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The phenomenon of temperature-dependent phase reversal of the nonresonant electromagnetic
response of the high-T, superconductors is studied in the rf and the microwave ranges. Phase reversal is
the changeover from a maximum at zero magnetic field and the decrease with the increasing field to a
minimum at zero field and the increase with the increasing field. The results are analyzed using an
effective-medium theory, treating the sample as a percolating network consisting of the superconducting
regions separated by normal metallic regions. The experimental observations are shown to follow natu-
rally from the dependence of the superconducting fraction on the temperature and the magnetic field.

I. INTRODUCTION

The importance of understanding the nature of the
response of superconductors to electromagnetic radiation
is well recognized. A very convenient method of measur-
ing this response has come into vogue after the advent of
high-T, superconductivity.! It is based on the observa-
tion that when examined using conventional continuous-
wave (CW) electron-paramagnetic-resonance®® (EPR)
and nuclear-magnetic-resonance® (NMR) spectrometers,
the high-T, superconductors exhibit in the superconduct-
ing state intense and narrow absorption signals which
sensitively depend upon temperature, magnetic field, the
nature (whether ceramic, single crystal, or thin film), and
history of the sample, and the oxygen stoichiometry.
Over the last four years these signals have been studied in
great detail* % and as a result many of their features are
understood. However, there still exist many aspects of
the phenomenon which are not understood yet. One such
feature is the occurrence of the reversal of the phase of
the signal as a function of temperature when the sample
is cooled below T.

In an early report on the phenomenon,2 it was ob-
served that the signal occurring near zero magnetic field
in a ceramic sample of the Y-Ba-Cu-O compound had a
complex temperature dependence. Figure 2 of the paper
shows how, when warmed from 77 K, the signal shows a
reversal of the phase around 80 K before disappearing at
the T, (~84 K). In the conventional EPR recording of
the signals, the magnetic field is modulated, usually at
100 kHz, and a lock-in detection is used giving rise to a
derivative of the absorption. Therefore, by a reversal of
the phase of the signal, what is implied is a changeover of
the field dependence of the signal from a decrease of the
absorption with increasing field say, to a situation where
the absorption increases with the field, or vice versa. As
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is to be discussed later, which one of the situations exists
in a particular case can be ascertained by simultaneously
recording the regular EPR signal from another sample or
from an impurity phase, if present, or by recording an
NMR signal under the same conditions; the method used
depends upon the frequency range in question. Of
course, in the case of the resonant signals, the absorption
almost always decreases when the magnetic field is swept
on either side of the center of the resonance.

The examination of some ceramic samples of the y-Ba-
Cu-O compound in the rf range showed’ a more complex
behavior. Just below T, a single derivative signal at zero
field was observed. When cooled further, the signal
broadened and eventually split into what looked like a
doublet of derivative signals symmetrically displaced
with respect to the position of the zero field. Further
cooling led to complex changes in the signal shape result-
ing finally in a single derivative signal again, but with an
opposite phase in comparison with the high-temperature
single derivative signal, at about 10 K below T,. It was
also observed that this behavior is frequency dependent
in that the sample did not show any phase reversal in the
microwave range.

Dulcic et al., in a recent study8 find similar behavior in
single-crystal samples of the Y-Ba-Cu-O compound. As
the sample is cooled, first a signal with a maximum at
zero field is observed. The intensity of this signal in-
creases over the temperature interval of a degree and
then decreases and is replaced by a signal with a
minimum at zero field, i.e., again there is a phase rever-
sal. They further find that the signal with the maximum
at zero field disappears if the samples are freshly annealed
in air at 450°C, showing that the feature is sensitively
dependent on the material properties. A recent paper by
Durney et al.,’ reports analogous results observed in
thin-film samples of R-Ba-Cu-O (R=Y, Gd, Eu, Nd, Dy,
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and Sm) compounds. Just as in the case of ceramic and
single-crystal samples, a phase reversal is observed at a
temperature close to T .

In spite of the several reports of this interesting aspect
of the nonresonant electromagnetic absorption, no satis-
factory explanation of the phenomenon has been put for-
ward so far. In this report we present the results of de-
tailed investigations of the nonresonant rf and microwave
absorption, specifically addressing the problem of the
phase reversal. Evidence for strong frequency depen-
dence of this behavior is also presented. Finally, we
present an analysis of the results in terms of an effective-
medium theory for the sample treated as a percolating
network of superconducting regions separated by normal,
metallic regions. The connectivity of the percolating net-
work and, therefore, its electrical conductivity and di-
amagnetic susceptibility, are seen to respond sensitively
to changes in the static magnetic field and the tempera-
ture. A simple effective-medium!® calculation based on
this model shows that the observed phase reversal follows
in a natural way from the above parametric dependence.

