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Mechanical response of the flux lines in ceramic YBa,Cu3O7_;
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We have studied the mechanical response of the flux-line lattice (FLL) in ceramic samples of
YBa;Cu3O7 by means of alow-frequency forced pendulum. The internal friction and elastic modulus
variation of the FLL have been measured as a function of temperature for different values of the
applied stress. A somewhat different behavior was observed whether a zero-field-cooling or field-
cooling procedure was followed. Measurements of the internal friction and elastic modulus as a
function of the applied stress at constant temperature show amplitude-dependent dissipation, with
a maximum dissipation at intermediate values of the stress. This dependence is well fitted by a
rheological model of extended dry friction, if we restrict ourselves to the dissipation and modulus at
fixed temperature. The agreement is not so good when attempting to extend the model to fit the

temperature dependence.

I. INTRODUCTION

Because of the great importance of flux pinning for
achieving useful values of the critical current in type-II
superconductors, there has been continuing interest in
investigating the vortex-pinning center interactions, as
well as the collective properties of the vortex assembly.

The behavior of the flux-line lattice (FLL) in supercon-
ductors has been studied traditionally by measuring the
magnetization, the susceptibility, or the critical current
(e.g., by the four-probe technique). More recently, the
measurement of the mechanical response of the vortices
has allowed a way of probing the coupling of the vortex
lattice to the pinning centers in superconducting materi-
als. There exist several ways of measuring the mechan-
ical response of the vortices, and they can be grouped
for convenience according to the frequency at which they
operate.

The first to be developed were audio-frequency mea-
surements using vibrating reeds! and high-Q mechanical
oscillators.? This technique involves measuring the res-
onance frequency and dissipation in an oscillator made
of a superconductor, or which has a superconductor at-
tached, when the material is in the vortex state. The
vortices exert an extra restoring force and dissipate en-
ergy because of their interaction with the magnetic field,
and for small displacements from their equilibrium po-
sition, a theory developed by Brandt, and co-workers!
permits one to relate the measured resonance frequency
and dissipation to parameters of the FLL, for the case
of the vibrating reed. Ilowever, this theory should not
apply if the relative displacement of vortices and pinning
centers becomes comparable to the maximum displace-
ment of the reed, which is between 100 and 4000 nm in
most experiments. Also in the same frequency domain is
the vibrating-bar system of Baar and Harrison.>* This
frequency range is perhaps the most widely explored.! ~11

Experiments on ultrasound propagation when the sam-
ple is in the vortex state,'2~ 14 probe the vortex-defect
interactions at megahertz frequencies. In these exper-
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iments the amplitude of the relative displacements of
the vortex and pinning centers is probably the lowest
one achieved in any of the mechanical measurements de-
scribed here (10 nm as an upper limit!3).

The low-frequency domain is explored by torsional
pendulums,'®~18 which cover the range between fractions
of a millihertz and a few hertz. Here the displacements
at the tip of the sample are between 250 and 5000 nm.
However, in this case the sample is rotated about an axis,
so one should consider the deflection angle as more im-
portant.

In some of the above methods, i.e., a vibrating reed
made of the same material which pins the vortices or
ultrasound propagation, there is a deformation of the
sample, while in others, the superconducting material
remains undeformed. The results seem to be the same,
however, whether there is deformation or not, although a
more stringent test, such as measuring the same sample
with and without deformation remains to be performed.

A feature common to all the measurements of the me-
chanical coupling between vortices and high-T, supercon-
ducting materials is that a peak in the dissipation and
a corresponding decrease in the stiffness of the FLL is
seen well below T. when the temperature is swept at
constant magnetic field. The peak appears at reduced
temperatures t = T'/T., which although sample depen-
dent are typically ¢ ~ 0.4 in BisSrpCaCu0sg ,t =~ 0.7 in
Lal_gSrggCuO,;, and t ~ 0.95 in YB32C11307_5. There
is currently a controversy as to the origin of this feature.
While some authors consider it to be evidence for flux lat-
tice melting?1°~22 or some transition to a glassy state of
the flux structure,® others interpret the measurements in
terms of thermal activation!®23 akin to the “giant flux
creep” 2428 or thermally activated flux flow? (TAFF) ex-
planations given in the closely related situations of flux
creep and reversibility line measurements.

