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Abstract The Josephson Vortex dynamics in high aniso-
tropy superconductors Bi2212 and Bi2223 induced by AC
magnetic field collinear to DC magnetic field and paral-
lel to the layers is studied via their interaction with mi-
crowave field. Experimental results as function of DC mag-
netic field, AC magnetic field and temperature are presented.
The AC induced microwave dissipation is larger than dis-
sipation without AC field. The results are explained by the
theoretical interpretation reported recently due to shaking by
the AC field that depins the JV (Shaltiel et al., Phys. Rev.
B 77, 014508, 2008). Similar behavior in these two com-
pounds as a function of the variables involved discloses that
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the shaking effect should be observed in any high anisotropy
superconductors. It shows that the AC field interacting with
JV has an active and not the usual passive modulating role
of the DC field in EPR dissipation experiments. The tech-
nique can be used to investigate JV dynamics and JV phase
diagram.
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1 Introduction

Investigation of Josephson sine-Gordon solitons, known
as fluxons, has drawn great interest in basic and applied
physics [2]. Most investigations are performed in mesa-
structures of intrinsic Josephson junction IJJ stacks of su-
perconducting layers coupled by Josephson effect. The lin-
ear size of sacks is usually less than 100 um, where the
Josephson solitons move along its junction [3]. The purpose
of those investigations is to study the dynamic behavior of
fluxons where emphasis is drawn on the collective motion
of the Josephson vortices generated by electrical current and
detected via the I-V curves [4]. The investigations are mo-
tivated for the possible application to generate radiation at
THz frequencies [5].

In the present work the experimental method of “In-
duced Microwave Dissipation by AC Magnetic Field” (IM-
DACMF) [6] is introduced to study the dynamic behavior of
solitons in bulk high-anisotropy single superconductor crys-
tals of Bi2212 and Bi2223, via their interaction with the
magnetic component of the microwave field. The interac-
tion is attained by applying an AC magnetic field collinear
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with a DC magnetic field parallel to the a—b plane. The AC
field varies the density of the fluxons due to their motion
in and out of the superconductor, causing interaction with
the microwave within its skin depth. The interaction induces
a microwave dissipation caused by the collective motion of
the JV; we show that the dissipation is by far larger than the
dissipation due to the interaction of the microwave with the
JV without the presence of the AC magnetic field [7]. Dif-
ferences in the microwave power dissipation of more than
two orders of magnitude were observed with or without the
presence of AC field in Bi2212 crystals where a very simi-
lar experimental setup was applied. It indicates that the AC
field strongly enhances the microwave dissipation in high-
anisotropy superconductors that results from the interaction
of the JV with microwave magnetic field. The results in-
dicate that, depending on the variables involved, the mi-
crowave response can be linear or nonlinear with the AC
field. Furthermore, the signal phase with respect to the ex-
ternal AC phase can vary with the change in the variables
involved.

Based on the present experimental results, the AC-
induced microwave dissipation was recently interpreted the-
oretically in the framework of Josephson electrodynamics in
layered superconductors [1]. It shows that the enhancement
of the microwave dissipation in the presence of AC field
results from the shaking of JV by the AC field.

The IMDACMF technique introduces a new method to
investigate the dynamics of fluxons. It is different from the
1JJ method mentioned above. In the IJJ method the motion of
the JV vortices is obtained by applying electric current per-
pendicular to the conducting planes of the superconductor
and its effect is observed by DC resistivity and I-V charac-
teristics measurements. The present method is contactless;
the motion of fluxons is induced by an AC field collinear to
the DC field and parallel to the conduction planes, and its ef-
fect is detected via microwave dissipation. It can be applied
to investigate the effect of different treatments of the super-
conductor on the motion of the fluxons. A greater variety of
samples, small and large single crystals, can be used with
this technique.

It should be mentioned that after the discovery of high
T, superconductors, EPR spectrometers where extensively
used to investigate their interaction with microwave [8].
Though interesting results where obtained, the technique
was soon almost abandoned as it did not reveal additional
substantial information. The present work shows a new ex-
perimental procedure to obtain results on the interaction of
vortices with the microwave in high-anisotropy supercon-
ductors, using EPR spectrometers.

In the following we describe the experimental set up and
the measuring procedure. We then present the experimental
results of the AC-induced microwave dissipation in the high
anisotropy Bi2212 and Bi2223 crystals, as a function of the
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variables involved, namely, DC magnetic field, AC magnetic
field and temperature, where similarities and differences in
their behavior are exposed. The next section analyzes the
experimental results. Then the experimental results are com-
pared with the theoretical work [1]; it shows a good qualita-
tive agreement with the experimental results. The discussion
summarizes the important results and points out new possi-
bilities to investigate the dynamics of JV by the IMDACMF
technique.

