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In the “induced microwave dissipation by ac magnetic field” (IMDACMEF) technique, only the motion of
Josephson vortices (JV) but not of pancake vortices (PV) induces microwave dissipation. This unique property
is used to investigate the interaction between JV and PV in the high anisotropy superconductor Bi2212 as a
function of magnetic field and tilting angle away from the a-b plane. In general, pinning of JV by PV inhibits
the motion of the JV and, thus, reduces the microwave dissipation. Almost no pinning of JV is obtained at low
dc magnetic fields even at high-tilting angles. Strong pinning of JV due to their interaction with PV is observed
at higher magnetic fields and at tilting angles between 50° and 90°. The technique enables to observe transi-
tions from the JV state to the crossing lattice state, without and with interaction between JV and PV, and to the
one-dimensional vortex chains. The results obtained by the present technique are compared to results of surface

imaging techniques, which investigate the interaction between PV and JV probing the PV.
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I. INTRODUCTION

A magnetic field applied parallel to the a-b plane in high-
anisotropy cuprate superconductors such as
Bi2Sr2CaCu20g, s (Bi2212) forms elongated Josephson vor-
tices (JV) centered between the cuprate planes. A magnetic
field applied parallel to the ¢ axis forms a pancake-vortex
(PV) structure that resides within the conducting planes. In
tilted magnetic fields both JV and PV are present, forming a
rich vortex phase diagram due to the interaction between the
two types of vortices (cf. Fig. 1). The investigation of this
interaction in Bi2212 has been reported in an extensive num-
ber of publications where various techniques have been em-
ployed such as Hall probe,' Bitter decoration,> magneto-
optical imaging.> and Lorenz microscopy.* They show that
introducing PV by tilting the magnetic field forms different
structures of chain vortices dependent on the tilting angle.
These structures are attributed to the strong attractive inter-
action between the Josephson-vortex and the pancake-vortex
sublattices.’

In the present work a dynamical experimental approach is
applied to investigate the interaction between JV and PV. It is
carried out by measuring the effect of a low-frequency ac
magnetic field on the motion of Josephson vortices at differ-
ent tilting angles of the magnetic field. The vortex motion is
detected by means of the “induced microwave dissipation by
ac magnetic field” (IMDACMF) technique.® Recent publica-
tion has shown that applying an ac field collinear with a dc
field parallel to the a-b plane in a Bi2212 crystal induces a
sharp increase in the microwave dissipation due to the shak-
ing of Josephson vortices.” Microwave dissipation was not
observed when the ac and dc fields were oriented parallel to
the ¢ axis. It indicates (see discussion below) that the motion
of PV caused by the ac field induces only very small, if any,
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microwave dissipation. Assuming that the dissipation results
only from the interaction of the ac field with JV, the micro-
wave dissipation is expected to decrease with the cosine of
the tilting angle away from the a-b plane. Thus, at a given
tilting angle the comparison of the measured microwave dis-
sipation with that calculated from the measured dissipation
parallel to a-b plane, provides information on the strength of
the interaction between both kinds of vortices due to pinning
of JV by PV. The results illustrated below will show that the
contribution of PV to the microwave dissipation is small at
low dc fields and increases strongly with increasing dc field.

In the following the experimental set up and procedure
will be explained. Then the experimental results will be pre-
sented. The discussion will focus on the effect of PV on the
ac induced motion of JV.

II. EXPERIMENT

The experimental setup® consists of a Bruker ELEXSYS
500 X-band EPR spectrometer. The microwave source feeds
a 9.3 GHz rectangular H102 cavity. A Bi2212 sample (1
X 1X0.1 mm?) is positioned at its center, where only the
magnetic microwave field is present. The sample, whose
temperature could be varied down to helium temperature us-
ing a helium continuous-flow cryostat (Oxford instruments),
is exposed to collinear dc (Hpe) and ac (ke with frequency
100 kHz) magnetic fields. Rotating the crystal along an axis
perpendicular to the magnetic field and parallel to the a-b
plane varies the orientation of the magnetic field from paral-
lel to perpendicular to the a-b plane. The microwave mag-
netic field is applied parallel to the a-b plane along the axis
of rotation. Thus, rotating the sample does not vary the in-
tensity of the microwave magnetic field. The ac magnetic
field induces a signal proportional to the microwave losses in
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FIG. 1. (Color online) Vortex structure in high-anisotropy superconductors (inspired from the vortex structure of Fig. 1 of Ref. 1). A:
magnetic field parallel to the ¢ axis, only PV are excited that reside in the conduction layers, forming two dimensional hexagonal structures.
B: magnetic field parallel to the conduction planes, only JV are exited forming a triangular vortex structure. C and D: magnetic field tilted
away of the principal axis excites both PV and JV. Their mutual interaction forms a rich variety of vortex structures that depends on the

