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measured by a vibrating reed

E. Rodriguez, J. Luzurniaga, C. A. D’Ovidio and D. A. Fsparza
Centro Atomico Bariioche '
{8403} Bariloche, Argentina

{Received )

Vibrating reed measurements in Lay 3S152Cu0y in a magnetic field show that
the Fiux Line Structure {FLS) becomes uncoupled from the material at a tem-
perature Ty of 23 K, much below the critical temperature of the sample which
is 32 K.The behavior is similas to that found in BizSzoCaCuyOs but shows some
significant differences, the most imporiant being that Ty changes little with
magnetic field throughout the measnred fisid range (.01 T < H < 1 T). For low
fields Ty is below the reversibility line of the magnetization. while for higher
ficlds the opposite holds.This seems to imply that the reversibility line and the
line at which the FLS scften have to be considered as distinct physical phenom-
ena. It is argued that neither ‘fiux lattice melting’ nor giant flux creep considered

separately cen account for the data in a wholly satisfactory manner.
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The Flux Line Structure (FLS) in high-Tc superconductors shows unnsual behav-
ior when compared to that of low-Tc materials.In particular. a change of regime in
mechanical oscillator studies has been seen in BiaSraCaCuyOs and YBa,CuyOy by
different. groups !~7 and several theoretical papers®~!! have appeared, predicting
amorphous, liquid or hexatic phases of the Flux Line Structure, but in general the
interpretation of the results is atill controversial.

In the present paper we report vibrating reed measurcments carried out in
Lay 5910 2Cu0, which also show a peculiar behavior of the FLS, similar in some ways
1o that observed in other high-Tc superconductors, but with some significant differ-
ences. Recent teasurements of Higgins ef al.” at ultrasound frequencies also show
features related to our measurements at lower (700 Hz) frequencies.

The vibrating reed experiments were perfomed on ceramic La, §510,CuO, prepared
in air at 1200 °C for 24 hours following the method reported previously'”. A 15 x
4 x 0.17mm? slab was cut from the original pellet of the material using a diamond
gaw and it was annealed afterwards in a pure atmosphere of oxygen at 600 °C for 12
hours. X-ray analysis gave a single-phase structure and from microstructural studies
we found a medium grain size; d ~ 90 microns. The sample density was 6.5 g/cm’ .

The reed. clamped by one end, was excited and detected electrostatically and the
oscillation was mantained at resonace by means of a phase-locked loop. In the exper-
imems the sample was cooled at 4.2 K in zero field, then the field was applied and the
temperature increased. In each run, both the resonace frequency f and the vibration
amplitude A were measured as a function of the temperature. The field was removed
only when T, was exceeded. By using a temperature controller, each experimental
point could be taken at fixed temperature. Because of the relatively low values of the |
waguetic fields we have used, no corrections for magnetoresistence were made to our
Germaniun thermometer.

By measuring resonace curves at differeut temperatures, abrolute values of the
internal friction Q™! were obtained , however, in practice, we have calculated the
dissipation using the relation Q= (T') = A(4K}/4(T) x Q~1(4K). In Fig. 1 we show
the temperature dependence of the relative change in resonance frequency Af/f and
the dissipation Q7! of the reed for different magnetic fields. In both graphs, only
the magnetic contribution is shown while the intrinsic response of the material has
been eliminated by substracting the zero-field background. As will be discussed later.
the dynamical response of the FLS changes with the amplitude of vibration of the
reed,so that to make a meaningful comparison all the measurements shown in Fig. 1
correspond to a constant excitation voltage of 10 volts for the reed.

It can be seen that the resonance frequency decreases monotonically when the
temperature is increased until a temperature Ty of around 23 K is reached. At



temperatures higher than Ty no changes in resonance frequency can be detected,
apart from those due to the background from the material.On the other hand, the
dissipation also becomes equal to that of the material alone above a slightly higher
temperature T as can be seen in the figure.Both these temperatures are well below
the superconducting critical temperature T, of 32 K as measured by the onset of flux
expulsion in a SQUID.

