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Possible Josephson oscillations spectra and electron paramagnetic resonance of
Cu + in Y-Ba-Cu-0
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A broad spectrum around 50 G, possibly due to Josephson oscillations, has been observed in the
superconductor Y&Ba2Cu307+„, using standard X-band EPR methodology. The spectrum has its
tail extending to high fields and exhibiting complex oscillatory patterns such as expected from
Josephson loops of sizes in the range of 0.65-0.81 p. The EPR method can directly and nona-
brasively detect small superconducting domains and Cu + inclusions in these materials. The
detection of numerous Josephson junctions naturally present in such materials open up the possi-
bilities for building new types of superconducting quantum interference devices.

INTRODUCTION

Josephson oscillations have long been observed at heli-
um temperatures in junctions formed by two supercon-
ducting metallic pieces separated by a thin layer of a
dielectric material. The recently discovered high-tem-
perature superconductors A-Ba-Cu-0 (with A =Y, La,
Eu, . . . ) have polycrystalline structure. Due to the pres-
ence of grains in such ceramic materials, we expected to
observe a large number of Josephson junctions between
these grains.

In standard Josephson junctions, the oscillation period
measured versus external magnetic field is of the order of
a milligauss, ' due to the large size of the superconducting
circuit closed by a weak contact. This periodicity is de-
scribed by a fundamental equation B„S=neo, where po is
the quantum of flux equal to -2.07x10 Gcm, S is
the surface area of the circuit, and 8„ is the magnetic field
determined by the nth fluxoid locked in the circuit. Since
the grain size in Y-Ba-Cu-0 ceramic is of the order of a
micron, the periodicity of the Josephson oscillations in
such material should be several tens of gauss. Due to a
wide distribution of the grain sizes in the ceramic super-
conductors, a significant spread of Josephson periodicities
around an average value is expected.

Many authors have speculated that, in these types of
materials, copper plays an important role in their super-
conducting behavior. ' Molecular-orbital calculations
even suggest significant changes of the molecular-orbital
topology at the Fermi surface (EF), caused by the possi-
ble conversion of Cu + to Cu +. EPR should be, there-
fore, a good method to characterize the superconducting
behavior of these materials.
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pletely diamagnetic for B (400 G. Two samples were
measured: sample 1 had a more uniform superconducting
phase (T, =91.5 K, AT, =1.1 K) while sample 2 was
more heterogeneous (T, =91 K, hT, = 2.5 K).

EPR measurements in the temperature range 80-300 K
were carried out on an IBM-Bruker ER-200D spectrome-
ter at A' band (—9.4 6Hz) using microwave power levels
up to —5 mW, and 100-kHz field modulation of ampli-
tude up to 5 G. The temperatures were measured with a
calibrated copper-constantan thermocouple with the sam-
ple in a nitrogen gas flow cryostat. The magnetic field was
calibrated using an NMR gaussmeter for B & 1500 G.

EXPERIMENT

Samples of Y-Ba-Cu-0 were made at the National
Magnetic Laboratory, MIT, and were found to be com-

FIG. 1. First derivative EPR spectra showing the 50-6 peak
and the Cu2+ EPR absorption around 3200 6 at (a) T =100 K,
(b) T =87 K, and (c) T =80 K.

36 7126 1987 The American Physical Society



36 BRIEF REPORTS 7127

(o) (50G)

(b)(30806)

100

magnetic field [Fig. 1(c)l. The temperature dependence
of the peak's amplitude at 50 6 [cf. Fig. 1(c)) is shown in
Fig. 2(a). At low temperatures, the amplitude undergoes
large fluctuations, and these are thought to be associated
with a size distribution of Josephson circuits. With in-
creasing temperature, these fluctuations decrease and
show a discontinuous drop at T,. Above T„only mi-
crowave absorption from paramagnetic Cu + centers
remains. A similar experiment was performed at a field
(3080 6) corresponding to g~~ of the Cu + spectrum; the
results are shown in Fig. 2(b). At T, the EPR amplitude
again shows a drop caused by the disappearance of the os-
cillations.

The 50-6 peak assigned to Josephson oscillations is
shown in Fig. 3 in an expanded field scale (from 20 to 180
6). Oscillations seen in the figure are thought to result
from the superposition of signals from a large number of
Josephson circuits characterized by their own periodicity.
The maximum in the Josephson spectrum (—50 G) corre-
sponds to the maximum in the distribution of the loop
sizes. Then from the fundamental relation

FIG. 2. Temperature dependence of the amplitude of the
spectrum at 50 and 3080 G.

RESULTS AND DISCUSSION

B„S;= [Gcm2),nba
2e

and using S; =mr;, it follows that
i/2

2.07 x 10r;=
nB(;

(2)

An EPR spectrum, typical for Cu + ions in a polycrys-
talline sample, was observed at room temperature [Fig.
1(a)]. Additional features start to develop sharply at T,
(91.5 K), as shown in Fig. 1(b), and these features dom-
inate the EPR spectra below about 85 K. For T ~ 85 K, a
strong peak develops at about 50 6, and a broad back-
ground appears over the entire magnetic field range. The
averaged level of the 50 6 signal increases with decreasing

In Eq. (2), r; is the radius of the ith circuit and 8„; is the
field corresponding to the nth peak of the ith loop (i.e. ,
8„;=nB;, n =1,2, . . . ). Equation (2) can thus be used to
calculate the radius of the most common circuits present
in the system. With (Bi;)~,„=50 6, one obtains
(r;)~,„=0.36 X 10 cm, which is a reasonable estimate.
Several series of peaks with periodicity from 40-60 6
were found in each spectrum. Each series contains some-
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FIG. 3. An expanded view of the "50-G"peak in the field range of 20-180 G.
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cm by the whole sample.
EPR spectra show the shape typical of powder Cu +

over the entire temperature range 80-300 K with no dis-
cernible change. The temperature dependence of the pa-
rameters g~~ and g& is shown in Fig. 4 and, within experi-
mental errors, these values do not show any change even
at T, . It is thus apparent that the observed Cu + ions ex-
ist only in some nonsuperconducting grains. This con-
clusion is supported by our observation that the narrower
the width (AT, ) of the superconducting transition for a
given sample, the weaker the Cu + EPR signal was.

CONCLUSIONS
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FIG. 4. Temperature dependence of g~~ and g& for Cu2+ in-
clusions in Y-Ba-Cu-O.

times up to five peaks before disappearing into the in-
coherent fluctuations region. The power absorbed by indi-
vidual Josephson junctions and the whole sample can be
also estimated. The resistivity of a typical junction is 1

kA. The microwave frequency used in the experiment
(9.45 6Hz) would generate a voltage of 19.5 pV at each
Josephson junction. Thus the power absorbed by one
junction was 3.8 X 10 ' W. Assuming that each junction
takes up the sphere of a radius (r;),„=0.36 X 10 ' cm,
the minimum number of junctions per cubic centimeter is
5.1x10' . This leads to power absorption of about 2 W

Standard methods can detect superconducting behavior
which occurs in bulk material, but this EPR method is
specific enough to detect small superconducting regions in
isolated domains.

While the current interpretation of the 50-6 peak is
only tentative, and there might well be other explanations,
further confirmation of Josephson oscillations in Y-Ba-
Cu-0 ceramic can lead to a new type of superconducting
quantum interference device with a very small sensor
which will be able to operate at nitrogen temperature.
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