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Investigating Superconductivity with Electron
Paramagnetic Resonance (EPR) Spectrometer

D. Shaltiel et al”
The Hebrew University of Jerusalem
Israel

1. Introduction

Shortly after the discovery of high T. superconductors there was an influx of publications
where EPR technique was used to investigate their properties (Srinivasu et al., 2001). As no
substantial information was obtained it was soon almost abandoned. The fact that EPR
technique provided a large number of experimental data in the superconducting regime,
without significantly contributing to the deeper understanding of high T. superconductors
was puzzling. Meanwhile, our continuous effort to further investigate superconductivity
using EPR technique yielded important experimental and theoretical results related to
properties of high T. superconductors. Furthermore, some of these results are unique as they
were not obtained with conventional experimental techniques.

The work shows that an electron paramagnetic resonance spectrometer is a powerful tool to
investigate properties of superconductors. As superconducting systems are not conventional
paramagnetic substances, the EPR signals do not originate from the usual resonant
absorption, namely magnetic dipolar transitions between spin levels. Thus, it is essential in
analyzing the experimental results, to explore the mechanism that induces the EPR signals.
Indeed, by detailed experimental and theoretical studies of the EPR spectra of different high
T. superconductors, it has been possible to apprehend the mechanism that induces the
observed microwave absorption. Based on these results, new unknown properties of
superconductors were obtained. As the EPR spectrometer is the central experimental tool in
the present work, we start by describing the EPR spectrometer in details, to facilitate the
reader understanding its various functions. This step is necessary, as it turned out that
among experts in superconductivity many are not familiar with the elements of the EPR
spectrometer, how and what it measures. We will then continue by presenting experimental
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64 Superconductors — Properties, Technology, and Applications

results obtained in high T, superconductors subjected to various factors such as DC and AC
magnetic fields, temperature, sample orientation and to different sample treatments such as
zero-field-cooling or field-cooling. This overview will allow a systematic classification of the
measurements and will provide the theoretical background (Shaltiel et al., 2008) necessary to
analyze these experiments and to understand the inherent physics. The presentation is
based on publications by the authors over a period from just after the discovery of high T.
superconductors to date.

2. Experimental

An EPR spectrometer, Fig. 1, consists of a microwave source that feeds a cavity where a
sample is installed. The sample is exposed to three magnetic fields; a DC field, Hpc, a
collinear low frequency AC field, hac, and a transverse microwave field, H;s. The microwave
and the AC frequencies used in the present investigation were 9.3 GHz and 100 kHz,
respectively. At zero DC field the coupling of the waveguide to the cavity is adjusted
critically in such a way that the reflection from the cavity is zero. Regarding a usual EPR
experiment on a paramagnetic sample, the variation of the DC field results in a detuning
from the critical adjustment on passing the resonance condition for magnetic dipolar
transitions between the Zeeman levels (v=yHpc, with microwave frequency v and
gyromagnetic ratio y) and in turn yields microwave reflection from the cavity. The reflected
microwave power is rectified by a detector, i.e. a microwave diode, yielding a signal
proportional to the absolute value of the reflected power P at Hpc and modulated by the AC
frequency (note that hac<<Hpc). This signal is further fed into a lock-in-detector (LID)
which samples the signal by convolution with a periodic signal of the same AC frequency
over a large number of AC periods, thus yielding amplitude and phase while suppressing
statistical noise. Provided that the width of the resonance absorption dependent on Hpc is
larger than the amplitude of the AC modulation field hac, the LID output submits a signal
proportional to the field derivative of the paramagnetic resonance signal dP/dH.

An accepted assumption in analyzing experimental results obtained by an EPR spectrometer
is that the role of the AC field is to introduce variations in the magnitude of the DC
magnetic field; the AC field is usually referred to as the modulating magnetic field.
However, as will be shown below, the AC field does not just result in a modulation of the
microwave signal dependent of the modulated static field like in a usual EPR experiment,
but in superconductors it may also induce an additional mechanism of microwave power
dissipation.

