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An analysis is made of the results of EPR experiments in superconducting and
nonsuperconducting samples of YBa, Cu, O, _ 5, including samples irradiated by neutrons and
samples with various admixed impurities. It is shown that the observed resonance signal in
superconducting samples is due to impurity phases and that the diversity of detected signals from
oxygen-deficient samples is probably due to polymorphism in the distribution of oxygen atoms.
The results of investigations of the so-called low-field signal, which is due to the presence of a
network of Josephson weak links, are discussed in detail for both ceramics and single crystals. The
findings of EPR studies in high-temperature superconductors are summarized, and possible

directions for further experiments are discussed.

1.INTRODUCTION

Although there have been many review articles pub-
lished on various aspects of high-temperature superconduc-
tivity (see, e.g., Refs. 1-6), they have given practically no
discussion of topics pertaining to electron paramagnetic res-
onance (EPR) in high-temperature superconducting com-
pounds.

EPR has been used to study superconductors since the
1970s (see the reviews’ and the literature cited therein).
Most of the work at that time was done on intermetallic
superconductors (e.g., LaRu,, CeRu, LaEr, LaAl,, etc.)
containing a magnetic rare-earth ion (most often Gd, Er, or
Eu) as a spin probe, which under certain conditions made it
possible to observe an EPR signal. Those experiments yield-
ed important information about the dependence of the su-
perconducting transition temperature on the concentration
of magnetic impurities and made it possible to measure the
energy gap, to estimate the interaction integrals of the elec-
tronic subsystems with one other and with the lattice, and so
forth.”~ However, the total number of studies of this nature
is relatively small, comprising only something over 30 pa-
pers in almost 20 years of research. The main reason for this
modest production, we believe, is the difficulty of making
EPR observations in metals and intermetallides, since the
strong exchange interaction of the magnetic moments of the
rare-earth ions with one other and with the conduction elec-
trons often causes a critical broadening of the EPR signal,
making it impossible to observe. Moreover, it is not always
possible to introduce a magnetic ion into an intermetallide
lattice.

After the discovery of high-temperature superconduc-
tivity in 1986 there was an abrupt increase in the number of
papers on EPR in superconductors, and by now there have
been over 100 of them. The results show that the parameters
of the EPR signal in high-temperature superconductors ex-
hibit substantial differences in behavior from those of the
superconductors investigated previously. Moreover, the
high-temperature superconducting materials display a num-
ber of new effects that previously were not encountered or
were insufficiently studied in intermetallic superconductors.
Such effects include the so-called low-field signal, the low-

862 Sov. Phys. Usp. 34 (10), October 1991

0038-5670/91/100862-21$01.00

field oscillations of the microwave absorption, and hystere-
sis effects in the microwave absorption.

The purpose of this review is to analyze the present sta-
tus of EPR research on high-temperature superconductors
and the prospects for further development of this field of
study.

We begin by analyzing the pertinent properties of
YBa,Cu;0,_; (Sec.2). Next we discuss the results of EPR
studies in high-temperature superconductors, concentrating
on Y-Ba—Cu-O compounds (Sec. 3). We then examine the
data on the low-field signal (Sec. 4), discuss the hysteresis of
the microwave absorption (Sec. 5), and summarize the find-
ings and discuss possible directions for development of EPR
research on high-temperature superconducting materials
(Sec. 6).

2.SOME PHYSICAL PROPERTIES OF Y-Ba~Cu-O

A particular aspect of the EPR method (and, inciden-
tally, of other magnetic resonance methods) is that the ex-
perimental results must be processed with the use of some
physical model, which presupposes preliminary knowledge
of the basic structural, magnetic, and electrical properties of
the sample. Figure 1 shows the structure of YBa, Cu, 0, and
the notation that we will be using for the atoms (the figure
was taken from Ref. 10). The copper atoms in this structure
have two inequivalent positions, denoted Cul and Cu2. Cul
is located in a “‘chain’ with oxygen O4 and has a valence of
2 + . It has been shown in a number of studies (see, e.g., Ref.
10) that the interaction between the magnetic moments of
Cul is of a ferromagnetic nature. Cu2, the so-called
“planar” copper, lies at the center of a rhombus, at the
corners of which are oxygen atoms O2 and O3. The interac-
tion between Cu2 atoms is antiferromagnetic.!' The pres-
ence of distinct planes in the YBa, Cu, O, structure leads to
an appreciable planar anisotropy in the properties of this
compound; for example, the ratio of the second critical fields
for magnetic field perpendicular and parallel to the plane of
the sample is equal to six.'> The stoichiometric composition
YBa, Cu, O, has orthorhombic symmetry witha = 3.823 A,
b=3.884 A, c = 11.670 A at 300 K. The data on the tem-
perature dependence of the static magnetic susceptibility of
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FIG. 1. Structure of YBa, Cu, 0, (Ref. 10).

YBa,Cu,;0,_; are rather inconsistent, but most authors
consider the magnetic susceptibility of the stoichiometric
phase to be practically independent of temperatureat T'> T,
(Fig. 2). It has been reliably established that the conductiv-
ity of this compound is hole-type, but the data on the abso-
lute value of the conductivity at room temperature fluctuate
in different studies over three orders of magnitude around
1073 Q-cm."® The properties of all high-temperature super-
conductors depend critically on their oxygen content.'*?!
Decreasing the oxygen content leads to a gradual degrada-
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FIG. 2. Temperature dependence of the static magnetic susceptibility
without the Curie-like contribution from the impurities (C,/T) in
YBa, Cu, 0, _ , for various oxygen concentrations (Ref. 19).

863 Sov. Phys. Usp. 34 (10), October 1991

tion of the superconducting properties (Fig. 3), to a transi-
tion from an orthorhombic to a tetragonal structure, to the
acquisition of insulating properties, and to a Curie-Weiss
temperature dependence of the static magnetic susceptibility
(see Fig. 2). Finally, YBa, Cu, O, exhibits antiferromagne-
tism with T\, = 400-500 K.

The uniformity of the oxygen distribution over the sam-
ple in Y-Ba—Cu-O compounds depends strongly on the syn-
thesis conditions.®'® Numerous studies of the surface of ox-
ide superconductors (see, e.g., Refs. 32-34) have revealed
the presence of an oxygen-deficient subsurface layer. This
leads to the formation of semiconducting and insulating lay-
ers at the boundaries of superconducting grains in ceramic
samples or at twin boundaries in single crystals. Since the
skin depth at the microwave frequencies ordinarily used in
EPR studies is about 10 zm at room temperature, this multi-
phasedness of the samples must have an effect on the mea-
surements. Moreover, because of it the microwave proper-
ties can be influenced by the Josephson effect and by the
dependence of the properties of the sample on the time that
has passed since it was synthesized. Under these complicat-
ed experimental conditions it is important to develop selec-
tion and reliability criteria for the results of measurements.

3.EPRIN OXIDE SUPERCONDUCTORS

Observation of electron paramagnetic resonance re-
quires the presence of magnetic moments in the material
under study. Various experimental situations are possible in
this regard: 1) the magnetic moments (both localized and
those due to the current carriers) can exist in the investigat-
ed material itself, 2) magnetic impurities can be introduced
for this purpose; 3) localized moments can be created in the
sample by irradiating it with particles of some kind. Let us
discuss the results obtained in these three kinds of experi-
ments.

3.1. EPR onlocalized moments in oxide superconductors

Most of the experiments have been done on
YBa,Cu,0,_; (Refs. 35-57) and GdBa, Cu;0,_; (Refs.
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FIG. 3. Dependence of the superconducting transition temperature 7, on
the oxygen concentration x in YBa, Cu,0, (Ref. 10).
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37, 49, 55, 58-62), although other compounds have also
been studied.®>-%> The published data on EPR in oxide su-
perconductors are extremely contradictory. Many au-
thors®>**? have reported the observation of EPR in super-
conducting samples of YBa, Cu,; O, . Others**->” have found
it absent in this compound or have attributed the signal to
some impurity phase. More than half of the authors have
attributed the observed EPR signal to Cu®*. However,
there are other interpretations: for example, in Ref. 36 it is
attributed to oxygen, while in Ref. 49 the signal observed
there was thought to be a superposition of signals from the
Cul, Cu2 and O~ moments.

Various circumstances can come into play in the correct
assessment of the experimental results for superconducting
samples. Since YBa,Cu,0,_; and other oxide supercon-
ductors have an appreciable conductivity at room tempera-
ture, the shape of the resonance line can be influenced by the
skin effect. As was first shown by Dyson,® the resonance
line will have an appreciable asymmetry in this case, and its
shape will be described by the expression

H? 1 1~ Ty@—ap)

l —
21+ T%(w —wo)z' (3.1)

@
P= _4—(6‘4)(”0107‘2 .

where P is the power absorbed by the sample at resonance,
Yo is the susceptibility of the subsystem of localized mo-
ments, o is the microwave frequency, & is the skin depth, T,
is the spin-spin relaxation time, o, is the resonance frequen-
cy, and 4 is the surface area of the sample.

For EPR of localized moments in a conductor the ratio
of the maximum to the minimum of the first derivative of the
power absorbed at resonance should be about 3, and the
asymmetry of the resonance signal should vary with tem-
perature and with grain size in a definite way, according to
Eq. (3.1). Moreover, as the temperature decreases, the
linewidth in a conducting sample should generally vary ac-
cording to the relation

AH ;= a+ KT - B), (3.2)

here 7 is the paramagnetic Curie temperature, and b is the
Korringa slope of the linewidth:

b= kgl p(E) T/ g g,

where ky is Boltzmann’s constant, g is the Bohr magneton,
J,; is the exchange interaction integral of the localized mo-
ments with the conduction electrons, and p(Ef ) is the den-
sity of states at the Fermi level. It follows, in particular, that
the residual EPR linewidth should be close to the linewidth
AH of the signal from Cu®* in insulators.