2 Experimental
2.1 Experimental Setup

The experiment block diagram is shown in Fig. 1. It con-
sists of a Bruker ELEXSYS continuous EPR spectrometer
working at X-band frequency (9.36 GHz) and a digital os-
cilloscope. A microwave source feeds a cavity where high-
anisotropy Bi2212 or Bi2223 crystals (1 x 1 x 0.1 mm?)
are placed in the cavity region where only the microwave
magnetic field is present. The sample, whose temperature
could be varied down to helium temperature, was exposed
to a collinear DC and AC (100 Hz to 100 kHz) magnetic
fields. The microwave magnetic field was parallel to the a—b
plane and perpendicular to the DC magnetic field. The AC
magnetic field induces a signal into the microwave power
reflected from the cavity. It is rectified by a diode that feeds
either a lock-in detector or a digital oscilloscope. The lock-in
gives the signal intensity and phase of the first AC harmonic;
the oscilloscope displays also higher harmonics within its
band width. The combined detectors present direct infor-
mation of the microwave dissipation at the AC frequency.
Unless otherwise specified, the magnetic fields were paral-
lel to the a—b plane where only JV are formed in contrast
to magnetic field parallel to the c-axis where only PV are
formed (Fig. 2). The experiments were performed using the
ZFC procedure, namely, the sample was cooled at zero mag-
netic field from above T¢ to the required temperature. The
AC or DC field was then set to a predetermined value and
the DC or the AC magnetic field respectively was increased
in steps. The signal was registered at each field. The rea-
son for increasing the fields in steps and not continuously
is that not only the signal intensity but also the AC fre-
quency signal phase varied as a function of the variables,
as is demonstrated in Fig. 3. Thus when measuring with the
lock-in detector it was necessary to determine the phase at
maximum signal for each measurement. Here the phase val-
ues are stated with respect of the phase of the external AC
field hac. Analyzing the results obtained from the lock-in
and from the digital oscilloscope gave a full picture of the
signal response, including signal intensity, signal shape and
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signal phase. The method of aligning the crystal can be de-
duced from a previous work [9]. It is performed by rotating
the crystal around an axis parallel to the c-axis [6, Fig. 2].

Two high-anisotropy compounds were investigated, an
optimally doped Bi2212 crystal 7. = 90 K and several
Bi2223 crystals whose T varied between 110 K and 105 K.
First, the experimental results of the Bi2212 are presented,
followed by the Bi2223 results.

2.2 Experimental Results of Bi2212

Figure 3 shows the oscilloscope signals of a Bi2212 crystal
for the same AC field at two different DC fields (the upper
frame), and for the same DC field at two different AC fields
(the lower frame). The figure indicates that the signal can
have a sinusoidal or a non-sinusoidal shape indicating linear
or nonlinear response, respectively, for the same AC field or
for the same DC field. The figure also shows that the AC
phase of the fundamental harmonics depends on the inten-
sities of the AC or DC field. Additional measurements have
shown that the phase may depend also on the magnitude of
other variables, such as temperature.

Figure 4 shows signal intensity as a function of tempera-
ture from slightly above 7. down to 4 K for magnetic field,
with Hpc parallel to the ¢ direction or parallel to the a—b
plane. At magnetic field parallel to the c-axis, where only
PV are formed (Fig. 2), the signal intensity down to 4 K is
zero, except the narrow range signal just below T¢. It results
from the variation of the thermal activated flux flow resis-
tivity [10] (TAFF), and is reported in detail in reference [6];

it will not be discussed further. For Hpc parallel to the a—b
plane where only JV are formed (Fig. 2) the signal intensity
increases sharply at 7, and even further down to 4 K. The
results in Fig. 4 indicate that the AC magnetic field induces
strong microwave dissipation when interacting with JV but
almost none when interacting with PV.

The lock-in signal intensity and signal phase as a func-
tion of DC fields at 40 K at a low-AC field and a high-
AC field of 0.1 mT and 1.2 mT, respectively, are shown in
Fig. 5a. Different functional behavior is observed at these
two AC fields. At the low-AC field the signal intensity below
Hpc =4 mT is small. An asymmetric bell-shaped curve is
observed at higher fields, with a stronger slope in the low
field side and a maximum at 13 mT. The signal phase is
close to —180° in the whole field region. The high-AC field
signal intensity has a maximum at 2 mT, the intensity which
is more than three orders of magnitude larger than the inten-
sity of the low-AC field signal with the same DC field. This
maximum decreases strongly, followed by a second broader
maximum at 19 mT. The signal phase associated with the
first maximum is around —30°: it decreases sharply at higher
fields and tends asymptotically to —160° at the highest DC
field.

The digital oscilloscope signals along the DC field for the
low-AC field and the high-AC intensity curves of Fig. 5a are
shown in Figs. 5b and 5c respectively. Figure 5b shows that
for hac = 0.1 mT the signal intensity at the two low-DC
fields is weak and its signal shape deviates strongly from the
sine, indicating a nonlinear response. The intensity increases

@ Springer



390

J Supercond Nov Magn (2009) 22: 387-399

microwave

Pancake
/ vortices

Hpcthaccos(wt)

Josephson
Vortices

H

microwave

Fig. 2 Vortex structures in high-anisotropy superconductors for mag-
netic field Hpc||c-axis where only PV are formed and Hpclla — b
plane where only JV are formed

strongly at higher DC fields and its signal shape is close to
sine, indicating a linear response. Figure Sc shows that the
signal shape for hpac = 1.2 mT at the magnetic field close
to the first maximum is close to sine, indicating a linear re-
sponse. It starts to deviate from the sine already at 10 mT
with maximum deviation from the sine at 15 mT. At higher
fields the deviation from sine shape decreases with increas-
ing field. Thus the signal shape in Figs. 5b and 5c clarifies
the changes in the signal intensities and phases as a function
of DC field, as was shown in Fig. 4a.