Therefore, one should be perceptive to the different dissipation process, when analyzing the
EPR results in the superconducting phase. Here it is important to note that a complication in
the measuring process has been observed. It is related to variations in the signal phase that
may develop through the measuring process. The reference AC phase of the LID is adjusted
for usual EPR measurements to yield the optimum paramagnetic resonance signal. However
in case of the microwave dissipation observed in anisotropic superconductors this
adjustment turns out to be not appropriate. Variations in the signal phase were observed
when varying the magnitude of the variables involved such as DC magnetic field,
temperature, sample orientation and others. This effect necessitates a procedure where the
lock-in detector phase has to be adjusted, throughout the measuring process, to be in-phase
with the AC phase. To overcome this problem, conducted during the measuring process, the
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measurements were performed in steps of the variables involved, and at each step the lock-
in detector phase had to be adjusted accordingly. This procedure results in an extremely
cumbersome measurement, where the possibilities offered by the modern EPR Bruker
spectrometer ELEXSYS E500 are extremely useful. A feature of this spectrometer is its
possibility to measure the signal intensity in steps of two variables. It allows obtaining the
measured signal intensity at each step, where the lock-in phase is varied from zero to 180°.
Repeating the measurement, by changing, in steps, the magnitude of the variable involved
(such as magnetic field, temperature, angle of the oriented crystal) gives the measured
signal intensity as function of the variable at the full 180° range of the lock-in phase. Then
the measurements were analyzed using a proper computer program. It allowed obtaining
two curves, the measured signal amplitude, and the corresponding signal phase, as a
function of the variable involved such as: DC magnetic field, AC magnetic field, sample
orientation angle and temperature. Thus, the actual “calculated” signal was derived from
the measured signal amplitude and its corresponding signal phase (see below).
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source coupler

lock-in
detector computer signal

detector

AC power
supply
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Fig. 1. Block diagram of the EPR spectrometer.

Fig. 2 presents such a result, for a Bi;Sr2CaCu»Os+s (Bi2212) single crystal, Zero Field Cooled
(ZFC) to 4K with the DC magnetic field applied parallel to the a-b plane. The upper curve
shows the measured signal amplitude, and the lower curve shows its corresponding signal
phase (with respect to the lock-in AC phase) as function of DC magnetic field. The measured
signal amplitude exhibits two maxima followed by an exponential decay towards zero at
high fields. The signal phase is close to zero at low fields and drops steeply towards -1800 at
high fields. It indicates that the signal is in phase and out of phase with the AC field at low
and high fields, respectively. The details of the phase shift, i.e. deviations (¥20°) from 0° at
low fields and from 180° at high fields have not been investigated so far and need further
attention. As the allover phase shift from low to high fields is evidently less than 180° it
cannot be explained just by a constant shift of the calibration.

Fig. 3 presents EPR results similar to those shown in Fig. 2, for temperatures, 80K, 30K and
4K. It indicates that the measured signal amplitude and signal phase have similar functional
behavior as in Fig. 2. It implies that the EPR responses as function of field are similar in the
temperature range from T, down to 4K.
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Fig. 2. AC induced microwave dissipation signal amplitude (a) with the corresponding
phase value (b) of a Bi2212 single crystal, ZFC to 4K, as function of DC magnetic field

aligned parallel to the a-b plane.
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Fig. 3. AC induced microwave dissipation signal amplitudes with their corresponding phase
values, of the same Bi2212 single crystal shown in Fig. 2, ZFC to 80K, 30K, and 4K, as
function of DC magnetic field aligned parallel to the a-b plane.

Understanding the mechanism that induces the signal, the origin of the spectra, and its
corresponding signal-phase as function of field, is an important key in studying
superconducting properties with the EPR spectrometer.

Fig. 4 shows the actual calculated signal as function of field in Bi2212, derived by
multiplying the measured signal amplitude of Fig. 2 with the cosine of its phase. It shows a
sharp increase in the intensity at very low magnetic field followed by a steep decrease with
change of sign to negative values and a final increase that asymptotically tends to zero. The
theoretical considerations presented in (Shaltiel et al., 2008) showed that this corresponds to
the field derivative of the dissipated microwave power due to shaking of JV away from the
zero crossing, but is subject to strong nonlinearities close to the zero crossing.
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Fig. 4. Actual calculated signal in the Bi2212 crystal as function of field parallel to the
conduction plane at 4K, derived by multiplying the measured signal amplitude with the
cosine of its corresponding phase using the values shown in Fig. 2.

Fig. 5 presents the measured signal amplitude and the corresponding signal phase as
function of magnetic field applied parallel to the a-b plane for a BixSroCaxCu3zO10+x (Bi2223)
single crystal ZFC to 4K. It shows a response similar to the observed signal in Fig. 2 for
Bi2212. As both Bi2212 and Bi2223 are high-anisotropy superconductors, we deduce that a
high anisotropy is a necessary condition to observe similar results in the high-T.
superconductors. This conjecture is also confirmed by our measurements in the high-T,
low-anisotropy YBCO (YBaxCu3Oy7.5) superconductor: no significant EPR signal was
observed in optimally dopes YBCO, when the DC magnetic field is applied either parallel or
perpendicular to the a-b plane, while sizable signals appeared for overdoped, i.e. more
anisotropic YBCO with the magnetic field applied within the a-b plane. These recent results
are intended to be published elsewhere. Fig. 6 presents the actual calculated signal as a
function of field in Bi2223 derived from the measured signal amplitude and from its
corresponding signal phase of Fig. 5. It shows a similar DC-field dependence like that
observed in Fig. 4 for Bi2212. It confirms again the earlier conclusion that high-anisotropy is
a necessary condition for obtaining a similar behavior in different superconductors.
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Fig. 5. AC induced microwave dissipation signal amplitude with the corresponding phase
value of a Bi2223 single crystal, ZFC to 4K, as function of magnetic field aligned parallel to
the a-b plane. The temperature behavior of the signals in Bi2223 is similar to that observed
in Bi2212.
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Fig. 6. Actual calculated signal in the Bi2223 crystal as function of field parallel to the
conduction plane at 4K, derived by multiplying the measured signal amplitude with the
cosine of its corresponding phase using the values shown in Fig. 3.

