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Millimeter-wave absorption in La-Ba-Cu-O and Y-Ba-Cu-O superconductors
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Millimeter-wave absorption in the new high-7. superconducting materials La-Ba-Cu-O and Y-
Ba-Cu-O has been studied at a frequency of 80 GHz over the temperature range 4-300 K and in
the presence of magnetic fields 0~5.5 T. It is found that there are strong correlations between
the changes in microwave absorption and the superconducting transitions at 30 K for La-Ba-Cu-O
and at 90 K for Y-Ba-Cu-O samples. The Y-Ba-Cu-O samples display additional microwave
features near 250 K which may be associated with a higher-temperature superconductivity.

Observations of millimeter-wave absorption in the new
high-T, superconducting materials La-Ba-Cu oxide'! and
Y-Ba-Cu oxide? have been made at a frequency of 80
GHz over the temperature range 4-300 K and in the pres-
ence of magnetic fields 0-5.5 T. The absorption is moni-
tored by measuring the propagation of microwave power
around samples which mostly fill a section of waveguide.
The propagation displays a sudden enhancement at tem-
peratures below 7.. For the Y-Ba-Cu-oxide samples an
enhancement is noted at both T=90 K and T =250 K.
The effect of the magnetic field is to decrease the enhance-
ment of propagation and to reduce the temperature at
which it begins.

Three types of samples having nominal compositions
of La;gBag,CuQO4-,, YBayCu307-,, and YsBagCu;;0,
were investigated. All were prepared by the solid-state re-
action method with Table I giving the details of the
preparation conditions. An appropriate mixture of the
starting materials in powder form was first heated in air.
The reacted mixture was then pulverized, pressed into pel-
lets or bars, and sintered in air. X-ray powder diffraction
patterns showed for the YBayCu3O7—, samples a dom-
inant single phase with identical lines to those previously
seen® while multiple phases were seen in the YsBagCi10x
samples.

Figure 1 shows a schematic diagram of the spectrome-
ter which was used. The superconducting specimen fills a

section of waveguide of length L situated between a klyst-
ron, the microwave source, and a sensitive detector. The
spectrometer is a modified version of the transmission
spectrometer which has been used to study the propaga-
tion of microwaves through thin metal samples.® The
power incident on the sample can be varied with an at-
tenuator over a range of 50 dB up to a maximum of 100
mW. The detector is a liquid-helium-cooled InSb bolome-
ter operating in a hot-electron mode. It can be used as a
straight power detector (sensitivity of 10 ™'* W) or as a
homodyne mixer (sensitivity of 10 2! W) with the use of
a microwave reference of variable amplitude and phase
obtained from the original klystron. A dc magnetic field
aligned with the axis of the waveguide is obtained from a
superconducting solenoid in which the sample is centered.
The sample is situated in a vacuum can immersed in
liquid helium. The use of a heater and thermometer al-
lows its temperature to be varied continuously between 4
K and room temperature.

The internal dimensions of the rectangular waveguide
are a=3.10 mm and b=1.55 mm. The oxide samples are
cut into the form of rectangular bars with a low-speed dia-
mond saw and then lapped on abrasive paper to dimen-
sions about 0.04 mm smaller than the waveguide so that
they slide easily into the waveguide interior. A typical
length of sample is L=5.0 mm. Our observations are in-
dependent of the incident power level except for some

TABLE I. Details of sample preparation and results from x-ray powder-diffraction patterns.

Nominal composition La; 3Bao2CuQy4—4

Starting materials

Reaction temperature (°C) 900
Reaction time (h) 8+pulverizing+6
Pressure for forming pellets (psi) 8000
Sintering temperature (°C) 1100

Sintering time (h) 4

X-ray powder-diffraction patterns
type structure and trace
(<5%) of CujyLa;0s

La;03, BaCO;, and CuO

Single phase with K;NiFs-

YBa;Cu3O7-4 YsBagCu,;;0x

Y203, BaCO;, and CuO Y203, BaCO;, and CuO
900 900

8 8

8000 8000

900 1100

8 8

Single phase with other Multiple phases containing
phases <2% Y,BaCuOs (dominant)