It has been shown by EPR studies in superconducting
intermetallides’”® that the transition to the superconducting
state is accompanied by a sharp change in the g factor, in the
linewidth, and in the intensity of the line, which is propor-
tional to the spin susceptibility. After transition to the super-
conducting state the shape of the resonance signal changes
and is described by an expression different from Eq. (3.1).°

If we examine the published results of EPR studies in
high-temperature superconductors from the standpoint of
the ideas presented above, we can find no case that exhibits
even a majority of the indicated attributes. The observed
signal most likely corresponds to the d . _ . term of Cu’+.

(3.3)
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FIG. 4. Shape of the EPR signal from impurities in a ceramic sample of
YBa,Cu,0, _,.

The shape of the detected signal (Fig. 4) usually corre-
sponds to the case of an anisotropic g factor, which is most
typical of compounds with low electrical conductivity. The
temperature dependence of the width of the detected signal
displays a remarkable diversity: in Refs. 35, 38, and 39 the
spectra are said to be temperature independent, whereas in
Refs. 36, 41, and 42 a strong temperature dependence of the
linewidth is reported for samples of about the same composi-
tion. In a number of studies the signal observed in supercon-
ducting samples is attributed to the so-called “green” phase
of Y, BaCuOys, as was rather convincingly demonstrated by
a comparison of the EPR measurements on samples pre-
pared by different technologies. However, the value of the
EPR parameters and their temperature dependences in su-
perconducting samples differ substantially from the data for
the “green” phase. The key to understanding these differ-
ences apparently lies in the features of the electronic proper-
ties of the insulating and superconducting phases that exist
at the surface of the superconducting grains. There is an
interesting possibility of using the localized moments in
these phases as a probe for studying the superconducting
properties.*’ Certain peculiarities of the experiments in
which EPR was detected in superconducting samples also
argue in favor of an impurity origin of the signal in them. For
example, in Refs. 35 and 49 the samples in which the signal
was observed were reported to have a significant width of the
superconducting transition, and in Ref. 36 only freshly pre-
pared samples were -used.

Thus EPR in superconducting samples is most likely
due to nonsuperconducting impurity phases. The absence of
a resonance signal from the magnetic moments of Cu?* in
the superconducting phases is evidently due to the strong
broadening of the EPR line as a result of their strong ex-
change interaction with one another and with holes. This
interpretation is also supported by the fact that conduction
in oxide superconductors goes via the “‘copper’ planes and
chains. The most common impurity phases in YBa, Cu,0,
are the oxygen-deficient phases YBa, Cu, 0, _4, Y,BaCuOs
(Refs. 43-45,51, 67), Y,Cu, O, (Ref. 68), and several oth-
ers.

3.2. EPR in oxygen-deficient samples of YBa,Cu,0,_,

Varying the oxygen content in YBa, Cu, 0, _; leads to
a significant change in the physical properties. When the
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oxygen concentration in YBa, Cu; O, _; is changed from 7
to 6, one observes the following: there is a structural transi-
tion, the superconducting transition temperature exhibits
two plateaus near 90 K and 60 K (see Fig. 3), the supercon-
ductivity vanishes, and antiferromagnetism appears. For
0.6 < 8 < 1 neutron diffraction experiments®-’° reveal a con-
tinuous change in 7y from O to 400 K. These extremely
interesting properties make these compounds attractive ob-
jects for study by the EPR method, which is sensitive to
structural and, especially, local magnetic phase transi-
tions.**771:72 However, the results of these studies are con-
tradictory, which is not surprising, since often the results of
other experiments on oxygen-deficient samples of
YBa,Cu,0, do not correlate with each other either (see,
e.g., Refs. 29 and 73-76). This situation is apparently due to
the fact that for intermediate oxygen concentrations there
exist several possible metastable microscopic distributions
of oxygen. In other words, two samples with the same oxy-
gen content can be substantially different in terms of the
presence or absence of microscopic ordering, which causes
the observed structure parameters and electronic behaviors
to be different. The usual procedure for preparing oxygen-
deficient samples is to heat a YBa, Cu, O, sample to a tem-
perature of 500-900 °C, at which this compound loses oxy-
gen, and then quenching it to room temperature. However,
rapid quenching leads to a “freezing in” of the high-tem-
perature equilibrium microscopic state of the oxygen sublat-
tice, and as a result the properties of YBa, Cu;0,_s com-
pounds with the same oxygen content have a wide spectrum

of properties, depending strongly on the annealing tempera-
ture. Therefore, oxygen-deficient samples must be carefully
characterized by methods (e.g., neutron and x-ray diffrac-
tion, magnetic susceptibility) which are sensitive to the
structural and magnetic characteristics. Moreover, in this
situation it is particularly important to start with single-
phase samples of YBa, Cu, O, for the oxygen-depletion an-
nealing. As we have said, EPR is one of the most sensitive
methods for checking whether a sample is single-phase. In
Ref. 57, where the indicated conditions were fulfilled, a reso-
nance signal was observed for 7« 50 K in YBa, Cu, O .,
YBa,Cu, Qg s, and YBa, Cu, O, ,, samples.

Figure 5 shows the temperature dependence of the pa-
rameters of the EPR signal for these samples. One of the
interesting results here is the observation of a fractional pow-
er-law dependence of the integrated intensity of the EPR
signal on temperature: y, ~ 7T ~“, with @ = 0.71, 0.82, and
0.95 for & = 0.72, 0.85, and 0.90. Such a dependence had
been observed previously in studies of quasi-one-dimension-
al compounds.”””® Moreover, since the magnetic moments
in the Cu(2)2 " position are coupled by a strong exchange
interaction, which should strongly broaden the EPR signal,
it can be concluded''*’ that the observed signal is due to
Cu(1)>*. This result agrees with the conclusions of Ref. 10,
where it was found by electron microscopy that the decrease
in the oxygen content in YBa, Cu; O, occurs only in the Q4
position, i.e., in the Cu—O chains.

In this interpretation the fractional power-law depend-
ence of the spin susceptibility y, can be due toa singularity in
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FIG. 5. Temperature dependence of the parameters of
T the EPR signal for oxygen-deficient nonsuperconduct-
’ ing samples of YBa,Cu, O, _, (Ref. 57). 1) § =0.72;
2) 6=0.85;3) 6 =0.9. a) Temperature dependence
ofthe EPR linewidth AH for YBa,Cu,0, ,.b) Tem-
perature dependence of the resonance field H, for
YBa,Cu,0, ;. ¢c) Temperature dependence of the
relative spin susceptibility y, for YBa,Cu,0, ,.
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the distribution of the exchange interaction at J-0, i.e.,
P(J)~J ~° In this case an estimate gives

2T 0) ~ [P o

T + const-J

(3.4)

Assuming that the magnetic moments are distributed
around one (and only one) vacancy, we easily find that

PU) = p(L) (3:3)

’

dL
a7

where L is the length of the whole Cu—O-Cu-O fragment
between vacancies. If we assume a Poisson distribution

p(L) = Ly'exp(-L/Ly), Ly=ald, (3.6)

(a is the distance between magnetic moments in the chain)
and a dependence of the form

J(L) = Jyexp(—-L/d), 3.7
we obtain
a=1-(d/Ly) =1~ (dd/a). (3.8)

This expression agrees satisfactorily with the experimental
results.

We see from Fig. 5a that AH(T) has three characteris-
tic intervals. At relatively high temperatures AH decreases
with decreasing 7, then it passes through a minimum in the
region 10 K< 7T <15 K, and for T< 10 K it increases. A
comparison of these data with the temperature dependence
of H, and y, shows that magnetic phase transitions occur at
10K < T< 15K, at least for compounds with § = 0.77 and
0.85; this conclusion agrees with the neutron data,®*!°
which indicate the presence of transitions to an antiferro-
magnetic state.

In view of the impurity character of the resonance sig-
nal from superconducting samples, the observed'® diversity
of metastable microscopic arrangements of the oxygen in the
Cu-0 chains on deoxygenation can account for the contra-
dictory nature of the EPR results for both superconducting
and nonsuperconducting compositions YBa,Cu;0,_;.
This casts doubt on the correctness of using the technique of
determining the oxygen content in YBaCuO from the
change in the lattice parameters or by thermogravimetry.

The conclusive EPR experiments on oxygen-deficient
samples are apparently yet to be done, since it is important to
investigate the different phase of YBa,Cu;0,_, with the
annealing and quenching conditions varied in a controlled
way and to elucidate the relationship of EPR to the super-
conducting and magnetic properties of these compounds.

3.3. Study of high-temperature superconducting materials by
EPR with added impurities

As we have said, the magnetic and superconducting
properties of high-temperature superconductors can be in-
vestigated by EPR of the localized magnetic moments of
impurities admixed into the composition YBa,Cu,0, _; tc
serve as a probe. Among the various ions used for this pur-
pose, Gd’* is prominant for several reasons. It has spin
S = 7/2 and therefore ordinarily gives an anisotropic EPR
spectrum with seven lines, due to the allowed transitions
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AM = + 1. The Hamiltonian in this case can be written in
the form®