Figure 6a shows the lock-in signal intensity and phase as
a function of AC fields at 40 K at a low-DC field of 2.5 mT
and at a high-DC field of 22 mT. The two DC fields are
close to the two maxima shown in Fig. 5 for ~ipc = 1.2 mT.
Different behavior is observed at these two curves. At the
low-DC field’s maximum curve, the lock-in signal inten-
sity is close to zero below a threshold AC field. Above this
threshold the microwave dissipation increases linearly. At
the high-DC field’s maximum curve the signal intensity in-
creases linearly from zero up to about ~ac = 0.5 mT, then
it saturates strongly up to the highest AC field. The phase
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Fig. 3 Digital oscilloscope signal for a constant AC field using a
low-DC field and at a high-DC field (the upper frame) and for a con-
stant DC field using a low-AC field and a high-AC field (the lower
frame)

of the low-DC field signal is close to zero (—25° on aver-
age). The phase of the high-DC signal is equal to —180°
at low-AC fields and tends asymptotically to —140° at the
highest AC field. The digital oscilloscope signals along the
curves of the low-DC field maximum and the high-DC max-
imum are shown in Figs. 6b and 6c respectively. Figure 6b
shows that at ~ac = 0.1 mT the low-DC signal intensity is
weak and its signal shape deviates strongly from sine, indi-
cating a nonlinear response. The intensity increases strongly
at higher AC fields and its signal shape is close to the sine,
indicating a linear response. Figure 6¢ shows that the high-
DC field signal shape at hac = 0.1 mT is the sine indicating
a linear response. At higher AC field the signal shape devi-
ates from the sine indicating a nonlinear response. Thus the
signal shape in Fig. 6b and Fig. 6c¢ clarifies the changes in
the signal intensities and phases as a function of AC field
shown in Fig. 6a.

Figure 7 presents the temperature evolution of the signal
intensity as a function of DC field from 80 K to 4 K for the
“low-AC” field (0.1 mT) and the “high-AC” field (1.2 mT).
It shows that the intensity increases with decreasing temper-
ature as also is indicated in the insets of the figure.
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Fig. 4 Intensity as a function of temperature when applying magnetic
field parallel and perpendicular to the conduction planes. At H||la — b
a strong signal is observed from 7, down to 4 K. The intensity as a
function of temperature for H||c is zero except for the FFR signal just
below T

2.3 Dependence of Microwave Dissipation
on the Microwave Power

The applied microwave magnetic field in the present work
was 0.007 mT (6.3 mW in a cavity with Q = 3300). The
interaction of the JV with the microwave for different mi-
crowave power, Fig. 8, indicates that the signal intensity for
the same AC and DC fields is proportional to the square root
of the microwave power implying an ohmic behavior. Sim-
ilar ohmic behavior was observed by Enriquez [11] for the
same experimental setup but without the application of the
AC field.

The unusual high intensity response of microwave dis-
sipation by AC magnetic field in Bi2212 was not observed
in the low-anisotropy optimally doped YBaCuO7 supercon-
ductor with magnetic fields parallel to the a—b plane. A fun-
damental difference between these two compounds regard-
ing Josephson vortices is that in the high-anisotropy Bi2212
the coupling mechanism between the layers is due to the
Josephson effect. To find out if this dissipation is related to
the JV inter-layered coupling, we have extended the inves-
tigated to Bi2223. Though its anisotropy is slightly lower
than that of Bi2212 [12], the coupling mechanism between
the layers is due to the JV.

2.4 Experimental Results of Bi2223

Several Bi2223 crystals were investigated whose 7. ranges
from 105 K to 111 K. Here we present the results of a 7. =
105 K crystal the transition temperature of which though
was slightly lower than in other crystals, the results show a
clearer behavior attributed to smaller number of defects [13].

Figure 9a shows the signal intensity as a function of tem-
perature for Hl|la — b and Hl||c, with Hpc = 1 mT and
hac = 0.4 mT. At H||c the signal just below T results from
the TAFF resistivity discussed earlier. A strong anomalous
signal with a maximum at 84.5 K and a width of 4 K is ob-
served. The signal intensity below 85 K is practically zero.
At H||a — b the signal intensity increases slightly and gradu-
ally down to around 88 K, where a strong anomalous signal
is observed at 83 K, similar in shape and intensity to the
anomalous signal observed for H||c. Below the anomalous
signal, a relatively-high intensity signal is observed down to
4 K. At high-anisotropy superconductors the TAFF signal
intensity for H||la — b is almost zero [6]. The small TAFF
signal observed at this orientation in Fig. 9a results from
a slight deviation of the magnetic field (about 3° away the
a-b plane). Indeed, when aligning the crystal almost paral-
lel to the a—b plane, the small TAFF signal just below T is
not observed (Fig. 9b). Figure 10 shows the lock-in signal
as a function of DC field at 4 K for a low-AC and a high-
AC field of 0.1 mT and 1.2 mT, respectively. The low-AC
field signal intensity has an asymmetric bell-shaped curve
with a smaller slope at the high field side with the maximum
at 8 mT. The high-AC field signal intensity has two max-
ima. The maximum of the low field signal is at 1 mT and its
intensity is more than 2 orders of magnitude stronger than
the signal intensity of the low-AC field intensity signal at
the same DC field. The intensity below this maximum de-
creases sharply with the field and then increases towards a
second maximum. Above the second maximum, the inten-
sity decreases gradually towards zero at 100 mT. The signal
phase of the low-AC field is about —180°. The signal phase
of the high-AC field has a maximum of —60° followed by a
sharp decrease that tends asymptotically to —160° at fields
higher than 100 mT.