The experimental results presented in Figs. 2-6 show the EPR signal as a function of DC
magnetic field using a constant AC field. An additional picture is obtained by interchanging
the roles of the variables, namely the DC field is kept constant and the EPR signal is
measured as function of AC field. Such a result is illustrated in Fig. 7; it shows the signal
amplitude and signal phase as function of AC magnetic field for a Bi2212 crystal. The
measurements were performed by zero-field cooling the crystal down to 30K, followed by
applying a DC field of 20 gauss or 150 gauss, prior to sweeping the AC field. The figure
shows striking differences in the signal amplitude and in the signal phase as function of AC
field when either of the two DC fields is applied. The 20 gauss signal amplitude increases
strongly and linearly with increasing AC field. In contrast, the 150 gauss signal amplitude -
after a slight increase - remains low and constant. At low AC field the two signals are out of
phase with respect to the AC phase. At high AC field the signals are in phase and out of
phase respectively when either the low or the high DC field are applied.
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Fig. 7. Signal amplitude (a) and signal phase (b) in Bi2212 vs. AC magnetic field, obtained by
zero-field cooling the crystal to 30K, followed by applying a DC field of 20 gauss or 150
gauss prior to sweeping the AC field.
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Similar results are observed for a Bi2223 superconductor as shown in Fig. 8. They were
obtained by zero-field cooling the crystal down to 30K, followed by application of a DC field
of 30 gauss, 500 gauss or 5000 gauss prior to sweeping the AC field. Here again, as with the
Bi2212 crystal, the Bi2223 signal amplitude, obtained when the low magnetic field of 30
gauss was applied, increases strongly and linearly with increasing AC field, whilst the
signal amplitude observed, when 500 gauss was applied, is low and remains constant with
increasing AC field. The signal obtained, when the much stronger 5000 gauss cooling field
was applied, shows negligibly small signal amplitude for all AC field values. It confirms the
previous conclusion regarding the similarity of EPR response in different high anisotropy
superconductors.
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Fig. 8. Signal amplitude (a) and signal phase (b) in Bi2223 vs. AC magnetic field, obtained by
zero-field cooling the crystal to 30K, followed by applying a DC field of 30 gauss or 500
gauss or 5000 gauss prior to sweeping the AC field.

3. Understanding the physics of the AC-field-induced signals

Fig. 9 presents an extremely important result vital to understand the physics, and to
comprehend the mechanism of the AC field induced microwave dissipation results in the
highly anisotropic superconductors. The figure shows an unexpected effect where the signal
intensity as function of temperature in the high anisotropy Bi2212 crystal for the DC
magnetic field aligned parallel to the c-axis is zero from T. to 4K, whilst at DC magnetic field
parallel to the a-b plane, the signal intensity increases sharply already just below T. and
continues to increase sharply towards lower temperatures. The small signal observed close
to Tc in Fig. 9 for the DC magnetic field applied parallel to the c-axis results from the
thermally activated flux flow resistivity (FFR) (Shaltiel et al., 2001). (See Fig. 6 of Shaltiel et
al.,, 2001)