H=gugSH +EIB£02, (3.9)
where B are the crystalline-ficld parameters, and the sum-
mation is over k and /. One can use (3.9) to calculate the
angular dependence of the EPR resonance field and to deter-
mine the B ;. Naturally, the observed spectrum is very sensi-
tive to the interaction between the Gd** spin and other
magnetic subsystems present in the compound. In particu-
lar, this interaction can induce mutual spin-flip transitions,
which lead to exchange narrowing of the EPR line. This
effect has been studied repeatedly in intermetallides and is
satisfactorily described by the Barnes—Plefka theory.’
Experiments on Gd, Y, _,Ba, Cu;0,_; have been re-
ported in many papers (see, e.g., Refs. 49, 59-61, 72, 80, 81).
Measurements have been made on both ceramic and single-
crystal samples. The EPR spectrum, as in superconducting
intermetallides, consists of 7 lines (Fig. 6), whose positions
in single crystals and in oriented samples depend on the an-
gle between the magnetic field direction and the plane of the
sample. One of the interesting results obtained in this system
is the high degree of similarity of the EPR spectra and spec-
tral parameters in superconducting and insulating samples.
Both kinds of samples exhibit exchange narrowing due to the
interaction between Gd** and Cu’*, which can be de-
scribed in the framework of the Barnes—Plefka approach. In
Ref. 80 the crystalline-field parameters were calculated from
the experimental data. Although the intensity of the EPR
signal from Gd* T in the superconducting samples was con-
siderably weaker than in the insulating samples, the shape of
the resonance line in the superconducting samples for 7> T,
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FIG. 6. Shape of the EPR spectrum for nonsuperconducting
Gd, Y, _,Ba,Cu,;0,_, (Ref. 72).
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differed strongly from the Dyson form (3.1).%° The similar-
ity of the EPR parameters for insulating and superconduct-
ing samples may be due to the relatively weak interaction of
the magnetic moments of Gd** with the conduction elec-
trons in the latter. This interpretation is supported by the
extremely small changes in the superconducting properties
of the Y-Ba~Cu-O system when Y is replaced by other rare-
earth elements.' Hence it is understandable why the shape
of the EPR spectrum from Gd* " in superconductors near
T. remains nearly constant.***** For this reason one can-
not extract the parameters of the superconducting state from
measurements on Gd, Y, _,Ba,Cu;0,_, as has been done
for intermetallides.*® The same result has been ob-
tained**#® by the admixture of a small amount of Hf, Eu,
or Ho in Y-Ba-Cu-O, but, unlike the case of the
Gd,Y, ,Ba,Cu;0, ; system, here the EPR signal is ei-
ther not observed or is detected from the insulating or semi-
conducting phases. A rather unexpected result was obtained
in a study® of the effect of doping with Er and Yb, where
EPR signals with g factors characteristic of the ions Er’*
(g =4.2-6.8)and Yb** (g = 3.2-0.2) were detected in su-
perconducting samples of YgqsErq, Ba,Cu;0,_, and

Y9 Ybyo Ba, Cu; O, 5, respectively. At the point of the

superconducting transition the nature of the temperature
dependence of both the linewidth and amplitude of the EPR
signal from these ions changed. This is somewhat strange,
since even the complete replacement of yttrium by erbium or
ytterbium has only an insignificant effect on 7,.*” The na-
ture of the vanishing of the resonance signals after the deoxy-
genating annealing of superconducting samples is also puz-
zling, especially when the results of Ref. 87 are compared
with those obtained by doping with gadolinium.

Since the replacement of Ba in YBaCuO by Sror Ca also
has little effect on the superconducting properties, it is of
great interest to study the effects of replacement of the cop-
per. In an EPR study® of superconducting compounds
EuBa, (Cu, _,M,);0,_, (where M = Cr, Mn, Fe, Co, Ni,
Zn) it was found that the replacement of copper led to a
significant decrease in T, e.g., in the case y = 0.05, by
AT, =70 K for M =Zn, by AT, =47 K for M = Co, by
AT, =42 K for M =Fe, and by AT, =27 K for M = Ni
(T, = 92 K for the initial composition EuBa, Cu; 0, _4). In
itself the sharp decrease in T, on replacement of Cu by Zn is
rather surprising, since Zn has the configuration 3d '°and is
nonmagnetic. The observed signal was attributed by the au-
thors to an impurity phase; the temperature dependence of
its EPR parameters is extremely close to that observed for
superconducting samples of YBa,Cu;0,_, (see Fig. 5 in
Sec. 3.2). For the superconducting phases no EPR signal
was observed in EuBa, (Cu, ,M,);0, _;. A moreinterest-
ing result was obtained in an EPR study®® of
La,,, Sy 5 (Cu,_,Zn,)0,. In the absence of Zn no signal
was observed in this high-temperature superconductor.
Upon doping with zinc an EPR signal could be observed
starting at 0.5 at.% Zn. It is important to note that the sam-
ples used in Ref. 88 (unlike Ref. 64) were oriented in a mag-
netic field, and no EPR signal was observed in unoriented
samples because of the large anisotropy. On the basis of the
experimental data on the shift of the g factor, its angular
dependence, and the temperature dependence of the static
susceptibility, it was concluded that the localized moments
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are located on the copper, which forms a complex with zinc.

There have been a number of EPR studies of
YBa, (Cu, _,Fe, )0, _;, in which the copper is partially re-
placed by iron.*”*® Here again in the superconducting com-
positions no EPR signal was observed, possibly for the same
reason as for superconducting samples without iron (see
paragraph 3.1). An important result found here by EPR
studies of nonsuperconducting samples is that the magnetic
properties of Y-Ba—Cu—O change significantly when even a
small amount of iron is added. This circumstance necessi-
tates a more critical appraisal of the results of Mossbauer
studies of oxide superconductors.

3.4. The effect of irradiation on the EPR properties of
YBa,Cu,0,_,

The effect of irradiation on the superconducting prop-
erties of YBa, Cu; O, _4 has been investigated in a number of
studies,***”°>*? in which radiation defects were produced
by irradiation with y rays, electrons, neutrons, and ions. A
general result of these studies is the suppression of supercon-
ductivity as the irradiation dose increases. This effect is ap-
parently due to damage to the Cu—O bonds both in the planes
and in the chains in YBaCuO. Irradiation also leads to a
partial redistribution of the oxygen atoms in the O4 and O5
positions and to an appreciable increase in the lattice param-
eters g, b, and ¢. With increasing fluence ® > 1-10'° ¢m ~2
the superconductivity vanishes; the linear temperature de-
pendence p(T) goes over to a dependence of the Mott type,
p(T) ~exp(T,/T)"*. The EPR method has been used to
investigate irradiated samples in two studies.’”? In Ref. 57
neutrons were used for the disordering. Observation of the
signal was possible only for nonsuperconducting samples of
YBa, Cu; O, ; with amaximum fluence of & = 2-10" cm ~ 2.
The form of this signal and the values of its parameters were
close to those observed in oxygen-deficient samples (see Sec.
3.2). Since magnetic susceptibility measurements®® show
that even small doses ($ ~ 10" cm ~2) increase the suscep-
tibility and lead to a Curie-Weiss temperature dependence,
it can be supposed that the magnetic moments giving the
EPR signal are found in Cu-O chains, while the localized
moments formed at low doses of irradiation are mainly in the
planes (i.e., in the Cu2 position). The strong antiferromag-
netic interaction between the magnetic moments at Cu2
causes a large broadening of the signal, so that it becomes
impossible to observe.

Figure 7 shows the experimental results of EPR studies
of anirradiated sample (¥ = 2- 10" cm ~2). We notice here
that the linewidth and resonance field are independent of
temperature, that the phase transition to an antiferromag-
netic state which is observed for oxygen-deficient samples
does not occur here, and that the spin susceptibility has a
temperature dependence of the specific form y, ~T ~%°.
This last fact may mean that for & = 2- 10" cm ~? the local-
ization at Cul is rather weak.

In Ref. 92 the EPR method was used to study a
YBa, Cu, 0, _ 4 sample (7, = 95 K) that had been uniform-
ly intermixed with the radioactive a emitter >**PuQ,. As
time went on (i.e., as the dose increased) the superconduc-
tivity of the sample was gradually suppressed, and two EPR
signals appeared: one from Cu? *, of the same nature as that
described above, and another, more intense, which the au-
thors attributed to radiation defects of the type O, .
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FIG. 7. a) Temperature dependence of the EPR
linewidth AH (right-hand scale) and resonance field
(left-hand scale) in neutron-irradiated
° YBa,Cu, O, 4; ® = 210" cm ~? (Ref. 57). b) Tem-
perature dependence of the relative spin susceptibility
o o ° | ¥. in neutron-irradiated YBa,Cu,Q,,; ¢ =2-10"
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3.5.Use of EPR to defect the distribution of vortices in high-
temperature superconductors

A new method for investigating the distribution of vor-
tices by using the EPR signal from localized moments depos-
ited on the surface of a superconductor has recently been
proposed.”>** The idea behind this technique is the same as
in experiments on the inhomogeneous broadening of an
NMR line on transition to the vortex-current state.”® The
coating used was the organic compound diphenyl picryl hy-
drazyl (DPPH), which is widely used in EPR as a sensitivity
standard and as a benchmark for determining the g factor.
The EPR linewidth in DPPH is quite narrow (a few oerst-
eds) and is weakly dependent on temperature. Figure 8
shows the temperature dependence of the EPR linewidths
for a DPPH powder and for DPPH adsorbed on the ceramic
superconductor YBa, Cu;O,. One can clearly see the inho-
mogeneous broadening of the resonance signal due to the
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FIG. 8. Temperature dependence of the EPR linewidth for a DPPH pow-
der and for DPPH adsorbed on the surface of a ceramic YBa,Cu;0,_;
superconductor. The inset shows the temperature dependence of the reso-
nance field for DPPH on YBa, Cu,Q, _; (Ref. 94).
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° cm ~ 2 The continuous curve is a logarithmic fit (Ref.
57).
il
0w Tk

onset of vortices. According to Ref. 95, the second moment
of the field distribution in the superconductor is given by the
expression
2
— @

2.9
AHS = 16][314’

(3.10)
where &, is the flux quantum and A is the penetration depth
of the field. If the second moment of the EPR line observed
in the normal state is denoted AH 2, the resultant width of
the signal below T, will be given by the expression
= YAH? 4+ Ag)/2

AH = 2(AH? + AHY)V2, (3.11)
The component AH ? is due to the spin interactions of the
DPPH radicals on the surface and does not change at the
transition to the superconducting state. From expressions
(3.10) and (3.11) one can determine the penetration depth
of the field into the superconductor,

A(T) = (3.12)

— 0
- (r/T))V?

where A, is the penetration depth at 7= 0 K. Figure 9 shows
the temperature dependence A(T) calculated in Ref. 94 in
comparison with the BCS theory. The dependence is in satis-
factory agreement with the data obtained from experiments
onu *SR®® and NMR.”’

