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We have used the high-Q mechanical-oscillator technique to probe the vortex-lattice structure in
high-quality Bi-Sr-Ca-Cu-O single crystals over a wide range of magnetic fields (200 Oe to 40 kOe),
and relative orientations 6 between the magnetic field and the crystalline ¢ axis. In addition to the
large softening and dissipation peak previously observed and interpreted as due to flux-lattice melting,
another distinctly different peak at higher temperatures is seen. The temperatures where the dissipa-
tion peaks take place are solely defined by the parallel component of the field B cosf, while the restor-
ing force on the oscillator is due to both field components. We suggest that the two peaks are due to
the softening of interplanar coupling at the low-temperature peak, and melting or depinning of the
two-dimensional pancake vortices at the higher-temperature peak.

Despite the general acknowledgment that anisotropy
plays a fundamental role in understanding the magnetic-
flux response of the oxide superconductors, few experi-
ments have explicitly studied the angular dependence of
their superconducting properties. There are torque-
magnetrometry  measurements which have shown that
the square-root ratio of effective masses is 55 in the Bi-
Sr-Ca-Cu-O compound. Recent results on the low-field
relaxation? in Bi-Sr-Ca-Cu-O have shown that the nor-
malized relaxation rate exhibits two peaks in its tempera-
ture dependence, and based on this, the existence of two
different pinning mechanisms was proposed. The results
were consistent with a picture in which the magnetic mo-
ment is determined solely by the normal component of the
induction field, Bcosf. At large angles this picture fails
since a large amount of flux was found to be trapped in
the direction perpendicular to the € axis. The low-
temperature peak in the relaxation rate at approximately
20 K was attributed to the magnetic decoupling of two-
dimensional vortices.

Using decoration techniques, Bolle et al.? have found a
flux-lattice structure of flux chains in Bi-Sr-Ca-Cu-O sin-
gle crystals when the magnetic field is applied at angles
between 60 and 85 degrees with respect to the ¢ axis.
They have also found that the average density of vortices
as a function of angle is determined only by the Bcosf
field component; no distortion of the lattice due to the oth-
er field component parallel to the crystal surface occurs.

All these results point toward the important role of the
anisotropy in this system. The interpretation within a pic-
ture in which the flux structure is determined only by the
B cos@ component implies that the magnetic flux is quan-
tized only in the & direction, while the field component
parallel to the Cu-O planes penetrates the sample as if it
were a magnetically transparent material.

The mechanical-oscillator technique* ™’

has been

44

shown to be quite sensitive in the detection of transitions
in the vortex state of superconductors. In this paper we
report the results of mechanical-oscillator measurements
in a wide range of fields and temperatures in high-quality
Bi-Sr-Ca-Cu-O single crystals. Our measurements show
dissipation peaks at two different temperatures for a given
field and angle between the field and the crystallographic
€ axis. We have found that, although the temperatures at
which the peaks take place are only determined by the
B cos0 field component, the restoring force on the oscilla-
tor is due to both field components. If the flux is quan-
tized only in the 4 and b directions, the pinning force
would be active only against the Bcos@ component. On
the other hand, if Josephson vortices interconnect the pan-
cake vortices, the pinning centers would react against the
force exerted by both field components. This means that
the magnetic flux is quantized in the ¢ direction as well as
in the 4 and b directions, giving support to the picture of
two-dimensional Abrikosov pancakes in the Cu-O planes
coupled by Josephson vortices through the interplane re-
gions.

In our experiment, the sample to be studied is attached
to a thin-silicon paddle, which is gold coated on both sides
for capacitive drive and detection. The motion is driven
self-resonantly by means of a feedback loop. Our mea-
surements were carried out at frequencies of 1.5 and 4.8
kHz, corresponding, respectively, to the first cantilever
and torsional modes of the oscillator. Typical Q’s were
above 10° at liquid-helium temperatures and zero-
magnetic field, and our oscillators had frequency stabili-
ties of better than 0.1 ppm. The sensitivity at low fields is
essentially controlled by the size of the sample, and in the
present experiment we were able to measure at fields as
low as 200 Oe using large crystals (6x3x%0.03 mm?).
The measurements with H applied exclusively parallel to
the ¢ axis were made using a superconducting magnet,
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while the angular dependence was studied by means of a
rotating iron-core magnet placed outside of the cryostat.
This configuration allowed us to change the relative orien-
tation 6 between the magnetic field and sample in a pre-
cise and reproducible way (*0.2°).