YBa;Cu307-x, Y2Cus0s,
Y203, and CuO
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FIG. 1. Schematic representation of the spectrometer. The
components include X, klystron; A, variable attenuator; ¢, vari-
able phase shifter; M, modulator; and D, detector.

heating of the sample at the highest levels. At 4 K a typi-
cal reflection coefficient from the sample is 3-5 dB,
whereas a typical transmission coefficient for microwave
propagation around the sample is 10-15 dB. Thus, the
sample absorbs the majority of the incident power, even
though a significant amount appears at the detector. The
microwave power is clearly traveling around the sample
and not through it, as has been demonstrated by replacing
the sample with a solid Pb sample of similar dimensions
and observing a comparable power level at the detector.
Also, by using electrically conducting silver paint to fill
the gap between the oxide sample and the waveguide, the
power level at the detector drops 150 dB or more.

The microwaves propagate down the waveguide from
the klystron in the TE ;o mode with the rf electric field per-
pendicular to the broad faces of the waveguide. Because
the cutoff frequency for this mode, f. =c/2a, is indepen-
dent of b, it appears that a significant quantity of mi-
crowave power continues to propagate in the TE ;o mode in
the narrow gaps between the superconducting sample and
the broad faces of the silver waveguide. In fact, the power
level at the detector displays certain characteristics of a
“double slit” as the frequency is changed due to variation
in the interference between the two waves that propagate
in the top and bottom gaps. By sealing one of the gaps
with silver paint, such variations are considerably re-
duced.

Figure 2 shows a semilog plot of the transmitted power
as a function of the temperature for a YBa;Cu307 -, sam-
ple as well as the dc electrical resistance of the sample. T
(measured at the midpoint of the dc resistance step) is 90
K, and the width of the transition AT (measured between
10% and 90% of the resistance step) is 4 K. Figure 3
shows a similar plot for a YsBagCu;;O, sample having
T.=91 K and AT=4 K. As can be seen for both samples,
with decreasing temperature there is a sharp increase in
the transmitted power occurring at T, and having a width
comparable to the AT measured from the electrical resis-
tance. This feature is quite stable and remains even after
a large number of thermal cyclings between 4 K and room
temperature. For the YBa;Cu3;O;-, sample there is a
similar increase in the transmitted power occurring
around 7T =265 K even though there is no obvious step in
the resistance curve. Although no step in the trans-
mitted-power curve is observed in this vicinity for the
YsBagCu1;Ox sample, there is a distinct change in the
slope at T~235 K that coincides with a change of slope in
the resistance curve. These higher-temperature features
are not stable and degrade considerably after a few
thermal cyclings. Lack of stronger correlations at these
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FIG. 2. Temperature dependence of the transmitted mi-
crowave power and dc electrical resistivity of a YBa;Cu3O7—-4
sample (both in arbitrary units on a log scale).

higher temperatures could be due to the time difference in
the microwave and dc resistance measurements. The
similarities to those observed at the 90 K transitions, how-
ever, offer further evidence of a still higher-temperature
(but unstable) superconducting transition such as report-
ed for certain Y-Ba-Cu oxide samples from dc resistance
measurements® ~ and the reverse ac Josephson effect.®

Figure 4 shows the effect of a 5.5 T magnetic field on
the 90 K transition in a YBa,Cu3;07-, sample. As can be
seen, the magnetic field decreases the temperature at
which the sudden increase in transmitted power occurs by
about 3 K. It also decreases the sharpness of the power
increase and continues to suppress the overall transmis-
sion coefficient even at temperatures far below 7.. We
have also looked carefully for the effect of a magnetic field
on the step occurring around 7=265 K. Such a field
dependence could provide strong evidence that this step is
also associated with a superconducting transition. Any
such dependence, if it exists, is smaller than that observed
at 90 K. Unfortunately, the present stability for our spec-
trometer and the reproducibility of data taken in this re-
gion are not sufficient to show unambiguously that a field
of 5.5 T has a definite effect.