A reasonable conclusion to the extreme difference in the superconducting response under
the parallel and the perpendicular DC magnetic field, is derived from Fig. 10. It shows that,
when a magnetic field is parallel to the a-b plane, only Josephson vortices (JV) are formed
and, while applying a magnetic field parallel to the c-axis, only Abricosov vortices, i.e.
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pancake vortices (PV), are formed. This indicates that the AC magnetic field induces
microwave dissipation, when interacting with JV, but none when interacting with PV.
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Fig. 9. Signal amplitude as function of temperature in the high anisotropy Bi2212 crystal for
DC magnetic field aligned parallel to the a-b plane or to the c-axis. Note the large different
response for the two orientations. The small signal observed close to Tc for magnetic field
parallel to the c-axis results from thermally activated flux flow resistivity.
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Fig. 10. The figure shows that applying a magnetic field parallel to the a-b plane forms only
JV, whilst, applying a magnetic field parallel to the c-axis forms only PV.
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This conclusion is corroborated by the fact that microwave dissipation results similar to
those shown in Fig. 7, were observed also in Bi2223 which like in Bi2212 forms JV and PV for
the magnetic field applied parallel and perpendicular to the a-b plane, respectively.
Moreover, we recall that, unlike in Bi2212 or in Bi2223, no significant microwave dissipation
was observed in optimally doped YBaxCu3zO7.s for any direction of the external DC magnetic
field besides the signal at T. from the thermally activated flux flow resistivity. As only PV
are formed in optimally doped YBa»Cu3Oy.5 for all magnetic field orientations, this again
confirms the conclusion that no microwave dissipation is induced by the AC magnetic field,
when interacting with PV.

A mechanism that explains the induced microwave dissipation by the AC field, when
interacting with JV, is derived from soliton propagation in Josephson transition lines
observed in itinerant Josephson junction (IJJ) mesas (Hechtfischer et al., 1997). Such a mesa
is given in Fig. 111 : A DC bias current applied parallel to the a-b plane induces a Lorentz
force on the JV (fluxons) that reside between the conduction layers of the superconductor.
Extremely high JV velocities, that may reach the speed of light, are obtained when the DC
current is applied (Ustinov, 1998). The JV motion induces electromagnetic oscillations and,
when interacting with the microwave field, microwave dissipation may result.

& bias current
& RF pickup

gold layer

mesa BSCCO
R = -~ crystal
';____:: _____________________________ =
ground plate -
-

Mesa structure

Fig. 11. Mesa structure of a BSCCO crystal. The bias current applies a Lorentz force on the
JV that are present between the conduction planes.

Fig. 12 shows that the AC magnetic field applied parallel to the a-b plane induces oscillating
Eddy currents in the conduction plane in a Bi2212 compound. As with the current in IJ] mesas,
the Eddy currents give rise to a Lorentz force on the JV whose oscillating intensity induces
oscillating interaction with the microwave field that generates the EPR microwave losses. This
explains why EPR signals are observed at H| |a-b plane but none at H| | c-axis, as JV are
formed only when the magnetic field is parallel to the conduction plane and are not formed
when the field is parallel to the c axis. A straight forward conclusion in this analysis is that EPR
dissipation signals in high anisotropy superconductors are observed only due to the motion of

1 Permission to publish this figure (taken from Hechtfischer et al., 1997) was granted by APS, that keeps
its copyrights).
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JV. Therefore JV pinning plays an essential role on the signal shape. As JV pinning depends on
the variables such as temperature and sample orientation, the analysis of the signal as a

function of the variables involved enables the microscopic study of JV pinning.

AC Lorentz force

Josephson HDC+hAccos(wt)/v
Vortices —

AC Lorentz force

Fig. 12. Schematic picture that interprets the formation of AC-induced oscillating Eddy

crystal

currents. The currents apply oscillating Lorentz forces on the Josephson vortices.
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Fig. 13. Calculated signal in Bi2212 (a) and in Bi2223 (b) as a function of magnetic field

parallel to the a-b plane at T=4K. It is obtained by multiplying the signal amplitude, with its
corresponding phase. It shows formation of the dilute and dense region at low and high
magnetic field respectively and an in-between intermediate region, in both compounds.
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Fig. 13 presents the calculated signal of Bi2212 and Bi2223 as a function of magnetic field
applied parallel to the a-b plane at T=4K. It is obtained by multiplying the measured signal
amplitudes shown in Figs. 2 & 3, with their corresponding phase. It indicates the presence of
three regions: A low field region, from zero to around 30 gauss, where the signal intensity
increases almost linearly with field up to a maximum value; a high field region, where the
signal intensity is zero; and an intermediate transition region. At low JV densities, the JV
form the unpinned "dilute lattice region" due to negligible interaction between the JV. As the
JV density increases linearly with the magnetic field, the Lorentz force on the JV induces a
signal in the low-field region proportional to the DC field, as observed. At higher fields the
inter JV interaction is strong and the JV form the "dense lattice region" where the JV are
strongly pinned. The intensity of the AC field is not strong enough to induce motion of the
JV in this region; therefore the signal intensity is zero. The inbetween intermediate region is
characterized by a sharp decrease in the signal intensity and by an exponential decrease
towards zero with increasing field. The field widths of the intermediate regions observed in
Bi2212 and Bi2223 are different. This indicates a different distribution of the JV within the
two compounds. The evolution of the JV system in the intermediate region has not been
reported elsewhere.

