperature.

We have measured the microwave resistance of Y-Ba-
Cu-O as a function of temperature, applied magnetic
field, and microwave power. We find a rapid change in
the slope of the resistance at a fairly well-defined tempera-
ture about 1 K below the superconducting onset tempera-
ture. The response to applied magnetic fields is qualita-
tively different above and below the slope change. Below
the superconducting onset temperature, we find that the
resistance increases with microwave power. We estimate
that the microwave currents in our samples may be large
enough to drive weak-link structures in the material nor-
mal, which would give such an effect. The power depen-
dence is not due to bulk heating of the sample, but we can-
not rule out microscopic self-heating.

EXPERIMENT

Typical polycrystalline samples were prepared by the
solid-state reaction of Y,03, BaCOs, and CuO with rela-
tive molar amounts 1:2:3, respectively. The 99.999% puri-
ty powders were mixed, ground, and then heated in an
alumina boat at 945 °C for 2 h in flowing oxygen at 1 atm.
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The reacted material was reground and pressed into 0.5-
in-diam pellets, which were sintered at 950°C for 8 h in
oxygen, then slowly cooled. X-ray-diffraction patterns
show that the samples are YBa,Cu3O7-; in the ortho-
rhombic phase. The results reported here are typical of
measurements on seven samples.

The samples are mounted with Apiezon N grease to a
copper insert centered in one end plate of a cylindrical
cavity (Fig. 1). The cavity, either copper or aluminum,
resonates at 9.12 GHz in the TE(;; mode; it is coupled to
a waveguide through a circular iris. A static magnetic
field uniform over the sample to better than 1% can be ap-
plied perpendicular to the cavity end plates. The mi-
crowave magnetic field is parallel to the sample surface.
This field is zero at the sample center and increases rough-
ly linearly with radius to its maximum value at the sample
edge. It is larger than half its maximum value over 75%
of the area of the sample. The insert and cavity tempera-
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FIG. 1. The dc resistance (solid line) and the microwave
resistance (filled circles) near 7. for the same sample. Changes
in 1/B are proportional to changes in the real part of the sample
surface impedance. The dc resistance vanishes near 88 K; the
microwave resistance is still decreasing (cf. Fig. 2). Note the
rapid slope change near 91 K in both curves. The inset is a cross
section through the cavity axis. The sample (hatched) is at-
tached to a thermally isolated insert in one end plate. A static
magnetic field B can be applied along the cavity axis; the mi-
crowave fields are parallel to the sample surface.

6607 ©1989 The American Physical Society



6608

tures are controlled independently with a precision of
about 1 mK. The microwave power is measured® with a
precision of 0.01%. The stray power reflected from the
waveguide is less than 10 ~* of the incident power.

A measurement of the standing-wave ratio in the
waveguide shows that cavity is undercoupled.® The sam-
ple resistivity is computed as follows:” For an undercou-
pled cavity (8 < 1) one has

l/ﬂ=(l+\/p_)/(l"\/-p-)'_‘)’sRs'*'}’cRc«

Here g is the ratio of the cavity Q to the coupling Q, and
p =P,/P; is the ratio of the power reflected from the cavi-
ty and the incident power. The y’s are constants which
depend only on the dimensions of the cavity and sample.®
R, and R, are the real parts of the surface impedance of
the sample and cavity, respectively. For a cavity without
a sample, there is no measurable change in p with temper-
ature, magnetic field, or microwave power, so that
A(1/B8) =y,AR;.

MAGNETIC FIELD DEPENDENCE

Figure 1 shows the microwave and dc resistances for the
same sample near T.. Above T, both decrease approxi-
mately linearly with 7' (not shown); the sample dc resis-
tivity is about 10 ™* @ cm at 95 K. Both drop rapidly at
T., then decrease more slowly. The dc resistance is zero
below about 88 K. There is no feature at this temperature
in the microwave resistance, which is decreasing even at
10 K. There is a change in slope in the microwave resis-
tance at about 91 K, which becomes more prominent
when a magnetic field B is applied to the sample (Fig. 2).
The dc resistance behaves similarly (see, for example, Fig.
1 of Ref. 3).