The samples used were Bi Sr;9Cag9CuyOs+5 single
crystals grown and characterized as reported elsewhere.?
The crystals were platelets shaped with the short dimen-
sion along the crystallographic ¢ axis. High-resolution
superconducting-quantum-interference-device (SQUID)
magnetization measurements for these crystals have
shown sharp bulk-superconducting transitions with an on-
set of superconductivity at 86 K, and zero-field-cooled full
shielding at low fields. Decoration experiments® on these
particular samples have shown very well-ordered flux lat-
tices indicating the absence of macroscopic inhomo-
geneities.

In Fig. 1 we show the results of a typical run for our ex-
periment with H parallel to € at a constant applied field of
H =5 kOe as a function of temperature. At low tempera-
tures the solid flux-line system is pinned to the supercon-
ducting crystal, and the tilting of the flux-line system with
respect to the external magnetic field gives rise to an extra
restoring force that increases the resonant frequency of
the oscillator. When the temperature is increased, the
response of the oscillator indicates a large softening of the
flux structure. Associated with this softening there is a
sharp dissipation peak, and at its maximum we define the
melting temperature 7,,. These measurements are in ex-
cellent agreement with results obtained on crystals of
different quality and oxygen treatment.”'® The main re-
sult of this paper is that above the melting temperature
the flux lines are still softly coupled to the sample, a fact
that is made evident by a residual stiffness associated with
the magnetic field. This residual stiffness disappears at
the same temperature where a second, smaller, dissipation
peak takes place. We define 7; as the maximum of this
second peak.

The amplitude at 7; is found not to be proportional to
the oscillator driving force. In fact, it is found that below
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FIG. 1. Temperature dependence of the real and imaginary

response of the mechanical oscillator with the Bi-Sr-Ca-Cu-O
crystal attached. The dashed lines represent the behavior at
zero field, i.e., the background due to the elastic properties of
the silicon paddle itself.
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T; the amplitude is never proportional to the driving force,
even for the smallest detectable signals, while it is linear
with the driving force over the entire range of drives for
T > T;. This onset of intrinsically nonlinear behavior can
be understood as a consequence of the onset of long-range
coherence in the system and will be discussed in more de-
tail later.

Figure 2 shows the dissipation of the oscillator as a
function of temperature for four different angles, 6, of the
applied field relative to the ¢ axis. The strong anisotropy
of both T, and T; is evident. Although the amplitudes of
the peaks depend on 6, the characteristics of each peak are
preserved when the field is rotated. The peak at T,
remains sharp (~3 K at full width at half maximum) in
the whole range in which it is detectable, while the width
of the peak at T; is always ~10 K. The maximum ampli-
tude of T, takes place at 6~0°, decreasing rapidly for
higher angles and becoming undetectable close to 6~90°.
The amplitude of the peak at 7; remains finite in the
whole range of angles, being a minimum at 6~0° and a
maximum at 6~90°. These results show that the two
peaks arise from qualitatively different processes, and not
from a single process with two different characteristic
temperatures. The trivial explanation that these effects
could arise from the existence of two different crystallo-
graphic phases can also be easily ruled out. Low-field
SQUID magnetization curves on this sample show no evi-
dence of two different critical temperatures with a pre-
cision of a few flux quanta, either in field-cooling or zero-
field-cooling experiments. Moreover, if the two peaks
were the consequence of regions with different crystallo-
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FIG. 2. Dissipation peaks at a fixed applied field of 6.5 kOe,
for different relative orientations to the sample. 6 is the angle
defined by the field and the ¢ axis of the single crystal. Notice
the disappearance of the melting peak as H becomes parallel to
the Cu-O planes.
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graphic orientations, they should cross each other upon
rotating the field from 0° to 90° with respect to the € axis,
in contrast to our results.

The measurements shown in Fig. 2 were carried out
with the oscillator in the cantilever mode, because for this
mode of vibration the field distortion is the same indepen-
dent of the field orientation. This fact was checked at low
temperatures, where the magnitude of the frequency shift
was observed to be independent of 6. For this reason, it is
meaningful to consider the changes in the height of the
dissipation peaks as characteristic of the physical process-
es that take place in the vortex structure, and not as aris-
ing from changes in the geometry of the experiment. On
the other hand, when working in the torsional mode, al-
though the angular dependence of T,, and T; remains the
same, the height of the peaks measured at different angles
cannot be compared as in the case of the cantilever mode.
The presence of these two distinct lines in the H-T phase
diagram is a challenge for theoretical work. The
theories'' based on thermally activated depinning, in the
present form, do not predict a phase diagram with two
characteristic lines. Phase-transition models'?'? at least,
in principle, allow for such a possibility.