4. Study of superconducting properties with EPR spectrometer

The theory which discusses the EPR experimental results was published earlier (Shaltiel et
al., 2008). It shows that pinning of Josephson vortices effects strongly on their behavior. This
section presents EPR results obtained in high anisotropic superconductors, which document
the strength of this method in the investigation of the properties of Josephson vortices. It
will also discuss the possibility to study small and nano-scale superconducting systems with
EPR.

4.1 Interaction between Josephson vortices and Abricosov vortices

We have shown that the absence or presence of JV pinning is vital when investigating
superconducting properties with the EPR technique. For example, the interaction of pancake
vortices (PV), also known as Abrikosov vortices (AV), with JV induces pinning. Pinning of
JV can be studied by varying the density of the Josephson vortices and Abricosov vortices in
a controlled way and measuring the effect on the EPR signal. This can be achieved by tilting
the orientation of a Bi2212 crystal, exposed to a given magnetic field Hpc, from magnetic
field parallel to the a-b plane, where only JV are formed, towards the c-axis where only AV
are formed. The density of the JV and PV as a function of the tilting angle, 0, of the magnetic
field (0 being zero at magnetic field parallel to the a-b plane) varies as cosf and sinf,
respectively. Thus, the signal amplitude being proportional to the JV density should vary as
cost, provided the JV remain unpinned. Deviation from cosf dependence would result from
pinning of JV induced via the JV-AV interaction. This is demonstrated in Fig. 14 for Hpc=20
gauss.

The figure shows that the signal amplitude decreases close to cos 0 at 6 values, 00 to 400. But
at higher angles the signal amplitude decreases faster than cos 8. The increase in deviation
indicates an increase in pinning above 400 due to the increase of the JV-AV interaction. As
the pinning strength increases with angle, at angles below 400 the JV-AV interaction is not
strong enough to induce an observable effect. The intensity of the interaction depends on H;.
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Increasing Hpc increases both JV and AV densities for all tilting angles. Therefore, the
deviation from cos 0 at higher Hpc should start at a lower tilting angle. This is observed in
Fig. 15 for Hpc strengths of 20 gauss, 50 gauss, and 90 gauss where the deviation angle starts
at 400, 200, and 59, respectively, indicating that the higher Hpc the lower the angle where the
deviation starts. The systematic analysis of the signal amplitude as a function of the tilting
angle for different Hpc values can be used to study the JV-AV interaction.
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Fig. 14. Bi2212 signal amplitude as function of tilted angle 0 in an applied field of 20 gauss.
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Fig. 15. Bi2212 signal ampltude as function of tilted angle 0 in applied fields of 20 gauss, 50
gauss and 90 gauss.
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4.2 Comparison of EPR signals, derived from either the field cooling or from the zero
field cooling protocol using identical measurements

The maximum signal amplitude as function of temperature, derived from measurements of
signal amplitude vs. magnetic field applied parallel to the a-b conduction planes in Bi2212,
for zero field cooled (ZFC) protocol and for 500 gauss field cooled (FC) protocol is shown in
Fig. 16. The maximum signal amplitudes were obtained from the corresponding maxima in
the amplitude values similar to that shown in Fig 2. The figure shows that in both
procedures, the maximum signal amplitudes have similar values from Tc down to 40K.
Below 40K the maximum signal amplitude strongly increases for the ZFC measurement and
sharply decreases for the FC measurement. The sharp decrease of the signal below 40K
indicates that field cooling introduces pinning of JV. The increase of the ZFC signal indicates
the absence, or only a very small pinning effect, of the JV below 40K.

60000 T T T T T T T T T

50000

Zero Field Cooled .

40000 |-
-<+——temperature
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| (arb. units)

igna
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S

10000 |- 500 gauss Field Cooled

0 10 20 30 40 50 60 70 80 90
Temperature (K)

Fig. 16. Maximum signal amplitude as function of temperature in Bi2212 obtained when the
sample is field cooled at either zero magnetic field or at 500 gauss magnetic field.

4.3 Memory effect

A memory signal is observed in the high anisotropy superconductors, Bi2212 and Bi2223. It is
obtained by field cooling the superconductors in a magnetic field Hy, applied parallel to the
conduction planes down to 4K, the lowest available temperature of the spectrometer. After
setting the DC field to zero and then measuring the microwave dissipation on increasing DC
field, a signal is observed slightly above Hp, indicating a memory effect. Memory signals are
shown in Fig. 17 for Bi2212; with Hy, values that range from 1500 gauss to 17000 gauss. (17000
gauss was the maximum available field with the operating spectrometer).