density of the two types of vortices.

the sample. The reflected microwave power is rectified by a
diode and is fed into a lock-in detector. The lock-in detector
gives the first harmonic signal intensity and phase at the ac
frequency. Previous experiments have shown that changing
the variables such as the dc and ac magnetic fields and tem-
peratures affects not only the signal intensity but also its
phase.® Therefore the signal intensity was determined from
maximum intensity obtained by varying the phase of the
lock-in detector between 0° and 360°. All measurements
were carried out using zero field cooling from above T,
down to the measured temperature to ensure that vortices are
not present before starting the measurement.

III. RESULTS

Figure 2 shows the signal intensity at 40 K as function of
dc magnetic field for different orientations from less than 2°
off the a-b plane up to parallel to the ¢ axis (90°). For the
magnetic field aligned close to the a-b plane, two peaks are
observed at Hpc=2 mT and 24 mT, respectively. The posi-
tion of the low-field peak is almost constant for all angles.
The inset shows that its intensity decreases with increasing
angle close to cos #, where 6 is the angle between the a-b
plane and the magnetic field. The position of the high-field
peak shifts to lower fields, its intensity decreases strongly
and disappears above 6= 60°. These features are presented
in a clearer way in Fig. 3(a), which depicts the intensity as a

function of @ at different dc magnetic fields from Hpc
=2 mT to 45 mT. It shows that the higher the dc field, the
larger the decrease in the microwave dissipation for the same
tilting angle. Another instructive presentation of these results
is obtained by normalizing the signal intensities at #=0° to
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FIG. 2. (Color online) Signal intensity measured in a Bi2212
single crystal at 7=40 K as a function of dc magnetic field for
different angles € of the magnetic fields, from Hpc close to the a-b
plane (#=0°) to Hpc parallel to the ¢ axis (#=90°). Inset: The
squares represent the low-field-peak intensity at different angles.
The solid curve is a I cos @ fit, where [, is the intensity at 6#=0°.
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FIG. 3. (Color online) (a) Signal intensity as a function of the
tilting angle € for dc magnetic fields 2 to 45 mT, derived from Fig.
2. It shows that the larger the dc fields, the smaller the angle where
the signal intensity goes to zero. (b) Signal intensity derived from
(a) as a function of the tilting angle 6 for dc magnetic fields 2 to 45
mT, normalized to the same intensity /=1 at #=0°. The curve 1(6
=0)-cos 0 shows that the signal intensity for Hpc=2 mT starts to
deviate from cos 6 only above 55°. At higher dc field the deviation
starts already close to #=5° and increases with dc field.

unity for all dc fields [Fig. 3(b)]. It clearly demonstrates that
the relative decrease in the signal intensity toward zero value
deviates the stronger from cos 6, the larger the tilting angle
and the higher the magnetic field.

To analyze the above results it is necessary to recall the
mechanism that induces the microwave signals by the ac
magnetic field, s, collinear to the dc magnetic field, for the
magnetic field applied parallel to the a-b plane where only
JV are present. Recent theoretical investigations indicate that
the microwave dissipation for magnetic fields parallel to the
a-b plane results from the interaction of the microwave mag-
netic field with Josephson vortices, which are depinned due
to shaking by the ac field.”
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IV. DISCUSSION