We have studied the angular dependence of 7, and T;
and have found that the two dissipation peaks follow a
universal temperature dependence. The scaling parame-
ter is the normal component of field By =Bcosf. We find
that this is the only relevant field component in determin-
ing the location with temperature of the dissipation peaks.
In Fig. 3 we have plotted the parallel component of the
field B, where the dissipation peaks take place, as a func-
tion of the peak temperature for a wide range of total ap-
plied fields. In the inset the results for 7; in the low-field
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FIG. 3. Phase diagram for the field component By. The solid
symbols represent the melting temperature T, and the open
symbols the depinning 7;. The triangles indicate the measure-
ments for varying fields applied parallel to the ¢ axis, while the
other symbols correspond to measurements performed with fixed
values of the applied field at different orientations. The inset
shows the low-field detail for the measurements of 7.
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range are shown. It is clear that the scaling is quite good.
From an experimental point of view, it is important to em-
phasize that the Bcos@ scaling law combined with the
shape of the field dependence of T, and T; implies that
the angular dependence of both features at a constant ap-
plied field becomes sharper around 6~90° as the field is
increased. This in turn means that the proper measure-
ment of any property in that direction for fields higher
than 10 kOe requires a very careful alignment of the sam-
ple.

The results of Fig. 3 show that the softening at 7, as
well as the complete depinning at 7; are only determined
by By. This result is in agreement with previous experi-
ments, leading to a picture where vortices are considered
as two-dimensional pancakes nucleated in the Cu-O
planes, with a vortex density determined by Bcosf. In
this picture, the field component perpendicular to ¢ is as-
sumed to penetrate freely between the Cu-O planes.
There is, however, an apparent contradiction between our
results and this picture when considering that the relative
changes in frequency as well as in the amplitude of the
dissipation peak at 7; increase when 0 increases. See, for
example, Fig. 2.

Both experimental results, the universal behavior of 7,
and 7T; and the increase in the stiffness of the flux struc-
ture with cos@ can be reconciled within the same picture,
if one assumes that the active pinning centers are effective
only on the Abrikosov two-dimensional vortices nucleated
in the planes, while the field component between the Cu-O
planes induces unpinned Josephson vortices interconnect-
ing the pancakes. In this scenario, T, represents the
softening of the interconnection between the two-
dimensional vortices while 7; determines the temperature
where the Abrikosov vortices are fully depinned in the
planes.

The restoring force which leads to an increase of the os-
cillator frequency is due to both types of vortices. When 6
increases, the length of the Josephson vortices increases.
When the oscillator moves, the pinned pancakes do not al-
low the free displacement of the Josephson vortices along
the Cu-O planes, increasing their rigidity. Once the pin-
ning of the two-dimensional vortices is overcome by
thermal energy the Josephson vortices slide freely between
the planes and the dissipation is only associated with vor-
tex viscosity which should produce a linear-response re-
gime above T; as is observed.

Previous measurements’ using the high-Q oscillator
technique can be interpreted within the framework of the
vortex-glass theory;'? in that theory there is a true phase
transition at the glass temperature 7,. As one approaches
the transition from above, there is a diverging correlation
length & which diverges as (T, —T) ~". There is also a
critical slowing down with the time scale for critical fluc-
tuations diverging as £°. The oscillator, which is a finite-
frequency probe, shows a change in response or a transi-
tion when the critically diverging time scale for the transi-
tion equals the oscillator resonant frequency. This will al-
ways be slightly above the true T,. Above T, the current
scale for linear-response shrinks as the coherence length
grows. The way to understand this is to realize that the
measuring current disturbs the vortex configuration that
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we wish to probe. The larger the current, the shorter the
distance over which we disturb any particular config-
uration. If one disturbs the vortex lattice over some
length scale longer than the correlation length, then one
should still be in the linear-response regime. The current
scale for the crossover from linear response to nonlinear
response is given by Jo~cT/(®dE?) which goes to zero as
one approaches T, from above. Below the transition, & is
infinite and there is no linear-response regime. Below
T, one expects that ¥ ~expl— (J,/J)*]. The oscillator,
which is a very-low-amplitude probe, always detects linear
response above T, but never detects linear response below
T,. This is a consequence of the infinitely long-ranged
correlation length below 7T,. In contrast, a thermally ac-
tivated flux-flow model would predict that at low tempera-
tures one would always find linear response when the driv-
ing current is small in comparison to the temperature.

The fact that below T; one always finds a nonlinear
response at all driving amplitudes suggests that 7; and T,
are transitions into states with long-range correlations.
We would then expect that these might represent true
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phase transitions'? involving large numbers of correlated
vortices. The lattice then *“melts” in two steps with
different temperatures for the interlayer and intralayer
transitions.

In conclusion, mechanical-oscillator measurements on
high-quality Bi-Sr-Ca-Cu-O single crystals have shown
that there exist two distinct features upon warming. The
angular dependence suggests that they represent features
associated with the vortices between the planes and in the
planes.
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