A detailed theoretical analysis of the memory effect was presented in an earlier publication
(Shaltiel et al., 2010). It indicates that by adiabatic field cooling from T, to a low temperature,
the JV explore the available phase space that nucleates into the deepest valley of the
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landslide potential and are confined inside deep pinning landslide-potential minima in a
quasi equilibrium glassy state. As the field is subsequently increased the fluxons are
immobile and prevent penetration of new JV sites and cannot absorb microwave energy up
to Hm. No signal was observed in this field region. When the magnetic field is increased
above Hp, new unpinned vortices start to penetrate.

600 F T 600F " "
400 | \\FC 1.5 Kgauss 200! FC 8 Kgauss \
| \
200 | 200+ It
{\ . /“‘ \\f A // \‘\F;,
00.0 05 10 15 2.‘0 2‘.5 31.0 0™ 2 4 6 é 1‘0
z
S 600F ————  600F
£ 400] \FC3Kgauss 400l Fe 15 Kgauss |
< \
= 200 I {1 200 \
] | il
S . o |-
'Ug)’ 0 1 2 3 4 5 0 3 6 9 12 15 18
600 F — 600F—
400 FC5Kgauss | 400} FC 17 Kgauss
200 | \ 1 200} |
AN ‘ -
0 \77 2 3 4 5 \?37 7 0 3 6 9 12 15 1é
Magnetic Field (Kgauss) Magnetic Field (Kgauss)

Fig. 17. Memory signal observed at magnetic fields, for Hy, values 1.5 kgauss to 17 kgauss.
Note that the memory signals appear at field values slightly above Hp,.

Further analysis of the Bi2212 memory results presented in Fig. 17 demonstrates additional
interesting properties. They indicate that the memory signals hold the following features,
common to all Hy values: (a) the signals exhibit the same shape and retain similar
intensities, and similar widths for all Hy, values. (b) The field position Hg, of each memory
signal occurs at a field slightly above Hp, with similar Hg-Hr value. (c) A narrow single-
peak, small-intensity signal is observed at H=0 for all Hy values that decays strongly
towards zero. d) In the field region from above H=0 to H=H, only a very weak signal is
observed indicating the presence of a very small amount of unpinned Josephson vortices
along this field region. Analyzing the memory features described in (a) to (d), implies the
following additional properties: The signal shape of the memory signals described in (a)
indicates similar features as those obtained in the signal shape of Fig. 2 presented earlier.
The signal in Fig. 2 was obtained by zero field cooling the crystal (with the field oriented
parallel to the a-b plane) followed by increasing the intensity of the magnetic field. In this
process the AC field interacts with the JV that penetrate the crystal from H=0 and above,
inducing the observed signal. The similarity between the signal shapes of Fig. 2 with the
memory signals indicates that the same mechanism induces the memory signals in both
cases. Thus as in Fig. 2, unpinned JV start to penetrate the crystal at magnetic fields above
Hn, generating the memory effect. This conclusion is in agreement with the theoretical
analysis given in reference (Shaltiel et al., 2010).

The analysis presented above in the field region where the memory signal is formed implies
unexpected and intriguing consequences. It indicates that JV are present in the magnetic
field region from zero to Hp. It predicts the formation of JV remanent magnetization in this
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field region. To check this conjecture, the following procedure to measure the magnetization
in a Bi2212 crystal was carried out. The magnetization was measured in a commercial
SQUID (superconducting quantum interference device) magnetometer MPMS5 (Quantum
Design) working in a temperature range from 1.8 < T < 400K and in magnetic fields up to 50
Kgauss. The Bi2212 single crystal was aligned within the a-b plane. To obtain the field
dependence of the ZFC or FC magnetization at 4K, the sample was cooled down to 4K from
above T. at the field indicated at the corresponding hysteresis loop, of 0 Kgauss, 5 Kgauss
and 10 Kgauss. Then the field was set to zero and the magnetization measured with
increasing field up to 50 Kgauss, then in decreasing field down to -50 Kgauss and again up
to the highest field to close the hysteresis loop. The magnetization results are shown in Figs.
18 a and b. Indeed, as expected, no magnetization is observed at zero magnetic field when a
zero magnetic field is applied. In contrast, a certain magnetization is observed at zero
magnetic field when the sample is field cooled at 5 Kgauss. An even larger magnetization
occurs at a cooling field of 10 Kgauss. A magnetization ratio of about 2 is obtained from
Figs. 18 at H=0 in these field cooling processes of 5 Kgauss and 10 Kgauss, as expected.
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Figs. 18a and 18b. Magnetization as function of magnetic field in a Bi2212 crystal, field
cooled at DC fields of 0, 5 and 10 Kgauss. Note that non zero magnetization is observed at
zero magnetic fields when the compound is field cooled at 5 Kgauss or 10 Kgauss. It
indicates the formation of JV remnant magnetization.