In this paper, we present results of low-frequency mea-
surements of the mechanical response of the FLL in ce-
ramic YBCO, in particular of the behavior as a function
of the stress applied to the vortex lattice. We find that
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the dissipation and stiffness of the FLL depend on the
stress, and that a temperature-dependent critical stress
can be defined. A rheological model, proposing an ex-
tended dry friction mechanism, partially fits the experi-
mental observations.

II. EXPERIMENTAL DETAILS

Measurements have been carried out in ceramic sam-
ples of YBayCu3zO7_s, prepared from commercial pow-
ders of the compound, which where pressed at 2000
kg/cm3 for 15 min and subsequently heated to a tempera-
ture of 940 °C for 50 h in a pure oxygen atmosphere. The
density of the resultant ceramic was around 5.1 g/cm3.
Sample dimensions were 50 x 10 x 1 mm? and the slabs
were cut from the original pellet with a diamond saw.
The resistive transition has its midpoint at around 85 K
with a ~ 1.5 K width and is shown in the inset of Fig. 5.

The torsional pendulum rotates in a vertical axis,!®
and the magnetic field is in the horizontal direction.
When there are pinned vortices in the sample a restor-
ing force of magnetic origin appears, in a way similar to
what happens in the vibrating reed,! and this is added
to the torque provided by the suspension wire. With
the present configuration and for a magnetic field of 0.08
T, the magnetic restoring torque of the FLL is around
25% of that of the suspension wire, which is a tungsten
filament of 5 mm length and 0.3 mm diameter. The pen-
dulum is forced to oscillate at low frequencies, below its
resonance frequency, which in our case, due to the rela-
tively weak restoring torque, was of about 10 Hz. Thus
the measurements can extend from around a millihertz
to around 5 Hz, where the effects of the resonance start
to become too important. In the present apparatus, the
torsional modulus is measured through the change in the
amplitude of the response when a constant force is ap-
plied to the pendulum, and the attenuation is obtained by
measuring the phase lag between signal and response.6
The suspension wire remains at constant temperature,
so it contributes a constant background in temperature
sweeps. The sample is not deformed when the pendulum
rotates, and the vortices can be regarded as forced to tilt,
but not to bend, during the measurement.

III. EXPERIMENTAL RESULTS

A. Temperature sweeps

In Fig. 1, we show the internal friction (F;) and change
in torsional modulus (G) due to the vortices, as a function
of temperature for an applied magnetic field of 0.08 T.
In all the measurements the frequency was 1 Hz, and the
curves correspond to different values of the applied stress.

Stress is presented in arbitrary units, but it can be
related to the associated strain, i.e., the deflection of
the sample from its equilibrium position. The restor-
ing torque is given both by the suspension wire and the
magnetic contribution, and for a crude estimate we can
ignore the ~ 25 % magnetic contribution, so stress and
strain are linear. Within this approximation, we have
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FIG. 1. Results for the stiffness G and internal friction
F; of the FLL on heating at 0.3 K/min after applying a field
of 0.08 T at low temperature (ZFC). The curves (which have
been displaced in the vertical direction for clarity) correspond
to different values of the applied stress (in arbitrary units),
corresponding to: 0.01, 0.04, 0.08, and 0.2 from the upper
to the lower curves. An arbitrary unit of stress corresponds
roughly to a vibration angle of 5x1072 rad.

found that an arbitrary unit of stress produces a deflec-
tion of 5x10~2 rad in the pendulum. However, it should
be kept in mind that in the experiment the variable which
is controlled is the stress.