II. EXPERIMENTAL

For the experiments in the rf range a conventional
continuous-wave NMR spectrometer working in the
range 5-20 MHz was used. Magnetic-field modulation at
87 Hz and phase-sensitive detection were used. The tem-
perature was varied between 4.2 K and room temperature
using an Oxford Instruments continuous-flow cryostat.
To determine the absolute field dependence of the absorp-
tion signal the 'H NMR signal in a sample of glycerine
was recorded under exactly the same conditions.

Experiments were also carried out with a Varian E-109
EPR spectrometer working at a nominal frequency of 9.2
GHz, using a 100-kHz magnetic-field modulation. The
lowest temperature available with this instrument was 77
K. In both the frequency (rf and microwave) ranges,
magnetic fields of about 100 Oe—in a direction opposite
to that of the main magnetic field—were applied by pass-
ing dc currents in a pair of Helmholtz coils to enable
through-zero sweeps of the magnetic field.

The samples used in this study are of the Bi-Sr-Ca-Cu-
O compound, prepared using the conventional ceramic
method followed by sintering.

II1. RESULTS

The nonresonant rf absorption signals recorded with
the magnetic-field modulation and phase-sensitive detec-
tion are shown in Fig. 1. The unusual temperature
dependence of the signals displayed in the figure is very
similar to that reported in Ref. 7, for the Y-Ba-Cu-O
samples. A single derivative signal centered at zero Oe is
observed at 84.5 K. The absorption is a maximum at
zero Oe and it decreases with the increasing magnitude of
the field. On cooling, the signal broadens and eventually
splits into two signals around 78.5 K. This splitting actu-
ally is a result of the displacement of the center of the sig-
nal away from zero field. Further cooling the sample
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leads to the disappearance of the wings and leaves behind
a relatively narrow signal again centered at zero field, but
now with the opposite phase. The opposite phase of the
signal signifies that the absorption has a minimum at zero
field and it increases with increasing magnitude of the
field as determined by recording the 'H NMR signal un-
der the same conditions (except for the temperature; the
latter is recorded at room temperature) as shown in Fig.
2.

We would like to point out that this temperature-
dependent phase reversal is different from the phase re-
versal observed on a reversal of the field sweep for modu-
lation amplitudes below a threshold value, as reported
earlier by us®3 and other workers,> where the effects of
the surface currents presumably dominate the loss mecha-
nism.’> In the present experiments the modulation ampli-
tudes used are always large enough such that the phase is
not reversed on a reversal of the direction of the field
sweep.

The behavior in the microwave range was different in

sk 2

(b)

82.6 K

(c)

80.5 K

e ¢

INTENSITY (arbitrary units)

M ~
J%J (h)
U AN WA TR AN N SR S
-12.4 -6.2 0 6.2 12.4

MAGNETIC FIELD(Oe)

FIG. 1. Nonresonant rf absorption signals as a function of
temperature recorded in a ceramic sample of Bi-Sr-Ca-Cu-O
compound at 9.5 MHz. The signals marked (a) to (e) are deriva-
tives of absorption maxima whereas those marked (g) and (h) are
derivatives of absorption minima. Signal (f) is in the transition
region.
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FIG. 2. '"H NMR signal recorded in a sample of glycerine at
room temperature, other conditions being exactly the same as
for the nonresonant rf absorption signal at 77 K (also shown).
To be noted are the opposite phases of the two signals indicat-
ing that the nonresonant signal is the derivative of absorption
minimum.

that the signal remained a single derivative from 77 K to
T.. Also, over this entire temperature range, the absorp-
tion had a minimum at zero field and it increased with in-
creasing field. This behavior was ascertained by record-
ing the Cu®>" EPR signal under the same conditions. The
results are shown in Fig. 3.