Figure 11a shows the lock-in signal intensity and phase at
20 K as a function of AC field for a low-DC field and a high-
DC field of 6 mT and 20 mT, respectively. The low and high
DC field intensities were chosen to be close to the maxima
observed in Fig. 10. At the low-DC field the signal inten-
sity above a threshold AC field increases almost linearly up
to about 1ac = 2 mT and then it starts to saturate. The sig-
nal intensity at the high-DC field increases linearly already
from zero but saturates already at ~1ac = 0.6 mT. The phase
of the low-DC field is close to —180° at AC field of 0.1 mT
and increases sharply at higher AC field. The phase of the
high-DC field signal has an almost constant value of —170°
up to hac = 0.3 mT and increases gradually to —130° at
the highest hac field of 3 mT. The digital oscilloscope sig-
nals along the two curves of Fig. 11a are shown in Figs. 11b
and 11c. They clarify the strong changes in the intensity and
phase as a function of AC field observed in the two curves
of Fig. 11a.
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Fig. 5 (a) Lock-in signal intensity and phase as a function of DC
fields at 40 K at a low-AC field and at high-AC field of 0.1 mT and
1.2 mT respectively. (b) Oscilloscope signal along the curve of the

The evolution of the signal intensity as a function of DC
field from 90 K to 4 K for a low-AC field of 0.3 mT and a
high-AC field of 1.2 mT is shown in Fig. 12.

3 Analysis of the Experimental Results
3.1 Bi2212

Figure 4 shows that the AC field collinear with the DC field
induces microwave dissipation as a function of temperature
down to 4 K for magnetic field parallel to the Cu planes,
where only JV are formed. There is no microwave dissipa-
tion for magnetic field parallel to the c-axis where only PV
are formed. It leads to the fundamental conclusion that the
induced microwave dissipation results from the AC interac-
tion with JV but not with PV. The increase of the signal in-
tensity with decreasing temperature for H|la — b (Fig. 4)
signifies that the dissipation does not result from a static
property, as decrease in the absorbed microwave power with
decreasing temperature is expected due to pinning. Thus
the observed signals result from dynamic interaction of the
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low-AC field shown in (a). (¢) Oscilloscope signal along the curve of
the high-AC field shown in (a)

moving fluxons with the microwave field, within the super-
conducting microwave skin depth, whose motion is induced
by the AC field. Figure 3 shows that the time dependent
of the microwave dissipation depends strongly on the vari-
ables involved, such as DC magnetic field and AC magnetic
field. Small changes in one parameter may change the signal
shape from sinusoidal to non-sinusoidal and vary the phase
more than 90°. These changes are related to the variation of
the signal phase and shape as a function of DC and AC fields
shown in Figs. 5 and 6 respectively.

The properties of this dynamic interaction as a function
of the DC and AC magnetic fields at 40 K are manifested
in the signal intensity and phase in Fig. 5a and Fig. 6a, and
their corresponding signal shapes are displayed in Figs. Sb—
5c and 6b-6c¢, respectively.

The lock-in signal intensities and their corresponding
phases at 40 K as a function of DC field (Fig. 5), indicate
that the functional behavior at the 0.1 mT low-AC field dif-
fers substantially from the 1.2 mT high-AC field. It confirms
the conclusion obtained from Fig. 3 that the AC-induced in-
teraction with the fluxons depends strongly on the values of
the variables involved. The low-AC field curve has an asym-
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Fig. 6 (a) Lock-in signal intensity and phase in Bi2212 as a function
of AC fields at 40 K at Hpc = 2.5 mT and Hpc = 22 mT, correspond-
ing to the two DC fields where the respective maxima of the signal

metric bell-shaped signal whose phase is close to —180°
(Fig. 5a). Its signal shape is sinusoidal indicating a linear
response (Fig. 5b). Thus linear response occurs at a phase
values close to —180° at low-AC field. The high-AC field
curve shows two maxima, at a low-DC field of 2 mT and at
a high-DC field of 15 mT (Fig. 5a). The intensity of the low-
field maxima is by far larger than the intensity at the low-AC
field for the same DC fields. The phase of this low-field max-
imum is close to zero (Fig. 5a) and its line shape (Fig. 5c)
is close to the sine, indicating that for phase close to zero
a linear response is observed. At magnetic fields above this
maximum, there is a strong decrease of the signal intensity
followed by a broad maximum. The phase decreases rather
sharply with the decrease of the intensity at higher DC fields
and tends asymptotically toward —160°. The line shape in
this field range deviates from sinusoidal shape (Fig. 5¢) in-
dicating a nonlinear response. Thus Fig. 5 shows that the
signal intensity as a function of DC field is strongly affected
when exposed to low-AC or to high-AC field.