All the above measurements were done using the zero-
field-cooling (ZFC) procedure, that is, the sample was
cooled in the remanent field of the apparatus, then the
measuring field was applied, and the temperature was
increased at around 0.3 K/min, while monitoring G(T)
and F;(T). It can be seen that there is some difference
between the F; curves, the one taken at lower stress show-
ing more structure than the others. For the lower stress
curve, the F; has a small value at 4 K, which increases
with increasing temperature, until ~ 15 K, then there is
a plateau between 18 and 28 K approximately, a descent
until 40 K, a new plateau at a low value, and then a rather
broad peak in the F; between roughly 65 and 80 K. For
curves taken at higher stress, the peak broadens and the
structure at low temperatures gradually dissapears. The
change in the apparent torsional modulus G goes from a
low value at low temperatures to a plateau at high tem-
peratures and then a drop between roughly 60 and 80
K. The main difference between the G(T) curves is that
the plateau is lower the higher the stress at which the
curve was taken. In both the F; and G measurements,
it is possible to see a step in the measured quantity at a
temperature corresponding to 7. obtained by measuring
the resistance. (See inset of Fig. 5 ).

Figure 2 also shows data of temperature sweeps at dif-
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FIG. 2. Field cooling (FC) results under the same condi-

tions as Fig. 1. The applied stress (in arbitrary units) cor-
responds to: 0.01, 0.08, and 0.2 from the upper to the lower
curves. Solid lines are results of a fit to Eqs. (1) and (3)
defined in the text. Curves have been shifted in the vertical
direction for clarity; they should all coincide above 86 K.

ferent amplitudes but taken with a field-cooling (FC) pro-
cedure, that is, the sample was cooled in an applied mag-
netic field. The field, temperature, and sweep-time rate
were the same as for the ZFC case. Two main differ-
ences are seen between the FC and ZFC cases. For FC,
there is practically no structure at temperatures below
the peak in the F; measurements, and the change in G is
monotonous, starting at a high value at low temperatures
and then having a steplike descent. The other trends seen
in ZFC, such as the broadening of the F; peak, and its
shift to lower temperatures when the curves are taken at
higher stress, apply also to the FC case.

B. Amplitude sweeps at constant temperature

We have also performed measurements as a function
of the applied stress, maintaining the temperature con-
stant, and the results are shown in Fig. 3. It can be seen
that there is a strong dependence of the F; on the applied
stress, that is, the damping is not due to a force linear in
the velocity (viscous damping), which gives amplitude-
independent dissipation. Nonlinear damping has been
seen frequently in vibrating reed studies’”® and it is
hoped that the present measurements as a function of
the applied stress will permit a better characterization of
the phenomenon. There is a peak in the F; as a function
of stress, as was seen by D’Anna and co-workers.'%16 The
maximum is higher when the curve is taken at tempera-
tures which correspond roughly to those where the peak
in the F;-vs-T curves is seen. The peak, however, subsists
even in the F;-vs-o curves taken at low temperatures, al-
though our measurement range does not allow the full
descent of the peak to be seen. There is a qualitative
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FIG. 3. Stress dependence of F; and G for different tem-
peratures; A, T= 77T K; O, T = 74 K; O, T = 71 K;
O, T = 67.5 K. The applied field is 0.08 T and the mea-
suring frequency 1 Hz. Lines are only guides for the eye.

change in the shape of the Fj-vs-o curves measured at
lower temperatures; they show a monotonously increas-
ing background superposed to the peak.