IV. MODEL

We consider a granular model in which the ceramic
samples consist of superconducting grains of size of about
a few microns ( >>§,, the coherence length) and, there-
fore, with well-defined magnitude of the superconducting
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FIG. 3. Nonresonant absorption signal in the microwave
range (v=9.2 GHz) at 77 K along with the Cu?>* EPR signal
recorded under exactly the same conditions. The latter arises
from an impurity phase present in the sample. The opposite
phases of the two signals indicate that the nonresonant signal is
the derivative of absorption minimum.
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order parameter. However, the phase of the order pa-
rameter remains random. These superconducting grains
are now weakly coupled through normal intergranular re-
gions, giving superconducting-normal-superconducting
(S-N-S) junctions. The coupling energy is, however, dis-
tributed randomly over a certain range. Two neighboring
grains can become phase locked if the intergranular cou-
pling energy (J.¢,/27) exceeds the thermal energy,
(kgT), where J, is the critical current of the intergranu-
lar junction. Thus, as we lower the temperature, more
and more grains become phase locked and beyond a
bond-percolation threshold the bulk superconductivity
sets in. This is the familiar bond-percolation model. It is
to be noted that the strength of the bond, that is, the cou-
pling energy, is a sensitive function of the magnetic field.
In particular J, gets multiplied by the diffraction factor
sin(2w¢ /¢,), where ¢ is the flux spanning the junction.
There is, however, an additional disorder in the problem
coming from the inhomogeneity of the oxygen
stoichiometry that results in different grains having
different transition temperatures. This distribution of the
transition temperatures of the grains is equivalent to a
site disorder. This combination of bond dilution as well
as site dilution disorder gives a very complex percolation
problem for which there does not exist any complete
treatment in the literature to the best of authors’
knowledge. In the following, we therefore adopt the sim-
plest approach based on an effective-medium theory
(EMT) in which we assume that a volume fraction x of
the sample is superconducting at a given temperature (7')
and applied field (H). The fraction x is a monotonically
decreasing function of T'and H. The H dependence of x
actually comes from the diffraction effect on the inter-
granular coupling as noted above, whereas the tempera-
ture dependence comes from the distribution of the cou-
pling energy, (J.¢o,/2w7). The latter decreases with in-
creasing temperature. Now in EMT, the superconduct-
ing (S) fraction is characterized by a conductivity
og=o and relative permeability u,=0, while the
normal(N) region is effectively characterized by the con-
ductivity o and the relative permeability =pu,y. Thus
within EMT, parameters o* and p; will be given by

x(og—a*)/(og+20*)
+(1—xNoy—0o*)/(oy+20*)=0 (1)

and

x(ps—pr)/(ps+2uy)
F(1=x) ey —p; ) /(o +2ur)=0.  (2)
With ug=0, 0g= 0, and u,y =1 we get
o*=0oy/(1—3x) (3)
and
3

pr=1—ix. @)

For a simple geometry of the sample and the solenoid,
e.g., a spherical, or a long cylindrical, or more generally
for an ellipsoidal sample placed in a long solenoid carry-
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ing the rf currents, one can make use of the exact expres-
sion for the “eddy-current” complex (ac) magnetic sus-
ceptance of the sample in the quasistatic limit (which is
valid in the rf and microwave range of frequencies). In
our case, however, the sample is roughly characterized by
a typical linear dimension of order “a@’’, and acts as a
“secondary” to the “primary,” the rf coil of the resonant
tank circuit of our rf oscillator. The equivalent secon-
dary resistance (Rg) and inductance (Lg) are then ap-
proximately given by
2
LS:—Sﬂ—a‘uoy:‘ and i———47ra20"‘/10;1’," (5
3 Ry

to within a factor of order unity. If k is the coefficient of
mutual coupling between the primary (rf coil) and the
secondary (our sample), then there will be a reflected im-
pedance in the primary. Recalling that the rf voltage (V)
across the resonant circuit is /oL, /R,C, where I, is the
constant rf current and L, CP, and R, are the induc-
tance, capacitance, and resistance of the resonant rf tank
circuit, all that needs to be done is to replace R, by the
sum of the primary resistance and the reflected resis-
tance. This gives us, after some algebra,

V/Vo=a/(1—3x)+ %(1—3x)/(1——%x)2 , (6)
where
Vo=I1,/(k’wC,) and a=4ma’ ooy . (7

In writing this we have assumed a high quality factor Q
for the coil and ignored the small change in the resonance
frequency due to the reflected impedance.