The points Ty at which the hardening of the FLS starts are plotted in Fig. 2. As
can be seen, the slope of this curve is very steep and the line cannot be distinguished
from a vertical line within our experimental resolution. However, it would be compat-
ible with the measured slope!®* of Hc2 , as can be seen by looking at the dotted line,
which was drawn with a slope!* of 2 T/K and whose meaning will be discussed later.
This behavior is in contrast to that observed?®? in Bi;Sr,CaCu,0y , where there was
a positive curvature in the field vs. Ty line, and an easily observable variation of
Ty with magnetic field. There is also a difference with YBa,CugOy , because in this
compound. the ‘melting line’ measured by Gammel et al.!, which is closely related
with our Ty . has a slope close to that of He2, but it extrapolates to T, in zero field.
In our case. however, the extrapolation is to a reduced temperature ty = Ty /T, of
0.7. well below T..

We have made measurements at different excitation voltages. and the results are
plotted in Fig.3. Two regimes are distinguished by looking at the curves for Af/f.
At higher temperatures, between approximately 15 K and 23 K (i.e. Ty ). the
shift in frequency is amplitude independent and the curves for different amplitudes
superpose, while at lower temperatures the curves separate and with higher excitation
frequency a smaller change in frequency is observed. The hardening temperature Ty,
however, 18 independent of the excitation voltage, which again is in contrast to the
behavior observed in Bi;Sr3CaCu,;05 where Ty shifted to lower temperatures when
the excitation voltage was increased®. In both experiments the amplitudes of vibration
of the reed are comparable, and we estimate the displacement at the end of the reed to
be around 0.5 microns for the highest excitation voltages. In Ref. 3 it was suggested
that the motion of the reed could favor melting or entenglement of the vortices in
Bi,Sr;CaCu,QOg , but this does not seem to be the case in La; 4Srg2CuQOy . The
dependence of the ainplitude of vibration with applied voltage, which was obeerved®
to increase linearly in Bi;SryCaCu,0p at low excitation and to increase faster at
higher excitation, is difficult to fit to one simple behavior in the present experiments,
and no linear region can be defined.

Higgins ef al” have observed that there is a change in their ultrasound velocity
measurements in La; 35192Ca0, , at a temperature Tgg( H), which they attribute to
a change in pinning regime. We also observe an anomaly when mecasuring at different



amplitudes, and the point at which the frequenéy curves for different amplitudes
separate could be related to T~s{ H) .A quantitative comparison is difficult. however,
because the conditions in the experiments are different and the measured field ranges
scarcelv overlap

In the paper of Higgins et al.” at significantly higher frequencies a superposltnon of
the sound velocity with and without a field was reported at temperatures above 20 K,
verv close to our Ty of 23 K. The published curve taken at 6.5 Tesla, a field much
higher than those measured here, indeed shows a superposition up to 20 K, and this
would be compatible with our results and a slope of around 2 T/K , (close to that of
H-2) for the change of Ty with maguetic field. If the superposition is not fortuitious,
this would imply that Ty is frequency independent to a very high degree.

It has been assumed, when the anomalous response of the FLS was first found
in mechanical oscilator studies’. that a melting of the vortex lattice would imply
zero critical current because the vortices would be free to move above the melting
temperature Ty (H). This would in turn imply that the sample magnetization should
be reversible above T ys( H), since the irreversibility is the consequence of the existence
of a finite critical current. A ‘reversibility ine’ T g( H)was first reported by Miiller
et al.’® in high-Tc materials, and one of the interpretations of this line was given by
Yeshurun and Malozemof*® and Tinkham!®, in terms of ‘giant flux creep’.In the giant
flux creep picture, the vortices above Ta(H) are moving over the pinning barriers
because of thermal activation. and the resultant critical current is zero. One then
expects the melting line and the reversibility line to coincide, apart from a possible
shift due to the different frequencies involved, since in a thermally activated process
the temperature at which changes in response are seen depend ou the measurement
frequency. In Bi;Sr;CaCusOs it was observed?s®, that the reversibility line measured
with a SQUID occurs at higher temperatures than Ty(H) for low maguetic fields.
This relative shift of Ty{H) and Tr(H) is in the opposite direction than one would
expect in a thermally activated process, since the vibrating reed meagurements are
at a higher frequency than those of the SQUID by about four orders of magnitude.

