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The resistive losses near 10 GHz are measured at 4.2 K for ten c-axis-oriented YBa,Cu;0; thin
films deposited in situ on MgO substrates. The losses range from 16+3 u(Q, the lowest value report-
ed to date for a thin film of YBa,Cu;0; to 740£150 u(, a difference of more than a factor of 40.
Among the same films, the dc resistivity at 100 K ranges from 50 to 155 u) cm, about a factor of 3.
We show that the losses in the higher-loss samples can be accounted for by the presence of small
fractions of c-axis-aligned grains highly misaligned in the plane of those films. Volume fractions of
highly misaligned c-axis-oriented grains as low as 4% lead to losses above 500 uf2, more than 25
times higher than the loss in the lowest-loss film reported here. Among the lower-loss films having
less than 0.15 vol % highly misaligned grains, a substantial portion of the losses are due to addition-
al mechanisms. Among these films, the losses are found to be lower in the films with lower normal-
state resistivities and higher transition temperatures (7). For all samples, the losses increase with
increasing deviations from structural or electrical behavior expected for ideal single crystals. The
loss in even the lowest-loss film is orders of magnitude above that expected for an ideal isotropic
BCS superconductor having the same 7,. The observed loss level is consistent with the presence of
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a large density of uncondensed carriers.

I. INTRODUCTION

In conventional BCS (low-T,) superconducting materi-
als, the surface resistance (R;) at microwave frequencies
can generally be minimized by making the sample as
chemically and structurally perfect as possible.! The his-
tory to date of the more recently discovered supercon-
ducting (high-T ) cuprates has shown that lower-dc resis-
tivities, sharper superconducting transitions, shorter
penetration depths, and lower microwave resistive losses
result as samples are made more like ideal single crys-
tals.? These changes in properties of the high-T, samples
have most often been associated with the elimination of
impurity phases, more uniform oxygenation of the super-
conducting phase, and improved alignment of crystallites
within the superconducting material.

Very recently, high-purity, highly epitaxial YBa,Cu;0,
thin films have been routinely made in situ by off-axis
sputtering from a stoichiometric YBa,Cu,;0, target.> As
indicated by their lack of appreciable impurity phases,
high degree of epitaxial alignment perpendicular to their
surface, low-dc normal-state resistivities, and high sur-
face smoothness, such films more closely approximate
single crystals than do typical post-deposition annealed
films. However, some properties, such as their high criti-
cal currents, depressed T,’s, and expanded c-axis lattice
parameters, are distinctly different from those of equilib-
rium single crystals. The properties shared with crystals
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suggest that these films may be significantly less granular
in character than post-deposition annealed films. Since it
was known that electrically weak boundaries amongst in-
tragranular superconducting material could lead to high
resistive losses at microwave frequencies,* the possibility
of lessened granularity leads to the anticipation that such
films would show lower microwave resistive losses. For
this reason, the losses in a series of such films was exam-
ined.

In this report, results taken at 4.2 K are emphasized.
In contrast to ideal BCS superconductors at the same re-
duced temperature, T /T,, the temperature dependence
of the loss for several of these samples is measured to be
rather weak near 4.2 K.> It is also found that the abso-
lute value of the loss at 4.2 K from the lowest-loss sample
is less than that reported for any YBa,Cu,;0, samples to
date but well above the level expected for ideal isotropic
BCS superconductors with the same 7,. Among the
remaining samples, the losses are larger for the films with
greater deviations in structural and dc electrical qualities
from those associated with bulk single crystals. The ex-
perimentally deduced relationships between R, and
structural aspects of the films are described in Sec. III.
The experimentally deduced relationships between R
and some dc electrical properties are described in Sec. IV.
The data are discussed in the context of a two-fluid pic-
ture and microscopic loss mechanisms in Sec. V. Con-
clusions of this work are summarized in Sec. VI.

2922 ©1991 The American Physical Society



43 RESISTIVE LOSS AT 10 GHz IN ¢-AXIS-ALIGNED in- . . .

II. EXPERIMENTAL PROCEDURES

YBa,Cu;0, films are deposited by sputtering onto
10X10 mm? MgO substrates using a single
stoichiometric target as previously described.> Ten sam-
ples deposited during five independent deposition cycles
are discussed here. Samples are deposited at nominal
temperatures varying from 650 to 720°C and pressures of
10 and 50 um. The dependence of properties on the
deposition conditions and their reproducibility are dis-
cussed elsewhere.>® Thicknesses are varied from 300 to
500 nm. The thickness variations did not correlate to the
properties discussed in this work.