Equation(6) is our main result, which gives the change
in the rf voltage (the signal) as the volume fraction x is
changed by varying 7" and H. In Fig. 4, we have plotted
V/V, as a function of x for a chosen value of the parame-
ter «=0.3, which for 0 =10° (Q ¢cm) ! and ©=10 MHz
would correspond to a sample diameter of about 3 mm.
The important feature to note is that there is a minimum
in the graph. As will be shown, this minimum is respon-
sible for the reversal of the phase of the signal as we
reduce the temperature. Further, the minimum disap-
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FIG. 4. The normalized voltage V /¥, across the rf coil as a
function of the superconducting fraction x calculated for
a=4na’wu,oy=0.3.
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FIG. 5. Field derivatives of the normalized rf voltage V /¥,
for =0.3 and for varying values of x(0,T). For x <0.27 (see
Fig. 4), the signals are derivatives of absorption maxima and the
remaining are those of absorption minima.
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FIG. 6. Field derivatives of the normalized rf voltage V/V,
for x (0, 7)=0.27 and for different values of a. For a <0.30, the
signals are derivatives of absorption maxima and the remaining
are those of absorption minima.
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pears at frequencies greater than a critical value that de-
pends on the sample-specific parameters a and o .

In order to study the effect of the field we need the ex-
plicit form of the field dependence of x (T,H). As we
have noted earlier, x is a monotonically decreasing func-
tion of field and, of course, it has to be an even function.
Ideally, diffraction effects of the field on the intergranular
coupling together with a specification of the distribution
of these coupling strengths will in principle determine x.
For the purpose of a qualitative analysis we have chosen
the simplest form

x(H,T)=x(0,T)—|h| , (8)

where 4 is normalized with respect to some characteristic
field. The qualitative feature, namely the phase reversal,
depends only on the fact that x is a monotonically de-
creasing function of |k | and T.

In Fig. 5, we have plotted the field derivative of the
normalized signal V /¥, obtained from expression (6), for
varying values of x (0,7T) and fixed a. In Fig. 6, we have
made an analogous plot but with different values of «,
keeping x (0,T) fixed. Thus Fig. 5 simulates the depen-
dence of the signal on temperature [through x (0,7)], for
fixed frequency (through a) and Fig. 6 simulates the
dependence on frequency (through a) for fixed tempera-
ture [through x (0,T)].

V. DISCUSSION AND CONCLUSION

Figure 5 clearly shows the phase reversal of the signal
as we reduce the temperature [increase x (0, T)] below the
nominal T,; that is, at higher temperatures the absorp-
tion decreases with increasing field, while at lower tem-
peratures the opposite holds. This is precisely what we
observe in our samples at rf frequencies. Figure 6 shows
a similar reversal as a function of frequency. This
reconfirms the earlier observation of the absence of the
phase reversal in microwave absorption though it was ob-
served in the rf range.’

It should be noted that the nonresonant microwave ab-
sorption in high-temperature superconductor (HTSC)
samples has been attributed to fluxon dynamics.® How-
ever, since the fluxon density is proportional to the ap-
plied field, the nonresonant absorption must always in-
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crease as the field is increased from zero. Thus the phase
reversal observed experimentally cannot be understood in
terms of this picture. Much below T, when the sample is
almost completely superconducting (i.e., very high Meiss-
ner fraction), the loss must entirely be due to the fluxons.
However, in the percolating regime close to T, the dom-
inant mechanism of loss seems to involve the conductivi-
ty of the normal fraction, which also gives phase reversal
in a natural way as discussed in the above effective-
medium treatment.

As has been mentioned earlier similar phase reversals
have been observed in single crystals® of HTSC’s with
sharper transitions which, however, disappear on anneal-
ing. This again implies inhomogeneity and weak links as
assumed in our macroscopic treatment.

However, one cannot rule out an intrinsic mechanism
for phase reversal even in perfect single crystals as origi-
nating in the superconducting fluctuations (fluctuating
conductivity and diamagnetism), in the critically-slowed-
down region around T, that may simulate a percolative
behavior if the time scale of the probe is shorter than the
time scale of the critical fluctuations. This must be for-
mally similar to our present model in the narrow critical
range of temperatures. Here, the magnetic-field depen-
dence arises from the suppression (enhancement) of di-
amagnetism above (below) the T, by the applied field.
This is expected to be a much weaker effect confined to a
very narrow range of temperature.

In conclusion, therefore, we have proposed an explana-
tion for the phase reversal of the nonresonant microwave
and rf absorption signals observed in inhomogeneous
high-T', superconductors based on a percolative model
treated in an effective-medium approximation. The cal-
culated temperature as well as the frequency dependence
of absorption signal is in qualitative accord with experi-
mental observations.
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