3.6. EPR of twins and superconducting single crystals of
YBa,Cu,;0,_,

Crystals of oxide superconductors are highly subject to
twinning. In Ref. 98 the structure of twins in YBaCuQ single
crystals was investigated by EPR and a classification of
twins was given. In the normal state three EPR lines, which
depended on the orientation of the crystal in the magnetic
field, were observed, and for H ||c these signals coalesced into
one, whose width varied in the interval 330-130 Qe as the
temperature was lowered from 300 K to 100 K. Near the
superconducting transition (7, = 90 K) the signal broad-
ened sharply, so that it became impossible to observe. A clas-
sification of defects can be done on the basis of the orienta-
tion dependence of the g factors of the three observed signals
(Fig. 10). This dependence is indicative of the existence of
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FIG. 9. Temperature dependence of the penetration depth 4 of the mag-
netic field into a superconductor, as calculated from the EPR data of Ref.
94 (see Fig. 8).

three types of paramagnetic complexes, 4, B, and C, which
differ in the nature of the environment of the Cu®* ion.
Since, as we have said, the EPR signal can be observed only
from the chain copper Cul, one can draw qualitative conclu-
sions as to the structure of these complexes from the orienta-
tion dependence of the g factors. Figure 11 shows the struc-
tures of the observed twin complexes obtained in Ref. 98
from the EPR data.

4. LOW-FIELD SIGNAL IN HIGH-TEMPERATURE
SUPERCONDUCTING CERAMICS

4.1. Main experimental results

A characteristic feature of all the EPR spectra for ce-
ramic high-temperature superconducting samples in the su-
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FIG. 10. Orientation dependence of the g factor of the three EPR lines for
three types of defects in a YBaCuO single crystal (Ref. 98).
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FIG. 11. Structure of the observed twin complexes in a YBaCuO single
crystal, as inferred from the EPR data of Ref. 98.

perconducting state is the existence of an intense signal near
zero field, whose phase is inverted relative to that of the
absorption signal.®®'°” The nature of this signal, the tem-
perature dependence of its parameters, and the susceptibility
turn out to be different for ceramics of the same composition
prepared by different technologies. For example, when the
average size of the granules is decreased from 50 to 10 zm in
a YBa, Cu; 0, powder, the value of the magnetic field at
which saturation of the absorption occurs changes from
H=160eto 40 Oc at T = 77 K, and the absolute value of
the absorbed power in these fields, P(H), changes from
0.10P, to 0.06P,, where P, is the microwave power ab-
sorbed by the sample in the normal state.'*®

Analysis of the published data shows that the tempera-
ture dependence of the integrated intensity of the low-field
signal, I( T), also depends on the quality of the sample. For
example, in multiphase YBa, Cu; O, _ ; ceramics exhibiting
asemiconductor-like growth of the electrical conductivity at
low temperatures and an intense impurity EPR signal at
T < T, one observes a monotonic growth in the intensity
I(T) of the low-field signal all the way down to helium tem-
peratures. In contrast, for multiphase samples with a metal-
lic behavior of the conductivity and a wide transition (75-91
K) the growth of I(T) saturates at low temperatures, and
the low-field signal arises for 7'< 91 K. Finally, in stoichio-
metric compositions YBa, Cu, O, with a narrow transition
and a metallic behavior of the conductivity the intensity of
the low-field signal exhibits a maximum at temperatures ap-
proaching 7, and declines monotonically with increasing
perfection of the sample [ T, — T, >5K] and with further
decrease in temperature. The pertinent data are shown in
Fig. 12. The nature of the decline I, /T (20K) =5 — 10,
which is substantially different for samples of similar quali-
ty, correlates with the density of the ceramic under
study.*>"'® However, compaction of an yttrium ceramic by a
pressure of 4 GPa with shear fundamentally alters the nature
of the low-field signal.'> An “additional” EPR signal arises
at zero field for T < T, with the usual phase for an absorp-
tion signal. The intensity of the new signal increases mono-
tonically with decreasing temperature, and at T <85 K it
completely suppresses the low-field signal. It should be not-
ed that the appearance of an “additional” signal in high-
temperature superconducting ceramic materials without the
application of an external pressure has been reported in a
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FIG. 12. Temperature dependences of the intensity of the low-field signal
for YBa,Cu,0,_, ceramics prepared by different technologies (Ref.
116): 1) for samples having a semiconductor-like behavior of the electri-
cal conductivity at T> T, p(200 K) = 13 ; 2,3) for samples having a
linear behavior of the conductivity, with different widths of the supercon-
ducting transition AT (points 2 correspond to a multiphase ceramic with
AT=15 K, points 3 to a single-phase ceramic with AT=1 K,
p(T-T,) =8 mQ). The curves joining the experimental points are the
result of a spline interpolation.

number of papers,''° but in these cases the signal was
weaker.

An interesting experimental fact is the presence of hys-
teresis in the microwave absorption in zero field. The value
of the corresponding ‘““coercive” field G has been found'?® to
depend on temperature and the microwave frequency w. For
example, for an yttrium ceramic G rose from 6 Oe to 50 Oe
when the sample was cooled from 14 to 3.8 K. Increasing the
microwave frequency from 22 to 35 GHz also led to a 5-fold
increase in G. Measurements of the magnetization M(H) in
this interval of fields did not reveal any hysteretic anomalies.
Moreover, it follows from the published data that the value
of the low-field hysteresis is also sensitive to low-frequency
modulation of the microwave power.

The original result was obtained by smoothly varying
the amplitude of the scanning magnetic field H,_.'*%112-113
At a fixed temperature and a low scanning amplitude
H_<H* (H*=250e, 42K, 35 GHz; Ref. 128) no low-
field absorption was detected. On further increase in the
scanning amplitude, H, > H*, a low-field signal appears,
shifted by the amount of the hysteresis.

Detailed investigations of the low-field signal under
conditions such that low-field hysteresis exists reveal a pro-
nounced time dependence. The difference in the intensities
of the low-field signal during the forward (/, ) and backward
(I,) field scans, AI = (I, — I,), relaxes exponentially to-
ward a fixed (under external conditions) value A, that de-
pends linearly on the “coercive” field G. For example, for
yttrium ceramics (I, — I,) /1, falls off from 7.3 to 5.2 over a
time of 140 sec, whereas for T1, s Pb, 5 Sr,CaCu, O, it falls
from 1.0 to 0.66 over the same amount of time.'?® This be-
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havior is a direct indication that nonlinear and relaxation
effects play an important role in the formation of the low-
field signal.

The class of objects exhibiting a low-field signal is not
limited to high-temperature superconducting ceramics.

Low-field absorption has by now been detected in a number
of conventional type-II superconductors prepared in the
form of fine powders and composites.*> Thus analysis of the
published results on the low-field signal in various ceramic
high-temperature superconducting systems supports the as-
sertion that its qualitative behavior is independent of the
chemical composition and that it is a consequence of the
granular structure of the samples.

4.2. Model of the low-field signal in ceramics

A basic property of granular superconductors is the ex-
istence of intergranular Josephson weak links. From this
standpoint a ceramic superconductor can be regarded as a
network of Josephson links threading through a bulk super-
conductor.

Under the conditions of an EPR experiment the follow-
ing currents circulate on the surface of the superconductor:
I,,, the current that screens the static external magnetic field
(the scanning field H_.); I, cos(@,, t), the current caused
by the incidence of the microwave field on the sample; and
Iy, the current caused by the low-frequency modulating
field H,,. Treating these currents (in the zero-modulation
approximation) as transport currents, for an isolated inter-
granular weak link on the surface of the sample one can write
an equation for the phase shift ¢ = ¢, + &,,,, in the space
between two granules:

Chd’ L ndp oo, .
2e ap + R 26 dt + I sin ¢ Iy + 1 cos(@y 0,

(4.1)

where R, C, and I, are the normal resistance, the capaci-
tance, and the critical current of the link. In the low-field
approximation (J, <I.) and neglecting the capacitance of
the contact, Eq. (4.1) admits an approximate analytical so-
lution (the equation is linearized with respect to ¢, ) for
the absorbed microwave power P

P=Pn‘l—i—r, (Pn=%13n )

4.2)
The value of the absorbed power is given as the time average
of the product of (A /2e)dg,,, /dt and the induced current
I, cos(w,,,t). The parameter 77 which appears in Eq. (4.2)
contains within it the weak-link characteristics I_ and ¢,—
the equilibrium phase shift in the absence of microwaves,
sin ¢ =1,/1:

2.2
Iccos (2
15 \2
R 2%mw

We see from expressions (4.2) and (4.3) that P, is the
frequency-independent absorption in the normal state and
that all of the frequency dependence is contained in the pa-
rameter %; this is in accordance with the experimentally ob-
served frequency dependence of the low-field signal, men-
tioned earlier. It follows from the theory of the Josephson

"= (4.3)
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FIG. 13. Field dependence of the normalized critical current I, /1, for an
isolated Josephson contact (dashed curve) and for a network of weak
links (solid current), according to expression (4.4). I, is the critical
current in zero field.

effect that the field dependence of the critical current I of
the contact obeys the diffraction relation (Fig. 13):

sin(xH/H )

=] gm0 4.4
I 7a7H, > (4.4)

1(H)
where H, is the minimum value of the magnetic field, at
which a Josephson contact of area .S has a single magnetic
flux quantum H,S = 2.07-10 ~ 7 Oe* cm? passing through it.
It is clear that the value of H, will be different for each
individual Josephson unit; for the granular superconductor
as a whole one can introduce a distribution function F(H)
describing the spread of the parameters of the weak links.
The parameter 7 is then modified to 5(H) = 7, F*(H),
where 7, is the value of 7 in zero field, as is shown in Fig. 13.