The memory results presented so far, did not involve the effect of temperature or time on the
microwave-dissipaton signals. A limited experimental data related to time effects was achived
as follows. After obtaining a Hy, memory signal, the magnetic field was decreased to zero and
kept at this field for 2 hours. Then the field was increased to a value above Hp, to disclose the
memory signal. The observed signal intensity and signal shape were similar to those observed
earlier. It indicates that, if a time effect is present, it should be much longer than two hours.

The dependence of the maximum signal amplitude of a memory signal on the temperature
was obtained as follows: A Bi2212 crystal aligned parallel to the a-b plane is cooled in a Hn,
field to 4K. After decreasing the field to zero, it was increased to a field that yields the
maximum memory signal. Keeping the field constant the signal amplitude is measured by
increasing temperature from 4K to 30K. The result is shown in Fig. 19. The figure illustrates
that the amplitude of the memory signal remains constant in the temperature range 4K to
10K and decreases at higher temperature. This indicates that the JV remain frozen up to 10K
and loose the equilibrium state with increasing temperature.
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Fig. 19. Dependence of the maximum memory signal ampitude on temperature, derived
from the memory signal after field cooling the sample to 4K and measuring the signal
ampitude at the DC field of maxium memory signal on increasing the temperature
continuously to higher values.

4.4 JV phase diagram

The magnetic field of the JV phase diagram, as function of temperature, derived from the
results of the memory effect, is shown in Fig. 20. It indicates the presence of a glass state at
the lowest temperature followed by a cross over state, an Anderson glass state, and a liquid
state at higher temperatures.

Anderson
Glass Gross over glass Liquid

Magnetic Field (Kgauss)

Temperature (K)

Fig. 20. Magnetic field-temperature phase diagram of JV in Bi2212.
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4.5 Evaluating the possibility to study small or nano-scale superconducting systems
with EPR spectrometers

The microwave-dissipation signal of a high T, Bi2212 superconductor, shown in Fig. 21, is
obtained from Fig. 2. The sample size was 10x10x0.1 mm?3. Its maximum intensity is of the
order of 10,000 arbitrary units. The remarkably high intensity signal promises the possibility
to investigate nano-scale superconductors and sizable small samples obtained by reducing
the sample thickness to a few superconducting layers.
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Fig. 21. Signal amplitude as function of magnetic field in a 10x10x0.1mm?3 Bi2212 crystal. The
remarkable high intensity signal promises investigation of EPR properties in nano crystals.

Extremely thin superconductors with a limited number of layers are required when studying
sample size effects on their properties. EPR technique can be considered in investigating their
properties, by comparing results obtained in small layered nano crystals of similar structure
with those obtained in crystals with a larger layer number. In samples with a small number of
conducting layers the following EPR measurements are anticipated: a) Differences in the
interaction between JV and AV vortices due to the small number of neighboring conducting
layers. b) Results presented so far have shown that the observed properties depend on sample
treatments, such as field cooling or zero field cooling procedure. Therefore the effect of cooling
on thin samples may show different response that would depend on the sample thickness. c)
The magnetic field memory effect, being by itself a very interesting effect, is explained using
the hierarchical model of glassy state, commonly used in spin glass theory (Shaltiel et al.,
2010). As the glassy state may depend on the thickness of the sample, it would be interesting to
investigate the memory effect in small layer samples. Nano superconducting samples needed
to investigate their properties are readily obtained using cleavage methods. In contrast the
preparation method of thin superconductors for investigating IJJ properties, when regular
methods are applied, is cumbersome, the reason being that conducting elements should be
installed on the mesas' surface. Here we quote such a sample preparation in mesas that has
been used to study teraherz-wave emission from Intrinsic Josephson Junctions in high T.
superconductors (Kadowaki et al, 2008): "The experiments were performed with the
conventional methods commonly used in performing similar measurements and include
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soldering of conducting wires on the sample's surface. Preparation of the mesas needs skilful
techniques as can be deduced from the following description. "The samples were prepared
from a piece of single crystal grown by the traveling floating zone method. A cleaved thin
single crystal with a thickness of several pm was glued on a sapphire substrate by U-vanish
(polyamide resin), and a silver thin layer and a gold film are sputtered on the cleaved sample
surface. Then, the sample mesa and two contact pads with a desired size were patterned by
the photolithography and Argon ion milling techniques. After removing unnecessary resist,
CaF; is evaporated on the part of mesa for the electrical isolation purpose, and Au is finally
deposited for the contact pad. This Au is again patterned by photolithography and Argon
milling techniques again." In contrast to this difficult and cumbersome sample-preparation
method in preparing thin mesas, preparation of samples to be used in investigating nano
samples with the EPR technique can be described as follows: "A cleaved thin single crystal of
conventional size should be glued on a sapphire with proper dimensions to fit the sample
holder of the spectrometer'. The contrast between the extremely complicated preparation
method, where the so called "conventional measurement method" is used, and the simplicity
in sample preparation in performing EPR nano measurements is striking. The EPR method
should therefore be preferred in studying nano superconductors, when similar properties are
to be investigated. Microwave emission from Intrinsic Josephson Junctions in high T.
superconductors can readily be investigated using a device where an AC modulating
technique is applied, and whose features are similar to those of the EPR spectrometer. With
such a device the microwave output will be modulated at AC frequency.