A clearer behavior of the effect of the AC field on the mi-
crowave dissipation is obtained from the signal intensities
as a function of AC field for a 2.5mT at the low-DC field
and 22 mT at a high-DC field, where the two DC fields cor-

intensity as function of DC shown in Fig. 5 were observed. (b) Oscil-
loscope signal along the curve for DC field of 2.5 mT shown in (a). (c)
Oscilloscope signal along the curve for DC field of 22 mT shown in (a)

respond to the position at the low and at the high DC field
maxima with hac = 1.2 mT of Fig. 5. Strong differences
were observed in the signal intensities and signal phases
as a function of AC field at 40 K at these two DC fields
(Fig. 6). It implies again that the AC interaction with the
solitons strongly depends on the values of the variables in-
volved. There is a sharp contrast in the functional depen-
dence at the two fields: The low-DC field signal intensity is
very small: up to hac = 0.3 mT it increases linearly up to
hac = 2.5 mT. The high-DC field signal increases linearly
only up to ac &~ 0.3 mT and remains almost constant up to
hac =3 mT (Fig. 6a). The signal phase value of the low-DC
is close to zero. The high-DC signal phase is close to —180°
up to hac ~ 0.3 mT then it increases with AC field, saturat-
ing at —140° at the maximum AC value of 3 mT (Fig. 6a).
The signal shape of the low-DC field signal is sinusoidal in-
dicating a linear response in the whole AC field range where
the phase is close to zero (Fig. 6b), while the signal shape
of the high-DC field is sinusoidal only up to hac = 0.3 mT
where the phase is close to —180°, and deviates from the
sine shape above this value (Fig. 6c¢).

The phase behavior as a function of DC field is similar to
the phase behavior as a function of AC field. In both cases,
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Fig. 8 Normalized signal intensities as a function of DC magnetic
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a linear response is observed at phase values either close to
0° or to 180°. Nonlinear response is observed in the narrow
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represent an anomalous signal. The small signals just below 7¢ result
from TAFF resistivity. (b) Signal intensity as a function of temperature
in Bi2223 for H parallel to the a—b plane. The absence of the small
TAFF resistivity signal just below indicates that it is aligned almost
parallel to the conduction planes

region where the phase values shift from close to 0° toward
180°.

3.2 Comparison between Bi2212 and Bi2223

Induced microwave dissipation by AC field observed in
Bi2212, where the layered superconductors are coupled via
the Josephson effect, is not observed in optimally doped
YBCO where there is no Josephson coupling between the
layers. We deduce that coupling between the conducting lay-
ers by JV is a necessary condition to induce the microwave
dissipation. If this assumption is correct the AC field should
induce microwave dissipation in Bi2223 similar to that ob-
served in Bi2212 as a function of any of the variables,
namely DC magnetic field, AC magnetic field and tempera-
ture should show similar behavior. Indeed, the analysis pre-
sented below of the experimental results in the two com-
pounds displays very similar behavior.

(a) Signal as a function of temperature, Figs. 4 and 9.

The signal intensity in both compounds as a function
of temperature at magnetic fields parallel to the a—b plane
shows strong signal intensities from 85 K down to 4 K with
similar behavior. At magnetic fields parallel to the c-axis, a
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respectively

FFR signal is observed just below T;, with zero signal inten-
sity at lower temperatures.

(b) Signal as a function of DC magnetic fields at a con-
stant temperature, Figs. 5 and 9.

Applying a low-AC field in the two compounds induces a
similar asymmetric bell-shaped signal with a signal phase of
—180°. Two maxima are observed when exposed to a high-
AC field. The intensity at the lower DC field maximum is
strong and its width is narrower compared to the width of
the higher DC field maximum. The phase at high-AC field is
closer to zero for the first maximum, and it decreases sharply
with DC field tending asymptotically to —160° at higher DC
field.

(c) Signal as a function of AC magnetic field at a constant
temperature, Figs. 4 and 10.

In both compounds the signal intensities as function of
AC field for the low-DC field (above a threshold value) in-
creases linearly with the AC field. For the “high-DC” field
the intensity increases linearly already from zero AC field
and saturates above a small value of the AC magnetic field.
Their corresponding phases at low and high DC fields show
similar behavior (Figs. 4a and 8a). Comparison of the dig-
ital oscilloscope signals in Bi2212 (Figs. 4b and 4c) with

those in Bi2223 (Figs. 10b and 10c), shows similar linear
and nonlinear response at low and high intensity of the AC
field.

(d) Variation of the signal intensity for temperatures 80 K
to 4 K as a function of DC magnetic field at low-AC and at
high-AC magnetic field, Figs. 7 and 11.

The signal intensities increase with decreasing tempera-
tures for temperatures below 80 K in Bi2212, and for tem-
peratures below 40 K in Bi2223.

The very similar behavior as a function of AC and DC
field in these two high-anisotropy superconductors indicates
that the origin of the induced microwave dissipation stems
from interaction of AC field with fluxons that reside between
conducting planes.