The temperature dependence of the low-field signal in-
tensity in this model is determined by that of the critical
current I_ (T) and, as we have said, depends strongly on the
quality of the sample. Thus, for 7< T, a Josephson medium

a a a
magnetic field
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exhibits a frequency-dependent absorption of microwave
power, which is minimum in zero magnetic field and in-
creases with the static magnetic field; this gives rise to a
phase-inverted signal in zero field. It should be noted, how-
ever, that in fields exceeding the first critical field for the
bulk superconductor, H_,, vortices arise inside the super-
conducting granules as well. Therefore, for fields H>H_,
(H>10* Oe) an additional mechanism of absorption of the
microwave field can arise, involving the pinning and depin-
ning of vortices in the subsurface layer of the individual
granules.'”

It is a more complicated matter to take into account the
effect of the low-frequency modulation H,, on the low-field
signal. An additional term I,,cos(w,¢) arises on the right-
hand side of Eq. (4.1). In Ref. 115 it was proposed to consid-
er an exponential switching of the screening current from I,
to — I, with a growth rate H * as the external field H_ is
cycled. Under these conditions, because of the sign-varying
behavior of ¢, (4, changes sign over the modulation period
if Hy > H *), the parameter 7 and the absorbed microwave
power must behave nonlinearly. However, if the amplitude
of the modulation is substantially smaller than A *, one can
treat the response of the system in a linear approximation.

To describe such a situation it has been proposed to use
the simple expansion F(H + Hy(oyt))=<F(H)

+ F'(H) Hycos(wyt). When this expansion is substituted
into Eq. (4.1), one obtains in the adiabatic approximation at
low modulation frequencies the following expression for the
low-field signal amplitude 4,y = P,y '’>, where P,y is the

microwave power detected at frequency wy:''*

pl/2 A A ,
)2 1+ ’])3/2\ - @—HM + 7 ;sin ¢0) .

A =
ImM lﬁw
R 2¢ mw

(4.5)

We note that the field dependence and temperature depend-
ence of the low-field signal are determined, as before, by the
behavior of I (H,T'), and for synchronous detection the first
term gives the derivative of the square of the critical current

FIG. 14. Shape of the low-field signal at the first and second harmonics
(A4, and 4,,,) for different values of the modulation amplitude and
the parameter 7 (Ref. 114). The low-field signal at the first harmonic
(wy ) was |1 Oe (a), 0.32 Oe (b), and 0.10 Oe (¢), and that at the
second harmonic (2w, ) was 1 Oe (d), 0.32 Oe (e), and 0.1 Oe (f).
Signals (g) and (h) were calculated from Eq. (4.5), with the param-
eter 7 = 0.7 and 70, respectively. The dotted curve gives the contribu-
tion from the term symmetric in the magnetic field in Eq. (4.5).
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— d(I,)*/dH, while the second term, which is due to the
modulation, changes sign upon the switching of the scanning
field H, (¢, — — ¢ ), giving rise to hysteresis of the low-
field absorption. As the temperature is lowered and, accord-
ingly, 77, increases, there is an increase in the amplitude and
a broadening of the signal due to the first term of (4.5) and a
simultaneous decrease in the contribution from the second
term; the field dependence of the irreversible contribution
has a minimum at zero field. The results are shown in Fig.
14g,h. The superposition of the two contributions, which is
shown in Fig. 14a-c, is in good agreement with the experi-
mentally observed behavior of the low-field signal in yttrium
Ceramics.l 11,114,115,129

Moreover, for a fixed modulation amplitude (i.e., Iy)
there always exists a value of the magnetic field above which
the condition I, €I, breaks down, and the response be-
comes substantially nonlinear owing to oscillations of the
phase ¢,. For large modulation amplitudes, just as for high
magnetic fields, the contribution of the second term will sat-
urate as a result of the nonlinearity of the system. In an anal-
ogous way one can consider the evolution of the low-field
signal as the microwave power is increased, i.e., for large
values of the current . Such an analysis will be carried out
in greater detail for the low-field signal in single crystals of
YBa,Cu,0,_ ;. Thus in a physical sense the irreversible
term is the first harmonic of the nonlinear response of the
granular superconductor to a low-frequency modulation of
the magnetic field.

Let us discuss the most important aspects of the re-
sponse of the system at the second harmonic. According to
direct calculations in the model under study, the amplitude
of the absorption signal at the second harmonic (2w, ) is of
the form'"*

2 2
dI di
= 2 _ |—£ 2 __ ¢ 2
A, = A, [IM ( dH) H, -5 LAY
(4.6)
3 1 dIc 2
+1+1; (IOIH_dHHM)]’

2
hwmw
2eR

where the coefficient 4, corresponds to the factor in front of
the parentheses in Eq. (4.5). The first three terms in (4.6),
which are reversible in the magnetic field, form the absorp-
tion signal. The fourth term is reversible at low modulation
amplitudes ( « ) but acquires a hysteretic character for
I, >1,. A superposition of the contributions shown in Fig.
14,d-f gives a good description of the experimental results
on the low-field signal at the second harmonic of the low-
frequency modulation.''" 11412

4.3. Low-field signal in single crystals of high-temperature
superconductors

The bulk of the published results on microwave absorp-
tion in single crystals of high-temperature superconductors
pertains to yttrium systems YBa, Cu, O, _; (Refs. 108, 109,
116-118, 120-122). The experimental data obtained in these
studies, like those on the low-field signal in ceramics, indi-
cate that the low-field microwave absorption is related to
anomalies of the real structure of the single-crystal samples
and is not correlated with the bulk superconducting proper-
ties.
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For example, in the same single crystal of
YBa,Cu,0,_, three low-field signals of different form (A4,
B, and C in Fig. 15) and with a different temperature de-
pendence have been observed'*' in different temperature in-
tervals below 7. Similar signals have been observed sepa-
rately in single-crystal high-temperature superconductors in
several studies.!'""'*® A separate series of low-field signals,
regular in the magnetic field, has been observed'?>'22 in
twinned single crystals of YBa,Cu;0,_; (we shall call
these type-D signals). We note that the low-field signal
which is characteristic of ceramic yttrium systems apparent-
ly cannot be obtained by a simple superposition of the signals
mentioned above.

Signal 4, which is shown in Fig. 15A, is observed in
YBa, Cu, 0, _; single crystals prepared by the technology
described in Ref. 142, The orientation dependence of its
width AH,, exhibits a divergence when the external magnet-
ic field is oriented in the (ab) plane of the crystal, in which
case the signal is not observed (AH(80°) =44 Qe), and a
weak dependence in the interval — 50°<a< + 50°,
AH(a) =10 Oe, where a is the angle between the field and
the ¢ axis of the crystal. Moreover, the amplitude of this
signal has an unusual temperature dependence: when the
signal first arises at 7<T, it increases rapidly, reaches a
maximum at T,,, =85 K, and then decreases to O as the
temperature is lowered to 7=75 K, where the signal vanish-
es (Fig. 16A). The range of variation of the amplitude in this
temperature interval is two orders of magnitude. The char-
acteristic features of the type-4 signal are the presence of
extended wings, which approach the zero line in fields H~2
kOe, and the absence of hysteresis.
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FIG. 15. Three types of low-field signals (A4,B,C), observed in
YBa,Cu,; 0, _; single crystals for T<T,. The external magnetic field is
oriented along the c axis of the crystal, and the magnetic component of the
microwave field lies in the (ab) plane (Ref. 141).
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FIG. 16. Temperature dependences of the amplitude of signals of type 4
(1), B (2), and C (3), the shapes of which are shown in Fig. 15. The
continuous curves joining the points are a quadratic interpolation of the
experimental data.

Signal B, which has a similar angular dependence,
reaches maximum intensity at 7~ 60 K and is observed, as
shown in Fig. 15B, in a lower temperature region, 50
K «7«<75K (see Fig. 16B). Its characteristic features are
the absence of extended wings and the presence of hysteresis
at zero field (G(64 K) = 10 Oe).

Signal C (see Fig. 15C), which is observed in the inter-
val 20 K <T<«50 K, reaches maximum intensity at
Tax = 30 K; its width is several times smaller than the cor-
responding values for the low-field signals of types 4 and B.
At high temperatures, 7> 40 K, an unresolved structure ap-
pears, and the amplitude gradually falls to the noise level
(see Fig. 16C). A characteristic feature of the type-C signal
is the presence of appreciable hysteresis, which increases at
low temperatures, G(36 K)/AH, (36 K) = 10.

The type-D signals differ both in the conditions of ob-
servation and in the behavior of their parameters. As we
have said, they are obtained in specially prepared single crys-
tals of YBa,Cu,;0,_; which are threaded by a regular
network of twins, and their phase corresponds to an EPR
absorption signal.!'”"'*® In the case studied, the twins were
oriented at an angle of 45° to the edge of the crystal (along
the (110) direction in the crystal). The characteristic dis-
tance between twins was 1 um,

The spectra in the field interval 0K H<10 Oe at helium
temperatures exhibited a regular series of isolated equidis-
tant narrow lines, AH,, ~2 mOe, the distance between
which was 6H = 245 mOe. The typical form of the spectrum
is shown in Fig. 17. The given structure arises when the ex-
ternal magnetic field is oriented along the (110) direction in
the (ab) plane and vanishes for the perpendicular orienta-
tion in the same plane. The direction of the magnetic compo-
nent of the microwave field here was parallel to the ¢ axis of
the crystal. When the magnetic component of the microwave
field was oriented in the (ab) plane and the external field H
was along the ¢ axis, a sequence of narrow lines was likewise
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FIG. 17. Series of type-D signals observed in twinned single crystals of
YBa, Cu, 0, _;. The external magnetic field is parallel to the [110] direc-
tion in the crystal. The magnetic component of the microwave field is
paralle] to the c axis. The power of the microwave field is 40 dB of 200
mW, T'=4.4 K (Ref. 120). The upper inset shows a three-line fragment
of the series. The parameter 8H characterizing the distance between lines
equals 0.212 Oe. The characteristic width of an individual line is
AH=0.01 Oe.

observed, but their field dependence was different from that
described above.