The resistive losses near 10 GHz are measured in a
parallel plate resonator geometry. R, values are typically
determined from resonances with frequencies in the range
of 11-13 GHz. For comparison, the values reported here
have been scaled to 10 GHz using an »? law, where o is
the microwave frequency. The resistance in each plate of
the resonator contributes to the measured loss. Values
for each YBa,Cu;0-, film are measured at 4.2 K using a
Nb film as the counter plate. The measured loss of the
Nb film is 18 4. The contribution of the Nb is removed
assuming that the radiation and dielectric losses are
negligible. In this sense, the values reported here are for
the YBa,Cu;0; film alone. Whenever R is mentioned
below, the value at 4.2 K scaled to 10 GHz is implied.
The R, data are always collected at rf field levels such
that the observed R, value was insensitive to the tenfold
increases in the field level. Typically the rf magnetic field
at the surface is below 1 Oe under these conditions.

Undoubtedly, leakage of radiation makes some contri-
bution to the observed losses reported here. Increased
penetration depths lead to larger losses both resistively
and radiatively. That there is some radiative loss is
confirmed by backing one of a pair of YBa,Cu;0,-MgO
pieces with a Nb film and observing a 10% decrease in
measured loss when lowering the temperature from above
to below the Nb T,. No attempt is made here to separate
this radiative loss from resistive losses. In this work, R;
refers to the observed loss value derived from the resona-
tor Q as if radiation losses were entirely absent.

The details of the apparatus used to measure R; and a
more complete analysis of its operation and characteris-
tics are described elsewhere.” Here, trends amongst small
differences and the meaning of the absolute values of the
losses are examined closely. Briefly told, experiences
which justify this approach include the close correspon-
dence of the absolute loss measured for Nb sputtered
films and the absolute loss expected, the agreement be-
tween expected and observed temperature dependencies
of the losses and the fractional frequency shifts for Nb
films and for YBa,Cu;0, films are near their respective
T_’s for two different dielectric spacer materials, and, the
agreement between the measured loss expected and found
as a function of dielectric spacer thickness. The reprodu-
cibility of numerous 4.2 K measurements of Nb films was
of the order of 10% and the measurement of the dielec-
tric spacer thickness, needed to assign an absolute scale
to the observed losses, is about 10%. Nominal uncertain-
ties for the lower-loss values reported here are therefore
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20%. As the loss rises as high as 500 uQ or more, addi-
tional uncertainties related to the increase in background
and resonance-shape distortions raise the level of uncer-
tainty.

The reproducibility of R, values from individual
YBa,Cu;0, samples is generally as good as that just quot-
ed for Nb. Macroscopic inhomogeneities, particularly
near the edges of the films, appear to lead, in some cases,
to greater spreads as evidenced by differences between
measurements made with identically sized YBa,Cu;0;, or
Nb counter plates and slightly undersized Nb counter
plates. The numbers reported here are consistent for
from two to four trials for each film. As will be seen, the
conclusions of this work do not depend on the absolute
value of the uncertainties in R;. Some of the conclusions
do, however, depend on the belief that 16 u( is above the
resolution limit of the resonator. This belief is warranted
by the data from Nb from 4.2 K and higher which imply
that the sensitivity of the apparatus is 5 uQ.” Direct
measurements at temperatures below 4.2 K have not yet
been performed.

X-ray data are collected using Cu K, radiation with a
four-circle system described elsewhere® and using Cu K
radiation with a dedicated rocking-curve apparatus em-
ploying a perfect Ge first crystal. Rocking-curve data are
reported for the YBa,Cu;0; (005) reflection and the MgO
(002) reflection. The full widths at half maximum of the
MgO (002) rocking curves are all close to 0.02°, ten times
smaller than the narrowest YBa,Cu;0, rocking curve
found here. These data reflect the perfection of the out-
of-plane epitaxy as well as the degree of inhomogeneous
strain in the samples. The perfection of the in-plane epi-
taxy was first examined semiquantitatively by exploring
the sample orientation dependence of the scattered inten-
sity with the detector fixed at the angle corresponding to
the YBa,Cu;0, (103) d-spacing. The samples are mount-
ed with their surface normals along the instrument ¢
axis. After centering the (103) reflection from c-axis-
oriented YBa,Cu;0, having an [100] or [010] along the
substrate [100], the instrument ¢ axis is scanned. This
scan closely approximates a rotation about the
YBa,Cu;0, [001] of c-axis-aligned grains. The intensity
increases for ¢ values corresponding to more common
in-plane epitaxial alignments in proportion to their
volumes. For more quantitative analysis, additional x-
ray data are acquired. Radial scans are performed at par-
ticular ¢ values to obtain background-corrected integrat-
ed intensities. Samples are then compared by scaling ac-
cording to the strength of the principal orientation, tak-
ing into account the small observed variations in peak
widths.