In Fig. 5 the temperature dependence of the transmit-
ted power for a La;gBag,CuQy4-, sample is plotted for
both zero field and an applied field of 5.4 T. Also shown
in the figure is the dc resistance which was measured in
zero field. The features seen in Fig. 5 are very similar to
those observed in the Y-Ba-Cu oxide samples. For tem-
peratures below T, (=30 K), the transmitted power once
again increases quite rapidly. The applied magnetic field



RAPID COMMUNICATIONS

37 MILLIMETER-WAVE ABSORPTION IN La-Ba-Cu-O and Y- . . . 617
10? 100
[x - - - - ‘\l\
— — . — — c— c—
\\ \ s
% ~ .
v N dc RESIST. s \ /
Lo \ /
5 4 g \ /
o 3 I s
g “.} g LI \ i
1o B ~— \‘\ Iy l . B - 0
w 10" [+ +
2 & \, \ + B=54T
Q § \. ) —— dc RESIST.
) i - 40f \ |
2 “ 2 \
[+ of i \o“ << '+ [
- I ‘0% E \ .
"“.;. K [
l *s, \
| \oﬁ\“\ 20t ’\’ . ’
I Yhe eyt \’\\L\.
| TN
1o L. . |
0 100 200 300 0 :
() 10 20 30 40 50
TEMPERATURE (K)
TEMPERATURE (K)

FIG. 3. Temperature dependence of the transmitted mi-
crowave power and dc electrical resistivity of a YsBusCu;1Ox
sample.
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FIG. 4. Effect of a magnetic field on the temperature depen-
dence of the transmitted microwave power for a YBa;Cu3O7—,
sample.

FIG. 5. Temperature dependence of the transmitted mi-
crowave power and dc electrical resistance of a La;sBag:-
CuO4-, sample. Also plotted is the transmitted power for an
applied field of 5.4 T.

suppresses the transmission of power at all temperatures
below T, and the sharpness of the power increment in the
vicinity of T.. By comparing Figs. 4 and 5, it is seen that
a magnetic field has a similar effect on both the La-Ba-
Cu-O and Y-Ba-Cu-O samples, namely an increasing
suppression of the transmitted power at lower tempera-
tures. Just the opposite would be expected for a type-I
bulk superconductor due to the saturation of the super-
conducting properties at temperatures far below 7,. The
stronger magnetic field dependence observed here at lower
temperature is most likely related to a weaker supercon-
ductivity associated with Josephson coupling between su-
perconducting grains.

The transmitted power which we measure is related to
the surface impedance of the sample at microwave fre-
quencies. For microwave propagation in the TE ;o mode in
an open waveguide of length L the transmission coefficient
for the microwave fields is given by’

7ol

A

where f is the frequency and R; is the surface resistivity of
the metal from which the waveguide is fabricated.
Presumably, the signals we detect are described by an ex-
pression similar to Eq. (1) in which R, is replaced by
some type of weighted average of the surface resistances

b 1/2
1+2

T-exp{—-R,L
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of the superconducting sample and the silver waveguide.
The increase in the transmission coefficient below T is
consistent with the decrease in R; of the superconductor
which occurs at this temperature. Because an exact rela-
tion for the transmitted field and the temperature depen-
dence of R, for silver are unavailable, and because some
residual interference between waves from the top and bot-
tom gaps remains, we have not attempted to fit our obser-
vations to theory. Nevertheless, it is clear from the data
that there are a number of features in the temperature
dependence of the transmission which correlated with the
characteristics of the superconducting transitions and
their dependence on magnetic field.

A better method of recording this type of data (which
we are now pursuing) is one with the geometry uniquely
defined in which the microwaves propagate through a
“single slit” down the center of the sample, both halves of
which are electrically bonded to the waveguide. In this

case the microwave transmission depends only on the
characteristics of the superconducting material itself.
Such measurements (coupled with similar measurements
of the reflection coefficient) appear to offer the possibility
of a sensitive determination of the electrical and magnetic
properties of this class of materials consisting of granular
superconductors and coupled Josephson junctions. The
advantage over more traditional techniques, which make
use of a microwave cavity, '%!! appears to be a higher sen-
sitivity and the ability to study variations in R; over a
larger dynamic range.
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