In Ref. 122 a direct correlation between SH and the
thickness of the YBa, Cu, O, _; single crystal was reported.
For example, after the initial crystal 100 gm thick was sepa-
rated into two thinner ( =50 #m) layers as a result of ther-
mal cycling, the distance between the D lines doubled from
245 mOe to 500 mOe. Moreover, the observation of frag-
ments of the regular series of type-D low-field signals has
been reported for a number of multidomain crystals of con-
ventional type-1I superconductors, PbMogS; and Nb, and
reproducible series of intense lines of type D have been de-
tected in fields above 50 Oe in thin ( =50-100 gm) niobium
crystals.’?! At the same time, these signals were not ob-
served in hot-rolled samples.

The orientation dependences of an individual series of D
lines in YBa, Cu; 0, _; single crystals at different values of
the external field is described by a universal relation:

Hceosf== (p+-;—)Ho, p=1,2,3, .., N,

where £ is the angle between the external field H and the
(110) direction, and H,, which was introduced in Eq. (4.4),
is the minimum distance between lines. The corresponding
data are shown in Fig. 18. In niobium crystals an analogous,
though more complex, angular dependence at a fixed value
of the external field arises about the preferred internal direc-
tion (a,,05, ). associated with the predominant orientation

4.7)
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FIG. 18. The orientation dependence for an individual series of type-D
lines in a YBa, Cu; O, _ ;5 single crystal 50 zm thick, 6H = 212 mQe. The
angle B is measured from the [110] direction in the (ab) plane of the
crystal, so that 90° corresponds to an orientation of the external magnetic
field along the [100] axis. The solid curves are the result of a numerical
calculation according to Eq. (4.9) for several values |p| = 1-7 (Refs.
120-122).

of weak links in the sample (a, and B, are the direction
angles in spherical coordinates).'*!!

A substantial difference of the type-D signals from the
low-field signal described earlier is the complex behavior of
the parameters as functions of the microwave power P. Fig-
ure 19 shows the evolution of a fragment of the spectrum for
various values P = 20, 39, 80, 158, 310, 630, and 1260 uW. It
follows from the figure that as the microwave power is in-
creased an inhomogeneous broadening of the initial signal
occurs, with the formation of an expanding flat segment at
the center of the line. At powers P>80 W the linewidth can
be characterized by the distance between the upper and low-
er halves of the derivative signal dP /d H. The slight structure
in the absorption band for an individual line apparently
forms the ““mesosignal’ that has been observed by a number
of investigators in MeBa, Cu, O, 5, where Me =Y, Ho,
Eu.'% The “inverted” signal arising between the centers of
two neighboring lines at P = 1260 uW is nothing other than
the crossing of two inhomogeneously broadened lines. As
the power is increased further a new series of type-D lines,
characterized by a different value of the structure constant
S8H, than that of the previous series, appears; these lines in
turn are broadened and overlap at high microwave powers.
This behavior is shown in Fig. 20, and the corresponding
dependence of AH is shown in Fig. 21. An analogous picture
of the onset of a sequence of different series of D lines arises
as the temperature is raised at a constant microwave power
(see Fig. 22). By extrapolating the dependence of AH,, on
the microwave power to zero (see Fig. 21) one can deter-
mine for each line in the sequence the threshold power P,
below which that particular line is not observed. Plots con-
structed in this way, showing the dependence of P, on the
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FIG. 19. Evolution of a fragment of a series of type-D lines as the power of
the microwave field is increased from 20 W to 1260 uW. At high powers
(P>160uW) the width AH is defined as the distance between the peaks on
the positive and negative “halves” of the initial signal. We see that the
phase-inverted signal in a field of 24.95 Qe at P = 1260 uW is a result of
the overlapping of two neighboring inhomogeneously broadened lines
(Ref. 122).
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FIG. 20. Positions of the peaks on the positive and negative “halves” of a
type-D signal as the microwave power increases. It is seen that as the
attenuation coefficient is decreased below a threshold value of 40dB a new
series of lines appears, with adifferent value of §/ than before. The lines of
the new series broaden and overlap as the microwave power is increased
further (the initial power was 200 mW; Ref. 120).
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FIG. 21. Width AH of an individual line as a function of the amplitude of
the microwave field for 7= 30K, 15 K, and 4.4 K (Ref. 121).

magnetic field and temperature and characterizing the de-
tailed evolution of the entire series of lines, are shown in
Figs. 21 and 23. We note that for several values of the mag-
netic field the threshold microwave power for the onset of
the series of lines is close to zero.

Thus the set of experimental data presented here has
revealed the characteristic behavioral traits of the low-field
signal in YBa, Cu, O, _; single crystals, viz., the appearance
of low-field absorption signals of various types, depending
on the technology of preparation of the single-crystal sam-
ples, their geometric factors, the configuration of the fields
in the experiment, the temperature, and the microwave pow-
er. The observed properties are characteristic not only for
YBa, Cu, 0, _; but also for a number of conventional type-
II superconductors with certain mechanical properties.
Thus the mechanism of low-field absorption in single crys-
tals of high-temperature superconductors, as in the case of
ceramics, can be identified as the dissipation of microwave
field energy in Josephson weak links formed by defects in the
samples. Moreover, it is of interest to note that the observed

190

74

20

FIG. 22. Temperature dependence of AH for several series of lines in
YBa, Cu, O, _; single crystals at an attenuation of 42 dB (P = 200 mW,;
Ref. 120).
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FIG. 23. Threshold amplitude of the microwave field for an individual
series of type-D lines in YBa,Cu,0, , singlecrystals (T=43K)asa
function of the external magnetic field (Ref. 122).

characteristics can be linked to a specific form of defect, viz.,
twinning planes.

4.4. Model of the formation of the low-field signal in
YBa,Cu,0,_, single crystals

The existence of a common orientation dependence of
the form (4.7) allows one to attribute the observed series of
D lines to the penetration of the magnetic flux lines into the
weak links. On the other hand, the strict periodicity in the
magnetic field suggests the existence of crossing energy lev-
els, corresponding to states with different numbers of vortex
lines inside the bounded space of the weak-link unit. In other
words, afragment of a twinned single crystal can be regarded
as an isolated quantum interferometer.

In the case investigated in Ref. 121 the boundaries of
the weak link are planes lying perpendicular to the surface of
the crystal and separated by a distance of 1 um. The effects of
disorientation in neighboring domains are apparently not
important.

The magnetic energy of a cluster consisting of weakly
linked superconducting granules, according to the theoreti-
cal model of Ref. 131, have a periodic quadratic dependence
on the external magnetic field, with a period equal to H,, the
minimum field at which a single magnetic flux quantum
passes through the surface of the cluster:

4, = g=(H ~ nHQ)YS, (4.8)
where f'is the Meissner factor, S is the area of the effective
surface, and » is the number of flux quanta. We note that the
weak links in single crystals are more regular and have sub-
stantially smaller geometric dimensions than in the case of
ceramics. For the single crystals described, with d = 100
um, the area of an isolated boundary is 10~ ° cm ~ % and the
corresponding minimum field is H, = 200 mQOe. Separating
the initial crystal into two layers of thickness d = 50 um
doubles the field to H, = 400 mOe. These estimates are in
good agreement with the measured values of H for the giv-
encrystals. A graphical representation of expression (4.8) is
shown in Fig. 24. If the viscous motion of vortex lines at the
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FIG. 24. Diagram of the energy of a superconducting cluster as a function
of the external magnetic field, constructed according to Eq. (4.8) without
allowance for the gap (lower diagram) and with allowance for the energy
of formation of a Josephson vortex, ¢, (upper diagram). The term u,,
characterizes the magnetic energy of a vortex at intermediate values of the
field. The horizontal lines on the lower diagram indicate the width of the
individual lines in the series at several different values of the microwave
power. The overlap of the lines reflects the overlap of the inhomogeneous-
ly broadened signals shown in Figs. 20 and 21 (Refs. 120-122).

site of the level crossing is taken as the possible mechanism
for the dissipation of microwave power (for such a dissipa-
tion the magnetic energy is completely converted into kinet-
ic energy of vortex motion, (4) mV?, where m is the effective
mass of a vortex), then one would expect that with increas-
ing power the absorption linewidth AH_, ~ AH(P) would
increase in proportion to the distance between neighboring
energy levels:'?°

1/2
8.7mm
A”:(fS)

_%H 4.9
. (4.9)

Thus the microwave field stabilizes the intermediate
state of the weak link. Further increase in the microwave
power will cause inhomogeneous broadening of the initial
absorption line, AH~ P '/? and the subsequent overlapping
of two or more neighboring lines, as is shown by the horizon-
tal lines in Fig. 24.

The qualitative situation described is completely borne
out in experiment (see Figs. 19-21), and the introduction of
a threshold power parameter P (T) allows one to describe
the experimentally observed broadening in different series of
lines by a simple dependence of the form

1/2 1/2
AH (P P
23m = (P ) - [Pc) ' (4.10)

0 0

where P, is a common parameter for the different series of
lines and characterizes the temperature independent slope of
the AH(P) curves.

The theory of the Josephson effect in a magnetic
field'!*'3? enables one to describe the critical current
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through a weak link that is necessary for the formation of a
Josephson vortex in it:

#2A . A

0= 4 er, M2k, T

(4.11)

where A(T)=1.74A(0) [1 — (T/T,)]"* for t<T, is the
energy gap in the BCS model, 2A(0) = 3.528k, T, and R,
is the resistance of a unit surface of the Josephson contact.
Taking the temperature dependence into account, we can
simplify the form of expression (4.11):

Io(T) = 2.611(0) (1 - %) ' (4.12)
where the critical current J,, (0) is determined solely by the
parameters of the superconductor.