Microwave dissipation detected in our experiment is
caused by nonpinned fluxons motion. On the other hand the
flux dynamics is strongly affected by the pinning forces,
which is strongly different for PV and JV. In fact the
Abrikosov-like PV can be easily pinned by the point defects,
in contrast to the coreless JV. The direction of the external dc
magnetic field is essentially important because it determines
the structures of both the PV and the JV lattices and hence
the pinning force. Increasing the pinning constant decreases
the signal intensity, and for large pinning constant the signal
is negligibly small. Hence increasing the tilting angle at a
constant magnetic field or increasing the magnetic field at a
constant tilting angle results to larger density of PV and
larger pinning constant that decreases the signal intensity. In
fact, the applied magnetic field in the ¢ direction creates only
a strong pinned PV lattice whose contribution into the mi-
crowave dissipation is almost zero. On the other hand the
magnetic field directed parallel to the layers creates the JV
structures affected by negligibly small pinning force. Their
dynamics is responsible for a large microwave dissipation in
our experiment. Tilted applied magnetic field creates both
PV and the JV. The interaction between these subsystems is
crucially important. In fact more mobile JV can be pinned by
the PV. This pinning constant (Labush constant K in our
previous paper’) depends mainly on the angle between the
tilted magnetic field and a-b plane. In fact the microwave
dissipation induced by the ac field results only by the motion
of the JV but not by the motion of the PV. This unique
property enables to analyze dynamics of JV in the presence
of PV. It is manifested in the present work (Fig. 2) by inves-
tigating the signal intensity as a function of magnetic field
and tilted angle. As the density of JV or PV is proportional to
the magnetic field Hp applied parallel to the a-b plane or to
the ¢ axis, respectively; the vortex density for Hp at a tilted
angle 6 away from the a-b plane would change as Hpc cos 6
and Hpc sin 6 for the JV and PV, respectively.” Assuming
that the observed microwave dissipation is only proportional
to the density of the JV, the signal intensity would vary as
Hpc cos 6. Indeed, Fig. 3(b) shows that the signal intensity
observed at Hpc=2 mT (i.e., at a relatively low Hp field)
follows a cos 6 behavior from small angles up to 6= 60°, but
deviates to lower values for higher angles. This deviation,
which becomes more pronounced at higher magnetic fields,
indicates that in addition to the decrease in the ac-induced
microwave dissipation of the JV due to the decrease in the
JV density by tilting the magnetic field, an additional mecha-
nism decreases the dissipation.

Numerous investigations on the effect of magnetic-field
tilting on the interaction between JV and PV in highly aniso-
tropic superconductors have been published.'®!" Most of
them use methods of magnetic imaging, generated parallel to
the crystallographic a-b surface. They show that magnetic
tilting forms different vortex states as illustrated in Fig. 1.!
The concept of vortex states was discussed by Bulaevskii'?
and later by Koshelev,'? who has introduced the idea of the
crossing-lattices state. The imaging results clearly indicate
the presence of strong interaction between the PV and the JV,
and that this interaction increases with the tilting angle
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FIG. 4. (Color online) Differences between Al (the observed
normalized intensity at the tilting angle of 15°) and cos 15° (the
expected normalized microwave dissipation at 15°) as a function of
magnetic field. The different slopes are attributed to phase
transitions.

toward the c¢ axis, which increases the PV density. We there-
fore conclude that the additional factor that reduces the mi-
crowave power dissipation arises from pinning of the JV by
the PV, and that the pinning increases with the increase in the
PV density. Thus, the present microwave-dissipation results
can be readily interpreted by comparing them to the results
obtained from the imaging measurements.’

As pointed out above the microwave dissipation arises
from the interaction of the microwave field with the moving
JV depinned by the ac field. At a magnetic field parallel to
the a-b plane, only JV are present; their density as function
of tilting angle is maximum and therefore the signal intensity
is also maximum. At small tilting angles, #<<5°, the change
in the concentration of the PV that increases as sin 6 is small
and the results show that the PV and the JV form a crossing-
lattice state, where stacks of PV and JV do not intersect and
behave almost independently. The signal intensity should,
therefore, decrease as cos @ due to the decrease in the JV
density. This is observed in Figs. 3(a) and 3(b), which show
a very small decrease in the signal intensity for §<<5° even
at the highest magnetic fields up to 45 mT.