We have therefore compared our results in La,; §S152CuOy with the data of Civale'8
and Civale et al.!?, which have measured the reversibility line in a sample very similar
to ours using & SQUID magnetometer. They find that T z(H) obeys the equation

TR(H) = H¥?fo — T (1)

where a = 210¢?/*K~! and T"= 30.9 K .The fit is good up to the measured field of
0.2 T and measurements of H. Pastoriza®® confirmed that Eq.1 holds for the sample

reported here.We have plotied this equation in Fig.2, and it can be seen that for
fields below 0.2 Tesla Tr(H) is indeed above Tgy(H). but that above this field the



opposite seems to be true, although we do not have data for Tr(#H) above 0.2 T and
one should be careful in extending the validity of Eq. 1 ontside the measuted range(in
Bi1,Sr,CaCu,0s for example. it has been found that for high fields the dependence of
Tr(H) can change from an H%/* to an exponential field dependence®). The crossover
in the melting and reversibility curves is hard to explain in termns of critical currents or
pinning {orces, and we do not have a plausibie explanation at the moment, although
it seems to indicate that the melting and the irrevesibility are distinct physical
phenomena.The conclusion seems to be that a definitive explanation has to take into
account both the thermal activation over the pinning barriers (and that pinning is
of fundamental importance) and the possible changes in the rigidity of the Flux Line
Structure. This is a complicated problem, and much depends on the density and
strength of the pinning centres involved. For example. if the FLS looses its rigidity in
the presence of very dense pinning centres each vortex could find a defect. in which to
pin, and the result would be a strongly pinned amorphous FLS which would enhance
the response of a vibrating reed.Sparse pinning centres, even if they were strong,
would pin only a few vortices and leave the rest free to move. therefore weakening
the response of the reed when the FLS becomes fluid.

We have compared our measurements with a theory of the melting of the FLS
proposed by Markiewicz!! based on earlier work on two-dimensional systems®—2¢,
The formula cbtained in Ref.11 for the melting field by, = H/H, 1s:

ba = 1 — ~ag[t/(1 = t)' ]2 (2)

with -3, = 2(47)°/3\k5T,./(da®?) where ), is the London penetration depth at
zero temperature. d is the thickness of the film, « is a constant of order unity, and
¢ is the flux quantum. We have plotted this equation in 2 as a dotted line taking
Heo ~ 2Tesla/Kelvin x (T, —T'). There is a difficulty in defining the meaning of d,
since this is the thickness of the film where two-dimensional melting occurs, aud in
our case the field is parallel to the long dimension of the sample (~ 1 cmm). In the
paper bv Markiewicz!’, when the thickness of the film was nsed in the formulas, the
resultant Aq was an order of magnitude greater than the measured value, 8o there are
grounds to believe that the value of d may differ from that of the thickness. We have
accordingly left d as a free parameter, to be found in the following way: extrapolating
the experimental data, ty at zero field waa obtained, ~; was then calculated by
Eq. 2 and from the definition of v,; and known superconducting parameters of the
material. a value of d was obtained. If we take!®'® X, = 3000 Aand T. = 32 K .
we obtain d ~ 65 A. The value of d is of the order of the coherence length of the
material (~ 40 A) and this could perhaps mean that the vortex structure behaves
as almost uncoupled layets of thickness comparable to the coherence length. This is
a highly speculative hypothesis, however, and further work is needed to-corroborate

o



or deny it. The theory!! does not include the effect of pinning or flux creep, and
so may provide an incomplete description of the problem. as was discussed in the
preceeding paragraph.lf we use the above mentioned procedure, for calculating d in
YBa,Cu.07 or BiySryCaCuy0, with the available data. we obtain results that are
not easy to interpret and will be reported in the future.

in conclusion, we have shown that the unusual behavior of the FLS is not exclusive
of ‘1-2-3' or Bismuth-based superconductors, but can be found in La; 8Sr0.2Cu0y as
well. We also observe a difference between the anomnalies olserved and the reversibility
line, which seems to imply that they arise from different physical phenomena.

Helpful discussions with F. de la Cruz, C. Duran and H. Safar are gratefully ac-
knowledged.We thank H. Pastoriza for measurements in the SQUID magnetometer,
M.E. de la Crug for technical assistance and CONICET of Argentina for financial
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