After measuring R, and the x-ray data, nine of the
samples were cut without solvents into four pieces using a
diamond saw. Each piece is approximately 5X5 mm? in
size. One piece from each film is patterned photolitho-
graphically using wet chemical techniques. The pat-
terned pieces are used to determine dc resistivities as a
function of temperature with a four-terminal measure-
ment. Thicknesses are measured using a Dektak
profilemeter across these patterns. Critical currents are
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measured using unpatterned 5X5 mm? pieces and a vi-
brating sample magnetometer. Magnetization data are
converted to critical currents using the Bean model.’
Since many of the samples have the same critical current,
it seems unlikely that the values are markedly affected by
gross inhomogeneities on the scale of the original 10-mm
sample size. The ac susceptibility at 10 kHz is measured
as a function of temperature to determine 7, in the uncut
sample. The ac measurements are found to yield results
consistent with the transport data in four samples mea-
sured both ways.

IIL. CORRELATION OF MICROWAVE LOSS
AND THE YBa,Cu,;0, STRUCTURE

X-ray-diffraction analyses are used to quantify. the
quality of epitaxy, phase purity, and c-axis lattice param-
eters of the films. A summary of these attributes appears
in Table I. The structural feature which clearly corre-
lates to R, among these samples is the volume fraction of
c-axis-aligned YBa,Cu;0, misaligned at high angles in
the plane of the film.

The volume fraction of misaligned c-axis material is
determined by asymmetric diffraction analysis as de-
scribed in detail in Sec. II. Figure 1(a) shows a ¢-axis
scan for a sample which contains a few percent by
volume of misaligned material. Figure 1(b) shows the
scan for a sample which contains much less than 1% by
volume of misaligned material. In both cases, the most
prominent  orientation apart from YBa,Cu;0,
[100]||MgO [100] or YBa,Cu;O, [010]||MgO [100],
defining $=0, is one differing by 45°. Such misorienta-
tions for YBa,Cu;0,; on MgO have recently been report-
ed by several groups.'®"!?> In the samples with larger
amounts of misoriented c-axis material, peaks at
$=26.5°, 34°, 56°, and 64° are also seen. For the most
prominent alignments, the x-ray scans clearly indicate the
relative prominence of the different directions. Note,
though, that in the slowly varying region of the ¢ scan,
radial scans sometimes reveal Bragg scattering at a very
weak level. Including even this contribution, the majori-
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ty of misaligned material is always found at 45°. The sig-
nal at $=45° is used here as the estimate of c-axis materi-
al misaligned at high angles in the plane of the film.

Figures 2(a) and 2(b) show the relation between R and
the quantity of such misaligned material. It is seen from
Fig. 2(a) that two of the samples have roughly 25 times
higher loss and roughly 25 times more misaligned materi-
al than the others, suggesting that the loss in these two
samples is dominated by high-angle grain-boundary
effects. These two samples indicate that the presence of
as little as 4 vol % highly misaligned c-axis grains puts R,
over 500 Q. Figure 2(b) shows the trend for the eight
lower-loss samples. The lines are the same in both parts
of Fig. 2. The solid trend line is a linear least-squares fit
to the seven lowest-loss samples, those with misaligned
fractions below 0.15 vol%. The dashed line passes
through the origin and the average position of the two
highest-loss samples.

From Figs. 2(a) and 2(b), three conclusions are drawn.
First, a correlation with a correlation coefficient »r =0.7 is
found between R, and the misaligned fraction among the
samples with the smallest observed fractions. This sug-
gests a measurable component of their loss is due to
high-angle boundary phenomena. Second, the intercept
of the empirical trend (solid line) amongst the lowest-loss
samples to zero misaligned fraction is about 12 u€). This
shows that a substantial component of the loss in the
lowest-loss sample is due to other mechanisms. Third,
the extrapolation of the empirical trend (solid line) ob-
served amongst the lowest-loss samples to the higher lev-
els of misaligned fractions observed for the two-highest
loss samples is in the vicinity of the observed losses, al-
though this extrapolation is many times further than the
data range used to define the line. This supports the in-
terpretation of the observed range used to define the line.
This supports the interpretation of the observed correla-
tion among the lower-loss samples resulting from the
remnance of high-angle boundary effects. However, the
weakness of the correlation due to the high degree of
scatter amongst the low-loss samples also supports the
inference drawn from the zero fraction intercept that ad-

TABLE 1. R, and structural characteristics [volume percent of highly misaligned c-axis grains, c lat-
tice parameter, (005) rocking-curve full width at half maximum, relative impurity content, apparent
presence of a-axis-oriented grains and thickness, respectively] of the YBa,Cu;0; films. The thickness of
the film having R, =26 uQ is estimated from the deposition parameters.