The behavior of the microwave resistance in an applied
magnetic field allows one to distinguish three temperature
regions. Above T, we observe no B dependence. Just
below T, the effect of the magnetic field is quite small; it
can be accounted for by a shift in T, of 0.053 KkG ~!,
which is consistent with measurements of dH_,/dT in
single-crystal samples.® At lower temperatures, however,
the response to the magnetic field is qualitatively different.
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FIG. 2. The microwave resistance in various magnetic fields
(same sample as Fig. 1). The change in slope near 91 K is
larger with an applied field. The sample was cooled in zero field
before each sweep.
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FIG. 3. The difference in the microwave resistance in 70 and
0 G for a second sample (filled circles). The difference vanishes
approximately linearly with an intercept of (92.0 +£0.3) K (solid
line). Also shown is the microwave resistance in 0 G ( open cir-
cles). The change in slope here is also near 92 K.

Figure 3 shows the difference between the resistance in 70
and 0 G as a function of T for a second sample. The
difference goes to zero linearly at (92 +0.3) K, approxi-
mately the temperature of the slope change in zero field
and below T,.. For comparison, the microwave resistance
in zero field for this sample is also shown in Fig. 3.
Measurements made at fixed temperature confirm this
behavior (Fig. 4). For B < 500 G, there is no measurable
change with B in the microwave resistance for T =100 K
(above T.) nor for T=92.4 K [below T. but above the
slope change (cf. Fig. 3)1. (The B dependence described
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FIG. 4. The microwave resistance as a function of the mag-
netic field B at various 7. The lines connect data points. There
is no measurable B dependence at 7 =100 K, which lies above
T, nor at T=92.4 K, which lies between 7. and the slope
change temperature (see Fig. 3). For 7=<90 K, the resistance
increases rapidly at small fields, then approximately linearly and
more slowly for 100 SB <500 G (not shown for clarity). Data
taken with B increasing; there is substantial hystersis.
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above for this temperature region is below our experimen-
tal resolution for B <500 G.) For T=<90 K (below the
slope change), however, the resistance increases rapidly
with B then slows to an approximately linear increase.
The linear behavior has been attributed to dissipative flux
line motion.>!'® The slopes in this high-field linear region
(100 < B < 500 G, not shown for clarity) for the data in
Fig. 4 are 0.050, 0.025, 0.025, 0.035, 0.050, and 0.110
kG 7! (£ 10%) for T =10, 30, 50, 80, 85, and 90 K, re-
spectively. The high-field slope increases with increasing
temperature, with the exception of the 10-K data. The
width of the region of rapidly varying slope at low field in-
creases with decreasing temperature, however, so the 10-
K data may not have reached its limiting high-field behav-
ior by 500 G.

These results are qualitatively similar to low-frequency
resistance measurements and can be interpreted in the
same way.® The initial drop in resistance can be attribut-
ed to the superconducting transition of individual grains,
which have the small sensitivity to magnetic fields ob-
served for single-crystal samples. As the temperature is
lowered, the sample resistivity is quickly dominated by
another mechanism with a slower temperature depen-
dence and a much higher magnetic field sensitivity. This
crossover gives the change in slope just below 7. and ac-
counts for the magnetic field results. Unlike the low-
frequency resistance, however, the microwave resistance
does not drop to zero when a percolating superconducting
path through the sample is established. The reason is that
the surface current at each point in the cavity is propor-
tional to the local microwave magnetic field. Because of
the fixed field pattern in the cavity, the entire sample
(within an electromagnetic penetration depth of the sur-
face) contributes to the microwave losses.

Two other groups have reported distinct changes in the
microwave response with temperature for polycrystalline
and single-crystal samples. Glarum, Marshall, and
Schneemeyer? find that, for polycrystalline samples, rap-
idly varying features in the microwave absorption for
B <10 G disappear near T,, leaving behavior similar to
which they observe for single crystals. They attribute this
change in behavior to the uncoupling near T, of individual
grains in polycrystalline samples. With single crystals,
Dulgi¢, Crepeau, and Freed'! find qualitatively different
behavior in three temperature regions below 7., with
boundaries at about 50 and 80 K. They attribute the
change in behavior at 80 K to the expulsion of magnetic
flux from twin boundaries.

The increase in absorption with an applied magnetic
field has been widely attributed to the suppression of
weak-link superconductivity.”> The maximum current
which a Josephson junction can support without dissipa-
tion—the critical current I.—is a function of T and B,
given by

I. =1o(T)sin(B/By)/(B/By) ,

with Bo=(do/2d)\;), where ®y is the flux quantum, d is
the junction width, and A, (T) is the London penetration
depth. A given junction will become dissipative as the
magnetic field pushes I, below the measuring current .