The signal intensity as a function of tilting angle at a
magnetic field of 2 mT follows a cos € dependence up to a
tilting angle of 60° [Fig. 3(b)]. Above 60° the signal intensity
decreases faster than cos 6, indicating pinning introduced by
PV. The pinning results from intersection between PV stacks
with JV stacks in the crossing-lattice state that leads to inter-
action between JV and PV, as shown in Fig. 1(c).

At a magnetic field of 8 mT, zero signal intensity is ob-
served above a tilted angle of 80°. Further increase in the
magnetic field lowers the tilting angle above which the in-
tensity goes to zero. Zero intensity indicates the formation of
a sublimated one-dimensional vortex state that leads to
strong pinning of JV [Fig. 1(d)].

The formation of different vortex states is deduced also
from Fig. 4, which shows the deviation of the JV signal
intensity, Al, from the expected cos 0 behavior at a constant
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tilting angle of 15° as a function of magnetic field. At con-
stant angles increasing the magnetic field increases the den-
sity of both JV and PV, keeping their density ratio nearly
constant. At 0<Hpc<<5 mT, AJ is almost zero. It implies
that the PV do not induce additional pinning of the JV. The
system is in the crossing lattice state, where the stacks of JV
and PV do not interact [Fig. 1(c)]. At 5 mT<Hpc
<30 mT, the increase in Al with increasing field indicates
that PV interact with JV. The system is still in the crossing-
lattice state, and the interaction results as the PV stacks in-
tersect with the JV stacks [Fig. 1(c)]. Two linear slopes are
observed between 5 and 30 mT, where the change in slopes
occurs at 15 mT. It suggests the presence of two phases. The
higher-field slope is larger, indicating a stronger interaction
between the PV stacks and the JV stacks at the high-field
phase. This is expected as the densities of both the JV and
the PV at this phase are larger than those of the low-field
phase. Above 30 mT, A/ is maximum and constant as the
signal intensity in this region is almost zero due to the strong
pinning of JV in the sublimated one-dimensional vortex state
[Fig. 1(d)].

The decoration techniques and the IMDACMEF technique
investigate interaction between PV and JV. The decoration
techniques are visual techniques that detect the distribution
of PV stacks at the surface or close to it. The formation of a
crossing-lattice state and of a sublimated one-dimensional
vortex state are deduced from the different distribution of the
PV stacks close to the surface.'*!> From the variation in the
formation of the PV stacks as a function of the tilting angle,
it is possible to obtain information regarding the strength of
the interaction between PV and JV. The IMDACMF tech-
nique observes the microwave-power dissipation due to the
interaction between depinned JV (induced by ac magnetic
field) and the microwave magnetic field. The present work
shows that the decrease in the microwave dissipation as a
function of the tilting angle results from stronger pinning of
JV stacks by PV stacks. Thus, both methods are complemen-
tary in the study of the interaction between the two kinds of
vortices.

V. SUMMARY AND OUTLOOK

In conclusion the present work shows that the IMDACMF
technique successfully probes the interaction between JV and
PV in highly anisotropic superconductors in tilted fields as a
function of the variables involved. The interaction between
both types of vortices in tilted fields is also obtained by the
decoration techniques, where it is observed via the variation
of the vortex-chain images on the superconductor surface
again due to changes of the variables involved. Using both
methods can yield a better understanding on the mechanism
of the interaction and the formation of different phases. The
present technique uses an EPR spectrometer that is simple to
handle at temperatures from 7, down to 4 K at magnetic
fields up to 1.5 T and at different angles. The frequency used
was 9.3 GHz. The signal intensities were strong and could be
observed directly on a digital oscilloscope without the use of
a lock-in detector. It implies that dissipation signals can be
obtained also with different spectrometers even of lower sen-
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sitivity, whose frequencies can range from a few megahertz'¢
to hundreds of gigahertz;!” thus, it can provide information
on the interaction of the moving JV with the electromagnetic
field at a very large frequency range. The ac frequency used
in the present work was 100 kHz at magnetic field amplitude
of 1.2 mT peak to peak. Earlier publications have shown that
microwave dissipation is obtained at ac frequencies from 100
to 100 KHz, and that the signal intensity, its phase, and its
shape strongly depend on the ac intensity. Investigation of
the tilting effect at different frequencies below and above this
frequency range and at a large range of ac intensities can
give more information on the pinning strength induced by
the PV on the JV.
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