IV. DISCUSSION
A. Zero-field-cooling and field-cooling curves

The difference between the ZI'C and FC ineasurements
of G(T') and F;(T) seen in Figs. 1 and 2 can be attributed
to the different state of magnetization of the sample after
each of the cooling procedures. In particular, consider-
ing the ZFC curve taken at lower stress (0=0.01) we can
interpret the four distinct zones seen in F;(T') and G(T)
as follows: The lowest-temperature zone extends from
about 4 to 15 K, and is characterized by an F; which is
increasing in temperature and a fairly stable modulus G.
This feature can be explained if we assume that the sam-
ple is in a critical state, where the vortices are inhibited
from entering the sample by the pinning forces. These
forces grow weaker as the temperature is raised, thus in-
creasing the dissipation as vortices move around their
equilibrium positions, but they are still strong enough to
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stop the vortices from entering and so the stiffness of the
lattice is fairly constant, corresponding to a fixed number
of vortices. In the second region, for T' between ~ 15 and
~ 40 K we can suppose that vortices enter the sample,
thus increasing the stiffness G(T') until it saturates when
they reach equilibrium, while there is a plateau in the F;
followed later by a descent. In the third region, between
~ 40 and ~ 65 K, G(T') is constant and the F; is also con-
stant at a relatively low value. This can be interpreted by
assuming that the lattice is in a stabler position, closer to
equilibrium, and that this denser lattice is more rigidly
pinned and thus dissipates less energy. Finally, between
65 and 80 K there is a peak in dissipation and associ-
ated decrease in modulus which is also observed in the
FC curves and is present in all measurements of mechan-
ical response of the vortices. For curves taken at higher
stress, the increase in F; observed between ~ 4 and ~ 15
K gradually dissapears, and it seems that stress-induced
depinning drives the vortices to their equilibrium posi-
tions and thus shifts the curves towards the shape taken
by the corresponding FC curves.

B. Stress dependence

The dependence of the F; as a function of stress
seen in Fig. 3 is markedly different from the more
frequent, amplitude-independent, viscous damping ob-
served in measurements of F; in solids. Viscous damping
is usually analyzed in terms of the well-known rheologi-
cal model of the “standard anelastic solid.” 2 Amplitude-
dependent, hysteretic damping, on the other hand, can
be described by a model of “extended dry friction,”28
which is depicted in the inset of Fig. 4. The differ-
ence between this model and the standard anelastic solid
is that the “dashpot” providing the viscous (i.e., pro-
portional to velocity) force has been replaced by a “dry
friction” mechanism, which gives a constant -(velocity-
independent) force whenever a critical stress is surpassed
and is lossless and rigid if the stress is below critical.

The model predicts an F; which is zero when the ap-
plied stress o is below the critical stress o, and becomes

40.(0 — 0.)

F,=A
mo?

(1)

when the applied stress is above the critical value. We
obtained the critical stress o, and maximum attenuation
F;p from the F;-vs-o plots, and normalized the curves
by plotting F;/F;,, against o/o.. Similarily, we normal-
ized the curves for the decrease in torsional modulus by
plotting G vs o /0.. Typical results are shown in Fig. 4
and it can be seen that all curves taken between 65 and
77 K fall on the same universal curve, and that Eq. (1)
provides a good fit for the data. The fit is worse at low
stress, where the rise is not as steep as expected if a sin-
gle critical stress exists, but the overall fit is quite good,
and some distribution of o, could be responsible for the
broadening observed at low stress (notice the logarith-
mic scale, which tends to emphasize the differences by
stretching the lower part of the scale).

In Fig. 5 we plot o, as a function of the temperature
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FIG. 4. Same data as in Fig. 3 plotted in normalized
units. Solid lines are the calculated values for F; and G given
by the extended dry friction model shown in the inset.

at which the curves where taken, for two values of the
applied magnetic field. The data lie in a straight line,
which changes slightly depending on the field applied,
and the critical stress extrapolates to zero at around 76
or 78 K.