For a sample with a distribution of junction sizes, the os-
cillatory behavior with B will be averaged out, so one
would expect an increase in absorption with B up to some
field which reflects a typical junction size and little field
dependence above.>'? The prefactor I, increases as
T— 0 (as does A." ') so that larger applied fields are re-
quired at lower temperatures to suppress superconductivi-
ty in the junctions. This behavior can be seen in Fig. 4.

POWER DEPENDENCE

If the weak-link model is correct, the junctions should
be driven normal at sufficiently large measuring currents,
so that one would expect the sample resistance to increase
at sufficiently large measuring currents. Nonlinear
current-voltage characteristics have been reported in low-
frequency measurements.>* In cavity measurements at
higher frequencies, four groups have reported on the
dependence of the resistance on the local microwave mag-
netic field (which is proportional to the surface current).
Wijeratne etal.,'’ at 80 GHz, find a microwave power
dependence only at high power (100 mW in a waveguide
transmission measurement), where they attribute it to
sample heating. Zahopoulos, Kennedy, and Sridhar'* re-
port a large increase in resistance at 8 GHz and 4.2 K for
a microwave field of 4.6 G; because the effect depended
upon the microwave power pulse length, they also attri-
buted this to sample heating. Hein et al.,'® measured the
Q of a cavity containing a Y-Ba-Cu-O sample at 3 GHz
and 4.2 K as a function of the microwave magnetic field H
at the sample. Replotted as microwave resistance (oc1/
Q), their data increase approximately linearly with H for
H < 6 G; above 6 G, the resistance increases much more
rapidly up to their measurement limit of about 9 G. They
attribute their results to heating of individual grains. De-
layen et al.,'® on the other hand, find an effect which is in-
dependent of microwave power pulse length or repetition
rate. If their data at 204 MHz and 77 K are replotted on
a linear scale, one observes an approximate linear increase
in the resistance for H <2 G. Above 2 G, the resistance
at first increases more rapidly, then slows to another ap-
proximately linear region for 40<H <160 G. The
overall shape of this curve is remarkably similar to the
curves for 7'< 80 K shown in Fig. 4, which give the shift
in resistance with a static magnetic field.

One difficulty with interpreting these measurements is
determining whether an observed shift with microwave
power level is due to a change in temperature of the sam-
ple or a change in microwave magnetic field at the sample.
Three of the groups used direct cooling of the sample sur-
face (with helium gas'*!> or liquid nitrogen'¢) to mini-
mize temperature changes. We have taken a different ap-
proach. We use very thin samples to minimize the tem-
perature difference between the sample surface and the
end-plate insert to which the sample is mounted. We
measure the shift in resistance with power as a function of
temperature and the shift in resistance with temperature.
The ratio of the shift with power and the shift with tem-
perature at any given temperature is the effective thermal
conductance required if the power dependence is an ar-
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tifact of sample heating.

Figure 5 shows the results for a sample ground down to
a thickness of 0.013 in. Below 7. we observe an approxi-
mately linear increase in 1/8 (proportional to the sample
microwave resistance) with microwave power absorbed by
the sample P, over the range 1-100% of the maximum
power available. (This linear behavior in power is not in-
consistent with the linear behavior in field at low fields in
the data of Hein and Delayen because of the limited range
of our measurements.) P, was determined by measuring
the heater power required to keep the end-plate insert
temperature constant when the microwave power is turned
off. The largest P; obtained was about 8 mW at 95 K.
(P, depends upon the sample resistance as well as the in-
cident microwave power.)