Impurity
R, (10 GHz, 4.2 K) 1(45)/1(0) o Aw I(2.62)/1(005) Thickness

(uQ) X 100 (A) (deg) X 100 a axis (nm)
16 0.026 11.73 0.37 0.15 no 450
23 0.129 11.74 0.80 0.84 no 420
25 0.031 11.73 0.34 0.21 no 400
26 0.093 11.71 0.31 0.38 no (400)
38 0.122 11.71 0.27 0.00 yes 300
42 0.127 11.74 0.40 0.55 no 450
64 0.136 11.74 0.36 0.00 yes 300
108 0.225 11.75 0.34 0.00 no 500
545 3.8 11.69 0.26 0.25 no 320
744 3.5 11.76 0.45 0.00 yes 500
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FIG. 1. X-ray diffraction from the YBa,Cu;0, (103) reflection during an azimuthal scan about the YBa,Cu;0; c axis showing
highly misaligned c-axis oriented grains in (a) the sample with the highest loss and (b) the sample with the lowest loss. Note that the
instrument settings determining the absolute ratio of I to I, at fixed sample scattering power and the background level were changed
between the times the two scans were taken. These changes do not alter the volume fractions of misaligned material deduced from

the data.

ditional factors separate from the volume fraction of
misaligned material contribute as well. This result, that
the loss in the lowest-loss sample is not dominated by a
mechanism associated with the misaligned grains, is un-
derscored with reference to the dashed line in Fig. 2(b).
The observed losses sit above this line, which itself passes
through the highest-loss values and the origin. If the ob-

served losses are all dominated by the mechanisms associ-
ated with the misaligned grains, the data would be ex-
pected to follow the dashed line and extrapolate more
closely to zero loss at zero misaligned fraction. Addition-
al correlations and possible associated loss mechanisms
will be further discussed in the following sections. The
remainder of this section documents structural aspects of
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FIG. 2. R; vs the volume percent of ¢ axis grains misaligned
at 45° in the plane for (a) all samples and (b) only the eight
lowest-loss samples. In both cases, the solid line is a least-
squares fit to the seven lowest-loss samples, those having less
than 0.15 vol % c-axis-oriented grains misaligned at 45°. The
dashed line passes through the origin and the average of the two
highest-loss samples.

the films which do not correlate well with R;.

X-ray scans along the majority phase [001] direction
show the films are nearly pure c-axis-aligned YBa,Cu;0;.
It is found that, in some cases, weak impurity peaks ap-
pear and in some cases, features which may be indicative
of small amounts of a-axis YBa,Cu;0, are found; Fig.
3(a) shows the x-ray data from the sample which had the
largest impurity phase peak and Fig. 3(b) shows the c-axis
scan from the sample which had the largest feature con-
sistent with a-axis YBa,Cu;0,.

Using x-ray techniques, the impurity phase is found to
be highly oriented. Transmission electron microscopy
(TEM) studies of the sample with the largest impurity
peaks reveal that aligned impurities exist as small precipi-
tates at a low volume fraction. A representative micro-
graph is shown in Fig. 4. A sample which shows no im-
purity peaks in the c-axis scan was also examined by
TEM. No impurity phases are found in the TEM micro-

graphs. X-ray data are used to estimate the relative
amounts of impurity phase in each sample, as shown in
Table I. Comparison to R values shows that changes in
impurity phase concentration do not dominate the varia-
tions in R in these films.

As can be seen from Table I, the appearance of weak
features suggesting a-axis YBa,Cu;0; does not correlate
to R;. In a parallel study, it is found that YBa,Cu,;0,
thin-film samples containing at least 100 times higher
volume fraction a-axis grains have losses only four times
higher than the lowest-loss samples discussed here.!?
Furthermore, as shown in Sec. V below, those losses can
also be accounted for by high-angle grain boundaries
amongst c-axis-aligned YBa,Cu;0,. Neither such small
quantities of impurity precipitates nor such small quanti-
ties of a-axis-aligned YBa,Cu;0, contribute appreciably
to the residual rf losses observed in these films.

The surface smoothnesses of two films are measured
with scanning force microscopy.!* While their mi-
crowave losses differ by a factor of 2.5, they both show a
similar rather random pattern of undulations with peak-
to-peak variations up to 100 A and lateral periods close
t0 2500 A. A representative scan is shown in Fig. 5.

Rocking-curve widths of the (005) YBa,Cu,0,
reflection and c-axis lattice parameters of YBa,Cu;0, ap-
pear along with R, in Table I. These parameters do not
correlate with R; as strongly as the amount of misaligned
material. There is no a priori reason why either of these
parameters should closely follow the volume fraction of
c-axis material misaligned in the surface plane. The vari-
ations in these features therefore imply that additional
structural and microstructural variations are present in
these films. It is shown in the next sections that a range
of electrical properties, very likely related to a range of
microstructures apart from the misaligned c-axis materi-
al, is observed for these samples.

IV. CORRELATION OF MICROWAVE LOSS
AND dc PROPERTIES

The dc resistivity as a function of temperature is shown
in Fig. 6(a) for the lowest-loss film. The normal-state dc
resistivity is nearly a linear function of temperature over
the range studied and the transition to the superconduct-
ing state is sharp. Qualitatively, the data for all but one
of the films are similar. The unique sample has a less
linear temperature dependence, as can be seen in Fig.
6(b). Overall, there are small variations in the transition
widths. Also, the data from different samples differ in the
end point of the transition (7,) and the normal-state
resistivity extrapolated to 0 K [p,(0)]. These latter two
changes are not independent, as shown in Fig. 7. The ob-
served values for p,(0), p,(100), T,, the superconducting
transition widths, and critical currents at 4.2 K appear in
Table II. Transition characteristics for the sample which
is not patterned are derived from ac susceptibility mea-
surements.