The rheological model which gives Eq. (1) has been ap-
plied to the problem of a dislocation moving in a dense
cloud of point defects.?® In this case, thermal activation
can play a role, and it gives rise to a decrease of the crit-
ical stress with temperature. The behavior of a model
which assumes the usual form of thermal activation, in-
troducing the Boltzmann factor and considering that the
peak in attenuation coresponds to the situation where
the jump frequency equals the measurement frequency,
produces an equation for the critical stress®® that has
the following frequency and temperature dependence:

kT . 27v\"
ac_ao(l—ﬁlnT) y (2)

where AF is the potential energy to be jumped over, v
is the attack frequency, oo is the critical stress at zero
temperature, and n is an exponent which depends on the
shape of the pinning potential. It can be seen that the
data in Fig. 5 show a linear relationship

0. =09+ aT 3)

with 6¢=0.264 (in the arbitrary units used through-
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FIG. 5. Critical stress as a function of temperature, as

measured from curves of the type shown in Fig. 3. Applied
field: O = 0.08 T; O = 0.14 T. Inset: Resistive transition.

out this paper), a=3.42x1073 a.u./K and 0,=0.246,
a=3.25x10"3 a.u./K for H= 0.08 and 0.14 T, respec-
tively. According to the thermal activation model, how-
ever, a should have to be frequency-dependent although
with a weak (logarithmic) frequency dependence. Mea-
surements as a function of frequency?® have failed to show
the dependence expected if one assumes reasonable val-
ues for v in Eq. (2).

Combining Egs. (1) and (3), it is possible to derive
a formula for the temperature variation of the F; at a
constant applied stress. Now it is the variation in crit-
ical stress with temperature that is responsible for the
peak, and the consistency of the model can be tested.
Results of this type of fits are shown in Fig. 2 as full
lines. The height of the peak has been taken from the
Fi-vs-0 curves and although its numerical value shows a
great dispersion, we have loosely fitted it by a cubic poly-
nomial, since it is not independent of temperature. The
temperature variation of o, has been taken from Eq. (3)
and the fitted parameters, with no further manipulation.
It can be seen from the graph that only part of the ob-
served change in F; is approximated by the equations,
because the curves observed are much broader than those
calculated. That is not too surprising, however, because
it is not too realistic to have a single value of the critical
stress for all vortices, but rather a distribution of o, .
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The position of the calculated peaks seem to be in fair
agreement with experiment, at least for the two curves
taken at lower stress. The peak of the curve measured at
0=0.2 appears at a temperature much higher than cal-
culated, but it must be kept in mind that we are using
a value of the applied stress that is outside the range
covered by the measurements shown in Fig. 5. We have
found that the linear extrapolation of o, to lower tem-
peratures does not agree with the measured o.,?° but
there seems to be no point in using a more complicated
expression than Eq. (3) at the present stage.

V. CONCLUSIONS

The rheological model giving Eq. (1) appears to be a
good phenomenological description, as evidenced by the
rather good accord between the model and experiment
seen in Fig. 4 and the poorer one seen in Fig. 2. The
identification of the microscopic mechanism seems, how-
ever, to be hard to make. The linear dependence of the
critical stress evidenced by Eq. (3), seems to agree with
a thermal activation mechanism, as given by Eq. (2),
and an analogy with a dislocation moving in a cloud of
point defects,?® but the frequency dependence predicted
by such a model has been impossible to detect by chang-
ing the frequency in a wide range in our pendulum.?® The
evidence is thus ambiguous, with the frequency indepen-
dence arguing against a simple mechanism of thermal
activation, and the stress dependence being atypical of a
true phase transition. It should be remembered that both
interpretations are rather drastic simplifications of the
physical situation, which is much more complicated, since
one has an elastic lattice interacting with pinning centers
which presumably have a broad spectrum of energies.
Perhaps the relevant model should have to be changed,
and it would perhaps be worthwhile to explore the re-
cently proposed idea of self-organized criticality3® (SOC)
in the context of FLL dynamics. Some of the models pro-
posed for study in SOC, such as that for earthquakes,3!
seem to be appropiate for being translated for FLL prob-
lems. The fact that 1/f noise has been observed in the
FLL( 32) is another piece of corroborating evidence, al-
though more work is clearly necessary to establish the
worth of this hypothesis.
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