Although the two compounds exhibit similar behavior,
there are some significant differences. The sharp increase of
the signal intensity just below T; in Bi2212 for Hl|la — b
(Fig. 4) is not observed in the Bi2223 close and below T
(Fig. 9). Instead, a gradual increase in the intensity with de-
creasing temperature is followed by a strong anomalous sig-
nal at about 85 K as shown in Figs. 9a and 9b. For H||c the
signal intensity in Bi2212 at temperatures below the FFR
signal is zero down to 4 K, whilst in Bi2223 a strong anom-
alous signal is observed at about 85 K, very similar to the
anomalous signal observed at H||a — b. Our results show
that the intensity of the anomalous signal decreases more
than two orders of magnitude when increasing the DC field
from 0.004 T to 0.03 T. Thus the interaction of the AC field
with the vortex system below T, down to 80 K in Bi2223 is
different than expected assuming that the response below T
for the two compounds should be similar. However, the two
compounds show similar behavior below 80 K, including the
sharp increase in the signal intensity in Bi2223 (Fig. 9b)

4 Comparison between the Experimental Results
and Theory

Based on the present experimental results, the microwave
dissipation in layered highly-anisotropic superconductors
subjected to a magnetic field parallel to the layers has been
studied theoretically [1]. The analysis of the microwave dis-
sipation in the presence of an AC field is based on Joseph-
son electrodynamics in layered type II superconductors. The
reader is referred to the article that discusses the microwave
dissipation as a function of the DC field and temperature
with and without the application of AC field. It shows that
the addition of the low frequency AC magnetic field greatly
enhances the microwave signal. It is explained by AC “shak-
ing” effect that depins the Josephson vortices. Thus the the-
oretical article, referred here as the Theory, and the present
experimental work, are complementary. In order to present
to the reader a more comprehensive discussion without re-
ferring him continuously to the theoretical work, we bring

@ Springer
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Fig. 13 Bi2212 microwave susceptibility as a function of magnetic
field at 70 K obtained by microwave power modulation and not by of
AC magnetic field modulation for Hpclla — b (0 =0) [7]

below the experimental fit to the theoretical results includ-
ing important conclusions.

The experimental results in the high-anisotropy super-
conductors Bi2212 and Bi2223 show, in general terms, the
presence of two DC magnetic field regions: a low-DC and
a high-DC region in which the AC field induces sinusoidal
shape signals that are in phase with and out of phase to the
AC frequency, respectively. In the small in-between DC field
region the signal deviates from the sine form and the phase
of the fundamental frequency varies sharply with increasing
field, from close to 0° toward 180°.

The microwave dissipation that results from the interac-
tion of the microwave magnetic field with JV in Bi2212 as
a function of a DC magnetic field parallel to the a—b plane,
but without the presence of the AC field, has been investi-
gated for DC magnetic field parallel to the a—b plane by En-
riquez et al. [7]. The experimental setup was identical to the
present experiment using microwave power modulation in-
stead of the magnetic field modulation in the present work.
Results of the power dissipation as a function of magnetic
field at a temperature of 70 K without AC field [7] are shown
in Fig. 13. The signal intensity in Enriquez experiment were
a few orders of magnitude smaller than those obtained in
the present experiment, indicating that the AC field strongly
enhances the interaction of the JV with the microwaves in
accordance with the shaking effect.

Figures 14, 15 and 16 correspond to Figs. 4a, 5 and 3 of
the Theory article [1].

Figure 14 presents a schematic plot of the calculated sig-
nal intensity as a function of a DC magnetic field. It shows
the presence of two linear regions separated by a nonlinear
region in which the phase shifts from 0° at low field to 180°
at high field. This result is in agreement with the results of
Fig. 5 and Fig. 10 for Bi2212 and Bi2223 respectively (at

4 Signal S

Linear

Linear
180" phase

Nonlinear

[

max DC Magnetic Field

|
|
|
|
1
)
H

Fig. 14 Schematic plot of a signal intensity as a function of a DC
magnetic field in the limit of a vanishing AC field
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Maximal Signal (arb. units)

o 20 40 60 80
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Fig. 15 Fit of the calculated maximum intensity in the signal at tem-
peratures 80 K to 10 K with the measured intensities for h1ac = 1.2 mT
of Fig. 6

the high-AC field of 1.2 mT) that show two linear regions
whose phase varies from close to 0°, at low-DC fields, to
close to —180° at high-DC fields, separated by a nonlinear
region where the phase shifts continuously toward —180°.

Figure 15 presents the exponential fit to the maximum
signal intensity, S, as a function of temperature shown in
Fig 6. This exponential fit S = 7~ was derived from (42)
with o« = 0.7 of the Theory paper.

A remarkable result of the theoretical work was obtained
when fitting the experimental results of Enriquez et al. [7]
that show the microwave dissipation as a function of DC
field in Bi2212 without the application of AC field, Fig. 13.
The full circles were fitted in the theoretical work using (36)
of the theory article [1]. That infers that the interaction of
the JV with the microwave magnetic field with and with-
out the presence of the AC field originates from the same
mechanism. The AC field induces the shaking of the JV that
strongly enhances the microwave dissipation.
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Fig. 16 Theoretical fit to the microwave absorption intensity as a func-
tion of Hpc, without the presence of the AC field, observed by En-
riquez et al. in Bi2212 [7]

5 Dependence of Microwave Dissipation
on the Microwave Power

The applied microwave magnetic field in the present work
was 0.007 mT (6.3 mW in a cavity with Q = 3300). The
interaction of the JV with the microwave for different mi-
crowave power in Fig. 8 shows that the signal intensity for
the same AC and DC fields is proportional to the square root
of the microwave power implying an ohmic behavior. A sim-
ilar ohmic behavior was observed by Enriquez [11] using the
same experimental setup but without the application of the
AC field (see Fig. IV.2.1 in reference [11]). It implies that
the JV interaction with the microwave field is not affected
by the application of the AC field.