The dc transport data correlate well with R, among
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FIG. 3. X-ray-diffraction scan radially along the YBa,Cu;0; ¢ axis from (a) the sample showing the largest impurity reflection
(R;=23 uQ) and (b) the sample showing the strongest indication of possible a-axis-oriented YBa,Cu;0, (R, =38 uQ). The peaks at
integer reciprocal-lattice units are the YBa,Cu;0; (OOL) reflections. The peak at L =5.6 is the MgO (200) reflection. In (a), the im-
purity peak appears at L =4.5. In (b), the possible a-axis feature is the shoulder on the (006) reflection.

the lower-loss samples. As determined by the correlation
coefficients from linear least-squares fits to the data from
the seven lower-loss samples alone, the changes in the dc
transport data correlate to R, better (»=0.9) than the
changes in volume fraction of misaligned material
(r=0.7). R, is plotted as a function of T, for all the
samples in Fig. 8(a) and for the lower-loss samples in Fig.
8(b). R, is plotted as a function of p,(0) in Fig. 9. The
two samples with the highest loss in Fig. 8(a) are the two

with the largest fractions of misaligned c-axis grains.
Their losses are strongly dominated by mechanisms asso-
ciated with these grains. When only the lower-loss sam-
ples are considered, as in Fig. 8(b), a correlation between
R, and T, is apparent. In view of Fig. 7, a similar result
appears when R is plotted as a function of p,(0), as in
Fig. 9. Which, if either, characteristic is more directly
linked to R, or whether all three are coupled by a single
underlying phenomenom remains to be seen.
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FIG. 4. Transmission electron micrograph in pianar view from the sample having the largest impurity reflection in x-ray
diffraction and R, =23 uQ.

FIG. 5. Scanning force micrograph of the sample having R, =16 uQ.
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FIG. 6. dc resistivity as a function of temperature for (a) the
sample having R; =16 uQ and (b) the sample having R, =545
nQ.

Ideal single crystals of YBa,Cu;0, are expected to
have lower normal-state resistivities and higher T.’s than
shown by the films discussed here. It is thus seen that,
with the exception of the film with the highest fraction of
misaligned c-axis grains, R, tends to be higher for the
films which deviate more in their dc electrical properties
from those expected for ideal single crystals. In this re-
gard, it is worthwhile noting that, unlike the correlation
displayed in Fig. 2(b), the trend in Fig. 8(b), and possibly
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FIG. 7. The correlation between the extrapolated to zero
temperature normal-state dc resistivity and 7,. The line is a
linear least-squares fit to the data.

in Fig. 9, appears to extrapolate to R values significantly
lower than the lowest observed values as lower normal-
state dc resistivities and higher T.’s are approached.

The microscopic origin of the differences in dc charac-
teristics is not yet known for these samples. The dc data
are not directly attributable to the high-angle grain boun-
daries. At zero frequency, the influence of such a small
number of boundaries on the measured resistivity is ex-
pected to be negligible. This expectation is borne out by
the sample studied here which has the highest measured
fraction of misaligned grains, the lowest normal-state
resistivity, and the highest, T.. The dc behavior does
qualitatively correspond to a general depression of the or-
der parameter in the lower T, samples. On the basis of
the process history and previous experience, it is unlikely
that the samples are deficient in oxygen in a manner
which may be modified by low-temperature oxygen an-
neals.> To be certain this is so, the sample with a loss of
26 pQ) was annealed for 72 h at 450° C. Neither T, nor
R, changed by more than their uncertainties. The varia-

TABLE II. R and dc electrical characteristics (extrapolated to zero-temperature normal-state resis-
tivity, normal-state resistivity at 100 K, superconducting transition temperature, superconducting tran-
sition width, and critical current at 4.2 K and 3 kG, respectively) for the YBa,Cu;0;, films.

R, (10 GHz, J. 4.2 K,
42 K) py(0) p(100) T. 5T, 3KG)
(uQ) (uQ cm) (uQcm) (XK) (K) (10" A/cm?)