Figure 5 gives the slope 9(1/8)/8P; at various T near
T.. The change in 1/B for this sample over 10-100 K is
2.65. Note that 92 K, where the effect is largest, is above
the temperature of the slope change for this sample (see
Fig. 3). Also shown is the temperature derivative of the
microwave resistance 8(1/8)/8T. The rough correlation
with the power derivative suggests sample heating as the
origin of the power dependence. The ratio of the two
derivatives gives an effective thermal resistance of about
400 KW ~'at 80 K, 250 KW ~'at 85K, and 100 KW !
at 90 and 92 K, with uncertainties of about 20%. The
largest thermal resistivity for sintered Y-Ba-Cu-O report-
ed'"18 js less than 2 mKW ~! over this temperature
range. This implies a thermal resistance for our sample of
less than SK'W ~!, which is too small by a factor of 20-80
to account for the power dependence.'® This estimate is
probably quite conservative, since the conductivity should
be a strong function of sample porosity;'’ the measured
density of our sample is 80% of the theoretical value,
nearly twice the density of the sample for which the above
thermal conductivity was reported. Furthermore, the
thermal resistivity of Y-Ba-Cu-O increases with T in this
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FIG. 5. The rate of change of the microwave resistance with
total power absorbed by the sample P; (filled circles). The point
at 92 K lies below 7. and above the slope change temperature
(see Fig. 4). There is no measurable power dependence for
T > T.. Also shown is the rate of change of resistance with T'
(open circles). The ratio of the data is the effective thermal
resistance if the power dependence is due to sample heating.
This thermal resistance is too large to be due to bulk sample
heating. Error bars are much smaller than symbol size except
where shown.
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range; our data would require the opposite behavior.

We can also rule out the possibility of a significant
thermal gradient across the sample-insert boundary. We
measured the thermal resistance of a joint similar to that
used to mount the samples. A copper block with the same
diameter as our samples was attached to a copper thermal
stage with Apiezon N grease. The thermal resistance of
this joint was 43 KW ~'at 10 K and 1.1 KW "' at 90 K,
with an estimated uncertainty of 5%. (Assuming a grease
layer thickness of 0.001 in., this gives a thermal conduc-
tivity of 0.18 Wm 'K ™! at 90 K, in good agreement
with the reported 2 value of 0.15 Wm ~ 'K ~! for Apeizon
N grease at 100 K.) Again this thermal resistance is too
small to account for the observed power dependence.

Although these estimates show that the observed power
dependence is not due to a macroscopic temperature
difference between the sample surface and the insert ther-
mometer, it is difficult to rule out the possibility of self-
heating of the sample on the microscopic scale. In fact,
the conclusion that weak links dominate the microwave
resistance at low temperatures implies that the power ab-
sorption is not uniformly distributed throughout the sam-
ple, and therefore, there may be significant temperature
gradients over microscopic distances. Of course, the ob-
served power dependence may be an intrinsic effect. One
argument against this is that we observe the largest power
dependence above the slope change. If the slope change
marks the temperature below which weak links dominate
the losses, one might expect, in analogy with a low-
frequency measurement,®> a larger power dependence
below this temperature. The situation is not completely
clear cut, however, since the low-frequency measurements
are also vulnerable to self-heating,?! and this may be ag-
gravated by percolation effects. Another possibility is that
a small intrinsic increase in resistance with microwave
magnetic field is masked, because of local heating, by a
large increase in resistance with (local) temperature.

The maximum microwave field at the sample in our
measurements is about 0.3 G, which implies a surface
current of about 0.2 Acm ™! [1 G=(10/47) Acm 'l
Dividing this by the electromagnetic penetration depth
gives an estimate for the current density near the sample
surface. For a uniform superconductor (i.e., one without
grain boundaries), the appropriate length scale for elec-
tromagnetic penetration is A.(7) in the local limit,
o< Ar, where & is the coherence lc:ngth.22 Muon relaxa-
tion measurements?® give A;(0)=(0.14-0.17) um and
good agreement with the empirical form A (T)
=2, ()1 —(T/T.)*1 "2, Assuming a penetration
depth of about 0.2 um, we obtain a maximum current
density for our measurements of about 5x10° Acm ~%
The measured?* dc critical current densities for single
grain boundaries vary over the range of about
(1-50) x10% Acm 2, so that the surface currents for our
measurements are at the low end of the range needed to
produce an observable effect.

CONCLUSIONS

Our measurements support the idea that the low-
temperature microwave losses in Y-Ba-Cu-O are due to
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weak links and suggest that this mechanism becomes
dominant at a fairly well-defined temperature just below
the superconducting onset temperature. We observe a
power dependence in the microwave resistance, which
may be due to weak-link structures. We have ruled out
bulk and joint heating effects as an explanation for this
power dependence, but cannot eliminate the possibility of
self-heating on a microscopic scale.
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