6 Discussion

The present work investigates experimentally dynamic prop-
erties of JV in the highly anisotropic superconductors
Bi2212 and Bi2223. The JV are generated by applying a DC
magnetic field parallel to the conducting plane. Their mo-
tion is caused by AC magnetic field collinear to the DC field
and detected by microwave dissipation due to interaction of
the JV with the microwave magnetic field. Thus three mag-
netic fields, DC, AC and microwave, affect the intensity of
the interaction. In addition, other variables such as tempera-
ture, frequency of the AC magnetic field and pinning center
can affect the JV interaction with the microwave. Deviation
of the magnetic field from the a—b plane [14] introduces PV
that impedes the motion of JV. We have shown that small
variations of any of the above variables can strongly influ-
ence the experimental results. The strong dependence of the
observed signal on the large number of parameters made the
results complicated to analyze and difficult for the reader,
as it is necessary to specify the different parameters when

@ Springer

analyzing or presenting the results. Initially the different re-
sponse of the microwave dissipation as a function of a DC
magnetic field with or without the application of an AC field
raised difficulties in the analysis of the results. However, the
theoretical work presented recently in the theory article has
shown that both dissipations stem from the interaction of
the JV with the microwave and that the differences in their
functional behavior result from the shaking of the JV by the
AC field.

Ohmic dissipation of the microwave in the power range
0.2 mW to 20 mW with and without and the application of
the AC field observed in the present experiment and in En-
riquez experiment, respectively, implies that the interaction
of the AC magnetic field—but not the microwave magnetic
field—is responsible to the observed strong power dissipa-
tion. Hence the AC modulating field has an active role in
inducing strong power dissipation, in contrast to the passive
modulating role observed in electron spin resonance experi-
ments.

The theory article [1] explains the results shown in Figs. 6
and 8 that indicate the presence of two regions at a low-DC
and a high-DC fields, in which the dissipation signals dif-
fer by 180° and the response to the AC field is linear. In-
between these two regions the signal phase shifts from close
to 0° to close to 180° with a nonlinear signal shape. The
strong increase of the microwave dissipation with decreas-
ing temperature shown in Fig. 7 was not observed in mi-
crowave dissipation measurements by Enriquez [11] where
the AC field was absent. This difference results from the AC
field shaking effect, as described in the theory work and pre-
sented in Fig. 14.

The response of the signal as a function of DC field for
AC frequencies 0.1 kHz to 100 kHz for the same AC field
was very similar. It indicates that the response in this AC
frequency range is not affected by frequency.

The almost identical behavior of the signal intensity in
Bi2212 and Bi2223 confirms the theoretical investigation
that the microwave dissipation results from the AC-shaking
of the JV in high-anisotropy superconducting compounds.
It therefore predicts that similar behavior in the microwave
dissipation should be observed in all highly anisotropic su-
perconductors. A list of these compounds is discussed by
Shimoya et al. [12]. Thus one would expect to observe IM-
DACMEF signals in the under-doped high anisotropy super-
conductor YBCOg ¢ (T = 60 K) where the coupling be-
tween the layers is through the Josephson effect; it has not
been observed in the low-anisotropy optimally doped YBCO
(T; = 89 K) where there is no Josephson coupling between
the layers.

The functional dependence of Bi2212 and Bi2223 at tem-
peratures below 80 K is similar, in agreement with the the-
ory. Above 80 K the response to the AC field shows different
behavior, including the presence of an anomalous signal in
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Bi2223, observed also at magnetic fields parallel to the c-
axis. It may indicate the presence of a different JV lattice
structure above 80 K that so far has not been observed by
other methods. Figures 6 and 11 show that the signal inten-
sity asa function of the AC field at a high-DC field is satu-
rated above a certain AC field. The reason for this saturation
is not clear. It can be due to the depinning force induced by
the AC field. A further investigation is needed.

No AC-induced microwave dissipation is observed for
magnetic fields parallel to the c-axis where only PV are
formed. The unique property where AC field induces the
shaking of only JV and not PV opens a vast field of inves-
tigation where the dynamics of JV exposed to various pin-
ning centers can be investigated. Indeed recently, by using
this technique, increase of the interaction between PV and
JV obtained by tilting the magnetic field away from the a—b
plane has revealed a strong effect of PV on the dynamics
of JV [14]. Also this technique has shown a memory effect
where a magnetic field can be imprinted into the JV struc-
ture [15] and irreversibility behavior of the JV system that
results from field cooling procedure [16].