16 22 100 84.5 1 2
23 35 110 83 1 2
25 21 90 84.5 1 2
26 84 1

38 45 120 78 2 2
42 39 120 82 1 2
64 60 130 72 3 1
108 60 135 75 3 0.4
545 50 85 2 2
744 80 155 73 3 0.2
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tions in dc properties among the lower-loss films are,
however, similar in some respects to the variations found
by White et al. as a result of low doses of ion irradiation
of YBa,Cu;0, thin films.!> There, the changes in resis-
tivity and persistence of relatively sharp transitions at
lowered temperatures is attributed to the creation of
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FIG. 9. R, vs the extrapolated to zero temperature normal-
state resistivity for seven of the eight lowest-loss samples. The
eighth of the lowest-loss samples was not patterned.
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damaged regions on the order of 8 A in diameter which
act both to scatter carriers in the normal-state and to
lower the amplitude of the pair wave function below the
transition, thus depressing 7,. In a related study, small
changes in the Hall coefficient as a function of tempera-
ture are found for such samples, in the direction which
would correspond to a slight drop in carrier density with
increasing irradiation.'® The correspondence of the ion
damage results to the study here is obscured by the lower
and strongly damage-dependent critical currents and the
higher normal-state resistivities observed for all the sam-
ples, including the unirradiated samples, in the work of
White et al. The changes seen here, however, may be mi-
croscopically similar and driven by disorder incorporated
during the in-situ-growth process. Whatever the origin,
strong precedents lead to associating the lower T,’s with
lower average superconducting condensate density.

The critical currents for the films at 4.2 K are listed in
Table II. They are as high as any reported for
YBa,Cu;0; films and approaching estimated depairing
currents. Such high critical currents are indicative of
high concentrations of defects which may contribute
significantly to the measured losses.!” Seven of the sam-
ples which span nearly the full range of observed R,
values all have the same high critical current value at 4.2
K. The field dependencies closely match at fields between
1 and 15 kG. While the defects leading to high critical
currents may contribute to the microwave losses in these
samples, critical currents, as measured here, do not corre-
late to changes in R; among these samples.

V. MICROWAVE LOSS MECHANISMS

Some aspects of the data described in this report can be
explained quantitatively with existing theories. In this
section, the magnitude of the loss in the lowest-loss sam-
ple, the lowest loss yet reported for YBa,Cu;0,, is placed
in the context of conventional expectations and shown to
be high. Then, the losses associated with the highly
misaligned c-axis grains are estimated using a procedure
based on an existing microscopic model for microwave
losses due to weak links. This model successfully ex-
plains the magnitude of the slope of the correlation be-
tween R, and the volume fraction of highly misaligned c-
axis grains. The contribution of high-angle boundaries to
the loss in the lowest-loss sample is then estimated and
found to be a small part of the total loss, as is consistent
with the empirical trends described in Sec. III. Some
possible sources for the remaining loss are then discussed
briefly.

The value of the loss in the lowest-loss sample, 16 uQ,
is orders of magnitude higher than an intrinsic R, value
from a conventional superconductor at the same reduced
temperature, T/T,. The simplest way to see this is so is
to recognize that the measured loss is virtually the same
for Nb at 4.2 K. At that temperature, roughly 25% of
the carriers in the Nb are uncondensed.!® Even after ac-
counting for the difference in penetration depths, this
corresponds to many more unpaired carriers than Nb
would have at the same reduced temperature. We have
done more elaborate, although fundamentally equivalent,
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comparisons to isotropic BCS-like behavior using the
program of Halbritter'® and parameters roughly ap-
propriate for our YBa,Cu;0; films. For example, taking
T,=85 K, the London penetration depth A,=1400 A,
the superconducting coherence length, £, =20 A, a mean
free path 1 =500 A, and gap parameter 2A/kT,=3.6, R,
at 4.2 K, is calculated to be more than 10 orders of mag-
nitude below the resolution limit of the apparatus used
here. Of course, real superconductors have low-
temperatures losses well above their intrinsic levels. For
example, high-quality Nb at a very low temperature typi-
cally has a loss only 3 orders of magnitude lower than the
lowest YBa,Cu;0; loss observed here.® Even by this
standard, the low-temperature losses in the best
YBa,Cu;0; film appear high.

The loss in the lowest-loss sample can be cast in the
form of two-fluid parameters. It is shown elsewhere that
the lowest-loss film has an experimentally derlved
penetration depth in the vicinity of 1400-2000 A5 Us
ing the formula®!

2R, (1
T o

where o, is the real part of the complex conductivity, o
is the angular frequency of the microwaves, pu is the per-
mittivity of free space, A is the penetration depth, and R
is the surface resistance, then the normal channel con-
ductivity is found to be in the range of 6400-19 000
(Qcem)”!, depending on the exact penetration depth as-
sumed. Models attempting to describe the loss in this
film must, when reduced to a two-fluid equivalent, yield a
o in this range.

A detailed examination of R; in an isotropic BCS mod-
el or a two-fluid equivalent circuit indicates that this o,
implied by our data cannot be rationalized by a long
mean free path. Large effective normal channel carrier
densities are required. A very rough estimate of that den-
sity can be made utilizing material-specific parameters. If
the total carrier density and the mean free path for nor-
mal carriers is known, then, in a two-fluid model, a
specific R; value implies a unique fraction of uncon-
densed carriers. Estimating the total carrier density for
YBa,Cu;0; as 1.4X10?! cm ™3 and the mean free path
from the extrapolation of the experimentally derived
normal-state resistivity, a loss of 16 u{} corresponds to a
normal fraction of 25% and a penetration depth of 1600
A. Note that the penetration depth is consistent with the
experimentally derived estimate for the sample having a
16-u microwave loss. The two-fluid parameters provide
an additional perspective on the magnitude of the loss in
the lowest-loss sample, showing again that, according to
conventional expectations, it is high.