To produce a critical current (4.12) on the surface one
must apply a microwave field with amplitude greater than or
equal to the critical value A_, :

4z
ke = AT o(T), (4.13)
where 4, is the penetration depth of the field into the Joseph-
son contact:'

172

7 |8 yd

e ®y/4x 1'?
« = |
( L) @x/c)J,

(4.14)

where d is the size of the contact and 4, (the expression for
which is taken from Ref. 121) is the London penetration
depth of the field into the volume of the superconductor. We
will not examine the details of the temperature dependence
of A, and A, which derive from the temperature depend-
ence of the fundamental parameters 4; and A. Itis clear that
expressions (4.13) and (4.14) imply the existence of a
threshold microwave power, viz., that which generates the
critical current on the surface of the weak link. Moreover,
the threshold power should have a monotonic temperature
dependence, determined by the fundamental parameters;
this is in complete agreement with the experimental data
presented earlier.

The requirement that the critical current J, (T) for the
formation of a Josephson vortex exist on the surface of the
crystal may be reflected in the appearance of a gap £, on the
diagram for the magnetic energy of a cluster (see Fig. 24). It
has been proposed,'*' by analogy with the energy density of
fluxoid formation in a bulk superconductor, to write the cor-
responding energy associated with the critical current J, as
£ = (1/41)Dyh, ~(1/c)PyA,(T)J,(T). Then the total
energy of a vortex will contain two components—the energy
of formation ¢,, and the magnetic energy u,,, given by rela-
tions (4.8) and (4.9):

€ =g +ug. (4.1%)

If the magnetic energy u,, is defined as the difference
(u,,, —u,), where u is the magnetic energy of a cluster
containing # and (n 4 1) vortices, respectively, then u,, can
be written in the form

”] AH'  (416)

1
U =Uyyy — U, = SuO[(n + 5) ~37] = 4u0-m,
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where u, = (I1/327)®,8H is the energy for the lowest
crossing of levels u(H). As we see from expression (4.16),
the magnetic energy u,, depends only on the deviation of the
magnetic field from its value at the point of the level cross-
ing, AH’'. At the points H = (n + 1/2)5H the energy of
states with 7 and (# + 1) fluxoids are equal, so that the mag-
netic energy associated with the creation of a vortex is zero at
the threshold point. By making a term-by-term comparison
of expressions (4.10), (4.13), (4.15), and (4.16) we can
relate the parameters of the experiment with the parameters
of the model:

h/3H = (P1Po) "%,
(4.17)
hot/0H = e 8y = o/ Pr) "2

Since, as we have said, §H is determined by the geome-
try of the weak links in the sample, the slope of the curves is
indeed determined by the sample and is independent of tem-
perature. At the same time, the threshold power is deter-
mined by therelationship between the energy of formation of
a Josephson vortex and the functional form of the magnetic
energy of a superconducting cluster (4.8). We note also that
the value of AH ' at which the relation &, = (1 /47) @y 4, is
satisfied is equal, within a constant factor, to the parameter
AH_, for an inhomogeneously broadened isolated line. The
appearance of additional structure at the center of an indi-
vidual line for P> P, (see Fig. 19) can then be attributed to
the generation of two vortices by the microwave field.'*? For
two-vortex generation one can in turn determine the thresh-
old power P, and the value of dAH ,/dP and construct a
qualitative model similar to the previous one. However, the
experimental data indicate that there are important differ-
ences between one-vortex and two-vortex generation. For
example, for a one-vortex process in YBa, Cu, O, _ the val-
ue of dAH, /dP depends only weakly on the field within a
given series and is about 2.6 mOe/uW'/?, while for the sec-
ondary process it varies from 0.6 mOe/uW '/ in a field of 5
Oe t0 0.25 mOe/uW'? in fields above 50 Oe.'*? The features
associated with two-vortex generation are not observed in
niobium crystals.'?’

The connection between the energy of a Josephson vor-
tex formed in a given magnetic field and the current induced
by the microwave field can also account for the nonmono-
tonic field dependence of the threshold power P, (H). When
a field is applied in an isolated contact with transverse di-
mension 4, a lattice of Josephson vortices with a period
Ag = ®o/B(d + 24,) is established. Starting from the fact
that the total magnetic flux in the contact is equal to the
trapped flux, for an individual contact of length L we obtain
the relation BL(24, +d) = HS. Assuming that the new
vortex is created within the penetration depth A, of the mi-
crowave field into the weak link, we can write for J, the
expression’?’

(4.18)

from which it follows that, under the condition 24, = A,
the critical current for the creation of a new vortex is zero.
Thus in fields H,, = n(L /24,)8H the critical current

877 Sov. Phys. Usp. 34 (10), October 1991

for the formation of a new vortex, and, hence, the threshold
microwave power, will be zero. This situation is in fact ob-
served in experiment (see Fig. 23).

The assumption that the ¢ vortex undergoes viscous
motion under the influence of the magnetic component of
the microwave field allows us to write its velocity as
V~h,/mA, , where h, is the magnetic component of the mi-
crowave field, 7 is the viscosity of the vortex, and 4, is the
penetration depth of the field. At present there are several
approaches used to estimate the viscosity of a vortex in a

Josephson medium.'**!**!3? The use of the simplest expres-
135

sion, «H,/p,,, where p,, can be described by a rela-
tion linear in the temperature,'* yields
20H = (a + BTk, — o1 =L 105y (4.19)
= (a + Tk, = a + BT, , .

where @’ ~ (Q/SH ;) [pa» (0)/wA, ] ~(0.15//)Q. The pa-
rameter Q = wm/21 has the meaning of a quality factor. The
most important properties of (4.19) are the linear tempera-
ture dependence, which derives from the linear dependence
of the electrical conductivity in the (ab) plane, and the pres-
ence of a threshold temperature T, = (§H /h, — a)/f3, be-
low which a given series of lines should not be observed.

A comparison of the experimental temperature depend-
ence of AH and the results of an extrapolation of p,,, (T) to
zero temperature gives satisfactory agreement. Expression
(4.19) also accounts for the appearance of series of lines in
various temperature intervals at a fixed microwave power
(see Fig. 22).

At the same time, there exist data which cast doubt on
the assumption that the microwave power is dissipated
through the viscous motion of a Josephson vortex. A
study'?' of the behavior of P, for different angles between
the directions of the magnetic component of the microwave
field &, , the external field H, and the crystallographic axes of
the sample in YBa, Cu, O, _; and niobium crystals indicates
that the threshold microwave power is significantly larger in
the case of a parallel orientation #,||H. For niobium this
angular dependence obeys the relation P, ~ 1/sin*(a — a, ),
and P, reaches a maximum at the same angle a, for which
6H is minimum. This fact can be regarded as an indication
that the formation of the series of type-D lines is due to the
component of the induced microwave current parallel to the
direction of the vortex.

4.5.Characteristics of the weak links

Expressions (4.13) and (4.14), which were used in the
model for the formation of the type-D low-field signal, per-
mit estimation of several characteristics of the Josephson
contacts. From measurements of the threshold microwave
power one can estimate 4., and, hence (see Eq. (4.14)), the
penetration depth A,. In Ref. 121 the corresponding esti-
mates were made using values of the London penetration
depth A, (0) =900 A determined from experiments on
muon rotation in YBa,Cu;0,_, single crystals.'3"'*
Expression (4.13) can then be used to estimate the critical
current J,,.

Assuming the validity of the BCS model, we can esti-
mate the resistance R, of the tunnel contact:

R, = Ryexp(kd), (4.20)
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TABLE L. Characteristics of Josephson contacts in YBa, Cu; 0, _; singlek:rysta]s (Ref. 121).

T.K hy, mQe (D, A Jo A/cm? A, pm R, mQ-cm®
4,4 66 900 1.96 270 10,8
15 50 900 1,13 350 18,8
30 24 900 0,26 740 82,0
4.4 64 900 1,84 280 11,5
15 32 900 0,46 550 46,0
30 10 900 0,04 1800 470,0

where d is the transverse dimension of the contact and k is
determined from the expression ik = (2me,)"/?; for an en-
ergy barrier £, =~ 1 eV one has 1/k=2 A. Numerical values
of the parameters 4, ,4,,J,,and R, corresponding to sever-
al series of lines at various temperatures are given in Table 1.

5.HYSTERESIS OF THE MICROWAVE ABSORPTION

Hysteresis of the microwave absorption at T < T, was
observed in the very first experiments on EPR in high-tem-
perature superconductors.’>'**!** This effect consists in the
fact that the absorbed power depends on the scanning direc-
tion of the static magnetic field. Figure 25 shows a typical
experimental hysteresis curve in YBa,Cu,0, ;. As we
know, when a type-II superconductor is placed in a magnetic
field of intermediate strength H., < H < H,, (where H, and
H_, are the first and second critical fields) it undergoes a
transition to a mixed state, i.e., the magnetic field enters a
type-II superconductor in the form of quantum vortex fila-
ments (Abrikosov vortices) that extend along the magnetic
field lines. The hysteresis in the field dependence of the ther-
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FIG. 25. Field dependence of the microwave absorption dP /dH for var-
ious samples in the superconducting state. a) YBa,Cu,0,; b) perfect
single crystal of Nb; ¢) hot-rolled Nb foil; d) deformed single crystal of
Nb. The data were taken from Ref. 32.
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modynamic potentials for hard superconductors in the
mixed state is due to pinning of these vortices on irregulari-
ties with sizes of the order of the radius of a vortex. There-
fore, it is natural to suppose that the observed anomalies of
the microwave properties are also due to pinning. However,
the microwave hysteresis detected in EPR studies cannot be
identified with the known hysteresis of the magnetization of
superconductors, if only because the widths of the individual
hysteresis loops differ by three orders of magnitude and the
size of the effect in the case of EPR is incomparably smaller.
Subsequent studies have shown that hysteresis of the micro-
wave absorption is observed in a wide class of superconduct-
ing materials: La, 4 Sr,, CuO,, V,Si, Nb, and NbSe, (Ref.
32).