In the present work the AC microwave dissipation has
been investigated using an EPR spectrometer at 9.3 GHz.
EPR spectrometers, whose frequency range is from a few
MHz to hundreds of GHz have been reported [17]. Apply-
ing the technique using EPR spectrometer that operates a
different frequencies would provide information on the in-
teraction of fluxons with the electromagnetic field in a very
large frequency range. The technique can also be used to in-
vestigate interaction of JV with different defects, including
irradiation defects, by comparing the microwave dissipation
results before and after introducing the defects. Intense re-
search has been carried out on the dynamic properties of
solitons in intrinsic Josephson junction 1JJ stacks of high-
anisotropy superconductors, where the motion of the JV is
generated by a DC current parallel to the c-axis and detected
by I-V curves [18]. It would be interesting to compare the
present results with a technique where the motion of the JV
is generated by AC current parallel to the c-axis and detected
via microwave dissipation [19]. It can clarify the difference
between the two types of induced motion.

Acknowledgements This work was supported by The Israel Sci-
ence Foundation Grant No. 499/07, by Heinrich Hertz Minerva Center

for High Temperature Superconductivity, by the German Bundesminis-
teriu fiir Bildung und Forschung BMBF under Contract No. VDI/EKM
139617, by the Deutsche Forschungsgemeinschaft DFG within Son-
derforschungsbereich SFB 484 Augsburg, and partly supported by
Grant-in-Aid for Scientific Research from the Ministry of Education,
Culture, Sports, Science, and Technology, Japan. B.R. is supported by
DOE and NSC of R.O.C. Grant No. M93-2112-M009-023. One of
us—D.S.—would like to thank O. Shaltiel for analyzing the experi-
mental data.

Open Access This article is distributed under the terms of the Cre-
ative Commons Attribution Noncommercial License which permits

any noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.

References

1. Shaltiel, D., Krug von Nidda, H.-A., Loidl, A., Rosenstein, B.,
Shapiro, B.Ya., Shapiro, 1., Tamegai, T., Bogoslavski, B.: Phys.
Rev. B 77, 014508 (2008)

2. Ustinov, A.V.: Physica D 123, 315 (1998)

3. Clauss, T., Oehmichen, V., Mossle, M., Miiller, A., Webber, A.,
Koelle, D., Kleiner, R.: Supercond. Sci. Technol. 15, 1651 (2002)

4. Hechtficher, G., Kleiner, R., Schlenga, K., Walkenhorst, W.,
Muller, P.: Phys. Rev. B 55, 14638 (1997)

5. Filatrella, G., Rotoly, G., Grombench-Jensen, N., Pormetier, R.D.,
Pedersen, N.F.: J. Appl. Phys. 72, 3179 (1992)

6. Shaltiel, D.: J. Low Temp. Phys. 103, 383 (2003)

7. Enriquez, H., Bontemps, N., Foumier, P., Kapitulnik, A.,
Maignon, A., Ruyter, A.: Phys. Rev. B 53, R14757 (1996)

8. Bohandy, J., Kim, B.F., Adrian, FJ., Moorjani, K., Darcangelis,
S., Cowan, D.O.: Phys. Rev. B 43, 3724 (1991)

9. Shaltiel, D., Ginodman, V., Golosovsky, M., Katz, U., Boasson,
H., Gerhouser, W., Fisher, P.: Physica C 202, 303 (1992)

10. Tinkham, M.: Phys. Rev. Lett. 61, 1658 (1998)

11. Enriquez, H.: These de doctorat de I’Université de Paris (1997)

12. Shimoya, J., Kitazava, K., Shimizu, K., Ueda, S., Orii, S., Chiku-
moto, N.: J. Low Temp. Phys. 131(5/6) (2003)

13. Shaltiel, D., Krug von Nidda, H.-A., Loidl, A., Lin, C.T., Liang,
B., Kurtz, T., Bogoslavsky, B.: Physica C 433, 93 (2005)

14. Shaltiel, D., Krug von Nidda, H.-A., Shapiro, B.Ya., Rosenstein,
B., Loidl, A., Bogoslavsky, B., Shapiro, I., Tamegai, T.: Phys. Rev.
B 77, 214522 (2008)

15. Shaltiel, D., Krug von Nida, H.-A., Loidl, A., Tamegai, T., Watan-
abe, T., Fujii, T., Mattsuda, A.: In: VORTEX V Conference
Rhodes (2007)

16. Shaltiel, D., Ioshpe, D., Grayevsky, A., et al.: Phys. Rev. B 36,
4090 (1987)

17. Beeman, B., Fink, H.J., Shaltiel, D.: Phys. Rev. 147, 454 (1966)

18. Yurgens, A.A.: Supercond. Sci. Technol. 13, R85 (2000)

19. Madsen, S., Filatrella, G., Pedersen, N.F.: Eur. Phys. J. B 40, 209
(2004)

@ Springer



	Experimental Presentation of Microwave Absorption due to Shaking of JV by AC Magnetic Field in Bi2212 and Bi2223
	Abstract
	Introduction
	Experimental
	Experimental Setup
	Experimental Results of Bi2212
	Dependence of Microwave Dissipation on the Microwave Power
	Experimental Results of Bi2223

	Analysis of the Experimental Results
	Bi2212
	Comparison between Bi2212 and Bi2223

	Comparison between the Experimental Results and Theory
	Dependence of Microwave Dissipation on the Microwave Power
	Discussion
	Acknowledgements
	Open Access
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