4.6 Searching for superconducting compounds, with EPR spectrometers

Fig. 22, derived from Fig. 1 of Shaltiel et al., 1991, plots, in schematic representation, the
resistivity R(T,H) in cooling a superconductor from above to below T at different DC magnetic
fields. The figure shows that an ESR signal is obtained when sweeping the temperature from
above to below T.. The signal is induced by the AC field. It results from variations of the
sample resistivity during the cooling process that affects the quality factor Q of the cavity of
the spectrometer. Thus, EPR spectrometers can be used to search for superconducting
materials, to determine their T, to study resistivity in superconductors, and to investigate the
effects of various paramenets on the sample resistivity, without applying wiring contacts.

4.7 Determination of the anisotropy in superconductors

A description of a procedure that measures the anisotropy in superconductors using an EPR
spectrometer was reported earlier (Shaltiel et al., 1992). The anisotropy was derived by
analyzing EPR results of the signal-peak intensity, obtained when varying the temperature
across T, as function of the orientation-angle 0 of the magnetic field with respect to the
crystal axis (Shaltiel et al., 1992). The detailed description of the measuring procedure
including analysis of the results is presented in the above article. The results derived from
these measurements, agree with a theory proposed by Tinkham, where the superconducting
anisotropy constant ¢ is involved. Values of € = 5 and &= 40-60 were obtained for YBCO and
Bi2212, respectively (Shaltiel et al., 1992). The results described in Shaltiel et al., 1992, which
show the dependence of the signal intensity as function of the orientation angle, are a guide
that can be used to orient a superconducting crystal with respect to an externally applied
magnetic field. The orientation of the superconducting crystal through all the measurements
presented in this work were performed by this procedure.
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Fig. 22. Schematic, three dimensional presentation of the resistivity as function of magnetic
field and temperature in a superconductor. Application of an AC field induces variation in
the resistivity. The figure shows that an EPR signal is observed at the superconducting
transition temperature.

5. Conclusion

The title of the present article: "Investigating the superconductivity with EPR (Electron
Paramagnetic Resonance) spectrometer", also known as ESR (Electron Spin Resonance)
spectrometer, is to a certain sense misleading but was intentionally chosen to put attention
to an unconventional possibility to use the EPR technique. It gives the impression that the
spectrometer investigates properties related to paramagnetic states and transitions between
spin states in superconductors. As spin states and paramagnetic properties have not been an
important subject in investigating properties in superconductors, various physicists ignore
publications related to EPR technique. However, studying superconductors with EPR
spectrometers generates a rich spectrum of experimental results of different nature. Hence,
questions appeared regarding the mechanism that gives rise to the EPR signals and what do
the results indicate. The present work provides answers to both questions. Investigating
mesas shows that applying current in Josephson transmission lines (JTLs) induces motion of
the fluxons that reside between the conduction planes and that the fluxons interact with the
environment (Ustinov, 1998). Fig. 12 shows that in the case of EPR technique the AC
modulation field induces Eddy currents that apply a Lorentz force that induces the motion
of fluxons in the high anisotropy superconductors Bi2212 and Bi2223. Their motion interacts
with the microwaves and induces the observed signal. This is the mechanism that provides
the experimental results. The detailed theoretical derivation in the framework of Josephson
phase electrodynamics (Shaltiel et al., 2008) enables to model the observed dependence of
the microwave absorption on the DC magnetic field and the strong increase of the signal
with increasing anisotropy. The analysis of the results yields information related to the
properties of Josephson vortices in high anisotropy superconductors, which are otherwise
not or only difficult to access. Here we recall two prominent achievements: (a) by means of
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field cooling and zero-field cooling experiments a memory effect was discovered and a
corresponding phase diagram of the Josephson-vortex system was derived. (b) From
angular dependent measurements pinning of the Josephson vortices by Abricosov vortices
was established. Hence, the EPR spectrometer is the experimental device that measures
these properties. We note that it was originally designed to investigate different properties
than those probed presently. Experimentally the spectrometer investigates properties of
superconductors, where Josephson transmission lines are present. If such an instrument did
not exist, it would have to be designed to enable the investigation of such properties.
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