Figure 25 shows the form of the microwave hysteresis
for the following samples: b) a chemically polished perfect
single crystal of niobium, with R(4.2 K)/R (300 K) = 300;
¢) a slab of hot-rolled commercial-grade niobium; and d) a
sample cut out from the same single crystal but without the
chemical polishing. An important conclusion we can draw
from the figure is that the possibility of observing the hyster-
esis effect depends on the degree of deformation of the super-
conductor, since the microwave hysteresis is absent in the
polished Nb single crystal and is most pronounced in the foil.
It has been shown'*® that the interaction of vortices with a
microwave field is not complicated by pinning effects, and
therefore the microwave absorption by a superconductor in
amagnetic field will be determined by the number and distri-
bution of vortices in the magnetic skin layer. In the Bean
model of the critical state in a hard superconductor, upon
any change in the magnetic field a critical state is established
in which the current density (everywhere that it is nonzero)
can be assumed equal to j. (T). The value of the critical cur-
rent is determined from the condition for the onset of motion
of the vortex structure. The statistical distribution of vorti-
ces in the sample (and at the skin depth, in particular) is
established as a result of a balance of the pinning and Lor-
entz forces. A change in the scanning direction of the mag-
netic field causes a corresponding change in the direction of
the critical currents, which because of the Lorentz force can
squeeze the vortex into or out of the skin layer.

A number of parameters has been introduced for de-
scribing the hysteresis of the microwave absorption (Fig.
26): 5—the amplitude of the hysteresis (the difference be-
tween the microwave absorption levels for the different scan-
ning directions of the magnetic field), AH—the width of the
transition from the lower to the upper level of the particular
hysteresis loop, and H *—the upper magnetic field at which
the microwave hysteresis vanishes.

The temperature dependence § ( T") measured for differ-
ent superconductors has a ‘‘universal” character:
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FIG. 26. Field dependence of the first derivative of the absorbed power
dP/dH in a YBa,Cu,O,, single crystal for two different orientations of
its (ab) crystallographic plane relative to the direction of the static mag-
netic field H,. Upper: (ab)LH,; lower (ab)| H,. The arrows indicate the
scanning direction of the magnetic field. 7= 5.0 K.

8(T)~[1—(T/T.)*] (Ref. 32). Such a temperature de-
pendence is characteristic for the pinning force in dirty su-
perconductors.!*’” However, in the case of Y-Ba—Cu—O the
temperature dependence §(7) differs from the universal
form (Fig. 27). The cause of this difference has become clear
after a study’® was made of a series of YBa,Cu;0,_, sam-
ples with different oxygen contents x = 0.04, 0.14, 0.31,
0.44, and 0.56. The data on 8(7) for these samples are
shown in Fig. 27. It follows from this figure that the subsur-
face region of samples of stoichiometric composition con-
tains a phase with a lower T, (~60 K), which gives rise to
screening effects that cause §(7°) to be nonmonotonic. We
note that in the region T, ~60 K there is a plateau on the
T (x) curve (see Fig. 2).

The behavior of the microwave hysteresis parameter
AH depends importantly on the type and state of the super-
conductor. While in the case of Y-Ba—Cu—O ceramic sam-
ples this quantity is very small and does not exceed 0.01 Qe,
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FIG. 27. Temperature dependence of the normalized amplitude of the
hysteresis 5(7)/5(3.8 K) for YBa,Cu,0, compounds with different
oxygen contents: /) x = 6.96; 2) x = 6.86; 3) x = 6.60.
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for niobium single crystals it is approximately 40 Oe. In
terms of the Bean approach one can conjecture’® that
AH = ., where { is the coherence length. For niobium this
formula gives a value of j, that is in satisfactory agreement
with the results of other experiments.

In Y-Ba—Cu-O single crystals the temperature and
field dependences of the microwave hysteresis parameters
depend on the orientation of the crystal relative to the mag-
netic field direction.** The complicated orientation depend-
ence of the hysteresis amplitude & in a single crystal appar-
ently stems from a superposition of two antagonistic
contributions. One of these is the anisotropy of the penetra-
tion depth of the magnetic field, which is 5 times larger along
the ¢ axis than in the (ab) plane;'? the other is the predomi-
nant pinning of the vortices in the (ab) plane as a result of
the strong twinning of single crystals in this plane. Using the
formula for AH given above with the data on the penetration
depth in the single crystal,'> we can estimate the critical
current as j. (20 K) =3-10° A/cm?, j,., (20 K)

= 8-10* A/cm?; these values are in good agreement with the

values determined from the data on the width of the hystere-
sis loop of the magnetization. The data on the upper field at
which the hysteresis vanishes, H *, for the single crystal are
in satisfactory agreement with the values of the second criti-
cal field measured by other methods.

6.CONCLUSION

A little more than 5 years have passed since the discov-
ery of high-temperature superconductivity, and in spite of
the progress made in the search for new superconductors
with higher values of 7, the main questions confronting our
understanding of the physics of this phenomenon still have
not been answered unambiguously. The main difficulty here
is the contradictory nature of the experimental results. The
data obtained in EPR studies are also contradictory and am-
biguous. Nevertheless, we shall attempt to state several con-
clusions.

1. No EPR signal is observed from superconducting
YBaCuO compounds. The absence of a signal is apparently
due to the strong exchange interaction both between the
magnetic moments of Cu?* and between them and the spins
of the current carriers.

2. For oxygen-deficient nonsuperconducting YBaCuO
compounds the inconsistency of the experimental results is
most likely due to the fact that for intermediate (between 6
and 7) oxygen concentrations there exist several possible
metastable microscopic configurations in the oxygen distri-
bution, depending largely upon the annealing temperature
of the sample. The observed EPR signal is due to localized
magnetic moments of Cu” " in the Cul positions (chains).
No signal is observed from the Cu2 localized moments,
which arise on ne''tron bombardment, for example, because
of the strong antiferromagnetic exchange interaction be-
tween them.

3. The introduction of rare-earth magnetic impurities
(Gd**,Eu’ " ,Hf* ¥, Ho’ *, etc.) in YBaCuO does not give
the expected results as to the determination of the supercon-
ducting parameters of the system, since the ytterbium and
the ions replacing it interact weakly with the conduction
electrons and have only a slight effect on the superconduct-
ing properties.

Romanyukha et a/. 879



4. The change in the temperature dependence of the
EPR linewidth for localized moments of DPPH adsorbed on
the surface of a high-temperature superconductor has per-
mitted calculation of the temperature dependence of the
penetration depth of the magnetic field into the supercon-
ductor.

5. The nonresonant absorption of microwave power by
ceramic and single-crystal samples in low magnetic fields is
attributed by most authors to the presence of a network of
Josephson weak links in the sample. The substantial differ-
ence in the nature of the low-field signal from ceramics and
single crystals is a consequence of the different nature of the
dominant weak links, which are intergranular links in the
case of ceramics and twinning planes or microcracks in the
case of single crystals.

6. The origin of the low-field signal in ceramics is ordin-
arily attributed to dissipation of microwave power as the
external magnetic field increases, due to modulation of the
phase of the screening microwave surface current. In con-
trast, the periodic sequence of narrow absorption signals in
single crystals corresponds to the penetration of Josephson
vortices into a regular lattice of weak links. In this case the
single crystal acts as a quantum interferometer. In interme-
diate cases {compacted ceramic, poor-quality single crys-
tals) both mechanisms are apparently operative.

7. The magnetic hysteresis of the microwave absorption
observed in EPR experiments is due to pinning of Abrikosov
vortices. Measurements of the parameters of this hysteresis
have permitted estimation of the critical currents and the
quality of the sample surface.

One of the remaining tasks for EPR studies is to investi-
gate YBaCuO samples with different oxygen content, since
it is quite probable that EPR will be a convenient tool for
differentiating between samples having the same oxygen
content but different types of oxygen ordering. This would
afford the possibility of investigating metastable states of
YBaCuO, including superconducting states.

An attractive direction for further research is the devel-
opment of techniques for studying the vortex state of super-
conductors with the aid of EPR decoration of the surface.
However, the accuracy of the data obtained will be degraded
considerably by the complexity of taking pinning effects into
account in the calculation of A.

As we have tried to show, there has been certain prog-
ress made toward understanding the nature of the low-field
signal in high-temperature superconductors. At the same
time, the interpretation given in this article to the nonreson-
ant microwave absorption in low magnetic fields does not
exhaust all the existing points of view. For example, a num-
ber of authors** have examined the possibility that the ob-
served low-fizld anomaly in the absorption is due to the onset
of the first critical field H,, . Others have convincingly dem-
onstrated the existence of a low-field signal in type-I super-
conductors below 7. In this case the most probable mecha-
nism responsible for the absorption is the field dependence of
the penetration depth of the microwave field into the super-
conductor.'?*'?> This explanation of the effect does not re-
quire the presence of a vortex lattice.

Of particular importance are recent experiments in
which an intense low-field signal has been observed in sys-
tems that do not have a superconducting state
(Gd, _,Sr,CuQ,, EuTbCuO,, etc.).'®"'° It was noted by
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the authors of those studies that the low-field signal in these
compounds also has an inverted phase and exhibits hystere-
sis in zero field. The only distinguishing feature of the new
signal from the low-field signal in superconductors is the
inverted sign of the hysteresis. At present there is no consis-
tent interpretation of the effect, and most authors are in-
clined to attribute this signal to a peculiarity of the magnetic
state of the systems. '

We have not attempted to cover all the approaches in
this one article but have tried to clarify the more or less
established experimental facts and models. Moreover, we
have focused on the results that have been most completely
published and widely discussed.

Finally, we note that the study of the nature of the low-
field signal substantially enriches the possibilities of the con-
ventional EPR technique, and in the search for new super-
conductors the detection of the low-field signal affords a
highly sensitive test of trial samples for the presence of small
inclusions of a superconducting phase inside them.

In closing, we thank 1. A. Garifullin, A. Dulcic, F.
Meran, and A. M. Portis for providing materials and for
discussion.
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