Whether the correspondence of the lowest loss with
such a large effective normal fraction is primarily related
to extrinsic or intrinsic factors is not yet clear. Higher
losses obviously have an extrinsic component. As de-
scribed in detail next, much, if not all, of the additional
losses in the samples discussed in this report can be con-
sistently attributed to the highly misaligned c-axis grains.

The work described in Sec. III makes clear that the
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losses above the lowest value are correlated in these sam-
ples to an increase in the volume fraction of highly
misaligned c-axis grains. The appearance of such grains
implies the presence of high-angle grain boundaries.
Such boundaries show weak-link behavior at zero fre-
quency, fit well by a resistively shunted junction mod-
el.?22> A quantitative theoretical description of the con-
tribution of weak links to microwave losses appropriate
to high-T, materials is worked out in Hylton et al.*2*
There, the authors systematically examine the effect of
one-dimensionally  periodic  weak-link  boundaries,
modeled as resistively shunted junctions, on magnetic
penetration and resistance as a function of frequency and
material parameters. This weak-link model can be used
to test the hypothesis that the correlation between R, and
the volume fraction of highly misaligned c-axis grains is
directly due to losses associated with those grains’ boun-
daries. To do so, a suitable effective grain size and junc-
tion characteristic must be assigned. Since Hylton et al.
consider a translationally periodic system with a single
grain size and single boundary type, a rigorous assign-
ment requires an extension of the model to a nonperiodic
inhomogeneous distribution of multiple boundary types
in two dimensions. Here we estimate the assignments in
simpler way.

We begin by imagining the unrealizable case of 100%
misaligned grains. By this we mean the case of a c-axis
film made entirely of grains and boundaries which all in-
dividually have the characteristics of the real highly
misaligned grains and their boundaries in the real films.
This case can be analyzed directly with Hylton’s formu-
las. From TEM studies, the misaligned grains in the
films studied here are known to have a grain size of about
0.5 pum. From studies by others of similarly prepared
films, it is known that the boundaries surrounding such
grains may have Josephson critical currents of about
2X10* A/cm? and I, R products of 0.2 mV at 4.2 K.2?
The microwave loss at 10 GHz from a semiinfinite sam-
ple made up entirely of such grains would be 20 mQ).

The next step requires estimating to what degree the
currents are shunted around the misaligned grains in the
real, dilute misaligned boundary case. In general, the ex-
act degree of shunting will depend, in a complicated way,
on the detailed characteristics of the grain, the surround-
ing medium, and the external fields. In view of the good
intragrain superconducting properties, to first approxi-
mation we ignore the shunting. Then, the contribution to
the loss from the high-angle boundaries in the dilute case
is estimated by reducing the loss in the 1009% case in pro-
portion to the volume fraction of high-angle misaligned
grains. (We have in mind that the misaligned grains are
as high as the film is thick.) This model agrees well with
the experimental results: 3.5% of 20 mQ is 700 uQ.
Quite small densities of high-angle, weak-link boundaries
lead to substantial microwave losses. We conclude that
the losses in the two highest-loss samples are dominated
by this contribution.

Note that highly misaligned c-axis grains are
significantly different from insulating impurity phases
and g-axis grains. In the case of insulating impurity
phases, all current is shunted around the grains. In the
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case of a-axis-aligned grains, currents may be shunted so
that they flow under the grains, in the case that the a-axis
grains do not extend to the substrate, or so that they flow
along the b-axis direction. (Microwave current very like-
ly flows much less readily along the ¢ axis than along the
b axis.) Since we know that boundaries between a-axis
grains aligned at 90° to each other can have critical
current densities above 10° A/cm?,? it is conceivable
that currents passing along the b axes between c-axis
oriented and a-axis oriented grains may encounter boun-
daries with higher J,’s than the boundaries between high-
ly misaligned c-axis grains. In the case of highly
misaligned c-axis grains, current is expected to flow
within the grains essentially as well as within the majority
of the c-axis grains for all directions of current flow
within the plane of the film. Also, the entire circumfer-
ence of such grains’ boundaries is a high-angle, weak-link
boundary.

Some additional features of the data may also be due to
weak-link effects. A wide spread of I,R products is re-
ported for weak-link, high-angle grain boundaries.?>?
As R, is inversely proportional to I R in the weak-link
model, a spread in R values can be expected. We note
that considering the losses associated with the samples
having close to 0.13 vol % highly misaligned c-axis grains
alone, the lowest-loss sample and the highest-loss sample
have the lowest and the highest normal-state resistivity,
respectively. Consistently, the I.R products of in-situ-
grown Y Ba,Cu;0; weak links studied by others are found
to be lower in films with higher resistivity and lower
Tc’s.22 However, we have so far been unable to match
our data to such a model without introducing too many
assumptions or parameters for such a small number of
data points. Among the complications, the precise value
for the penetration depths are not known. Since the de-
creases in T, may be due to decreases in condensed car-
rier densities, as discussed in Sec. IV, and since such de-
creases would increase the penetration depth, at least this
additional source of correlation between R and the dc
properties should be considered.

As described above, the connection between the high-
angle boundary density and microwave loss persists to
some degree throughout the series of films studied here.
Taken literally, the theoretical calculation just described
predicts that only about 5 u£ (0.00026X20 mQ) out of
the measured 16-u(} loss in the lowest-loss sample can be
ascribed to its high-angle grain boundaries. This
discrepancy is consistent within experimental error with
the empirically derived intercept 12 uQ shown in Fig.
2(b).

The origin of this remaining component of the loss is
not yet known, but a few potential sources of loss can be
mentioned. The lowest-loss film is certainly not perfect.
We have so far emphasized high-angle grain boundaries,
but other boundaries are present. For example, transmis-
sion electron microscopy clearly reveals twin boundaries
at intervals of 100 nm (Fig. 4). Using the weak-link for-
mulation to treat twin boundary contributions and taking
the observed film critical currents as the boundary criti-
cal currents, the remaining component of microwave loss
would arise from these alone if the boundaries acted as
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junctions with an I_R product close to 4 mV. The weak-
link formulas are only known to be valid for lower criti-
cal currents. Nevertheless, the plausibility of 4 mV as a
junction I R product is leading us to investigate addition-
al formulations to better test the possibility that twin
boundaries contribute significantly to the observed mi-
crowave losses. Additional possibilities are suggested by
the high critical currents observed for these films. The
high critical currents place the films in a class thought to
have a very high density of distributed, order-parameter
suppressing point defects.!” For example, if at low tem-
peratures each of these defects is surrounded by a coher-
ence volume of normal metallic material, effective medi-
um calculations show there is a sufficient quantity of nor-
mal material to yield the loss level observed here. Varia-
tions in such point-defect densities could conceivably also
lead to correlations between R, and the dc properties.?®
These two hypothetical examples, twin boundaries and
distributed local defects, underline the possibility that the
majority of the microwave loss remaining after taking the
high-angle grain boundaries into account is related to ex-
trinsic structural defects. On the other hand, supercon-
ducting gap anisotropy is quite possibly an intrinsic
feature of YBa,Cu;0,;. A very low or zero gap value
along some directions would lead to a spatially homo-
geneous density of unpaired carriers much greater than
that predicted by isotropic BCS models. With reference
to the lowest-loss sample studied here, the quality of
YBa,Cu;0, films has improved to the point where such
potential intrinsic barriers to lower microwave loss must
be considered.

VI. CONCLUSIONS

The lowest resistive loss at 10 GHz and 4.2 K observed
for the set of in-situ- grown YBa,Cu;0; thin films studied
here, 163 uQ, sets the lowest accurate upper bound re-
ported to date for the intrinsic loss of YBa,Cu;0,;. The
increase in loss with increasing deviations of the films
from the characteristics of ideal, equilibrium single crys-
tals makes clear that values above this level are represen-
tative of extrinsic loss mechanisms. It is shown that very
small quantities of c-axis material misaligned in the sur-
face plane can contribute significant losses. Four percent
volume fractions of highly misaligned c-axis grains lead
to losses above 500 uQ) at 10 GHz and 4.2 K. Our data
also show that, for these samples, it is unlikely that the
16-uQ value is dominated by loss mechanisms associated
with the misaligned material. Losses of a different origin
dominate. For the lower-loss films in the set, R, is corre-
lated to the dc transport characteristics. Work continues
to attempt to identify the defects responsible for this
correlation. The loss level in the lowest-loss film reported
here, 16 uQ}, implies a real part of its complex conductivi-
ty between 6400 and 19000 (Q cm)™!. This conductivity
is consistent with an appreciable density of uncondensed
carriers. The study of samples with further improve-
ments in microstructural perfection and normal-state
resistivities are desirable for work focusing on the origin
of this correspondence.
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Note added in proof: We have recently made a similar
sample with a measured Rg=12 uQ, x,5s=6X107%,
T.=85K, and py(100)=70 Q2 cm. On the scale of Fig.
2(b), these data place the sample at the x,5=0 intercept
of the solid line.
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FIG. 4. Transmission electron micrograph in planar view from the sample having the largest impurity reflection in x-ray
diffraction and R, =23 uQ.
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FIG. 5. Scanning force micrograph of the sample having R, =16 uf).



