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Vibiatiag re«<i ineasureinejiti» in Lai aSro ?CuO^ iii & inagnetic field show that 
tlie Flux Liue Stiucture (FLS) becoiues uttcoupled fioin the material &t a tem- 
perature T u  oí 23 K, much below the critica! temperatnie of the sample which 
¿6 32 K.The behavior is similar \o  that found in BiaSfoGaCuoOs but shows aonie 
signific&ut düfoieuces, the most impori&nt being that T¿f changes little with 
inagnHic fieíd throughoiit the tueasnrsd. ftdd tange (0.01 T < H < 1 T). For low 
field» T y k  below íl-.e leversibility liue o£ the mague tb&iiou. while foi higher 
fields the opposite holds.This seema to imply that the reveraibility line and the 
iine. ai A'iiich the FLS scíten h&ve to be. considered ai» dktinct phy6ÍcaI pheaoni- 
eu&. It iü atgued tha t aeühei 'flux lattice ¡neltÉtig’ uot giant flux creep considerad 
sepaiatelv can accouut for the d a ta  iit a wholly satisfactoiy ín&nuer.
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The flux  Line Structure (FLS) in high-Tc superconductor» shows (inusual behav- 
ior when compared to tliat of low-Tc materials.In particular, a change of regime in 
mechanical oscillator studies has been se en in Bi^SroOaOuoOs and YBa^CujOr by 
difieren». groups 1-7 and se ver al theoretical papers"-11 have appeared, predicting 
amorphous, liquid or hexalic phases oí the Flux Line Structure, but in general the 
interpretation of the results i» «ti 11 coutroversial.

In the present paper we report vibratiug reed meas ur ementa carried out in 
La, 8Sr<> 2Cii04  wliicli also show a peculiar beliavior of the FLS, similar iu some ways 
to that observed iu other high-Tc superconductor^, bu t with some significant differ- 
e no es. Recent measurements of Higgins <eí a/.* a t ultrasouud frequencies also show' 
(eaturea relatad to our mensure menta ai lower (700 Hz) frequencies.

The vibrating reed experimenta were perfomed on ceramic La) gSro.aCuO* prepared 
in air at 1200 #C for 24 hours following the method reported previously13. A 15 x 
4 x O .i/m m 3 slab was cut from the original pellet of the material using a diamond 
aaw and it was annealed afterwards in a puré atmosphere of oxygen a t 600 °C for 12 
hours. X-ray analysis gave a  single-phaae structure and {rom m icrostm ctural studies 
we found a  médium grain siase; c/ ~  90 microns. The sample density was 6.5 g/cm 3 .

The reed, dam ped by one end, was excited and detected electrostatically and the 
oscillation was m antained a t reson ace by mean» of a  phaae-locked loop. In the exper- 
iments the sample was cooled a t 4.2 K in zero field, then the field was applied and the 
tem perature increased. In each run, both the resonace frequency /  and the vibration 
auiplitude A  were measured as a functíon oí the tem perature. The field was removed 
onlv when T c was exceeded. By using a tem perature controller, each experimental 
point could be taken at fixed tem perature. Because of the relatively low valúes of the 
magnetic fields we have used, no correctioris for magnetoresistence were rnade to our 
Germaniun thermometer.

By measuring resonace curves a t different t-emperatures, absoluíe valúes of the 
interna! friction Q -1 were obtained , however, in practice, we have calculated the 
dissipation using the relation Q~1 (T ) = A{AK)¡A{T)  x  Q~1(4K).  In Fig. 1 we show' 
the tem perature dependence of the relative change in resouance frequency A / / /  and 
the dissipation 0 -J of the reed for different mague tic fields. In both graphs, onlv 
the magnetic contribution is shown while the intrínsic response of the material has 
been eiiminated by substracting the zero-field background. As will be diacussed later. 
the dynamical response of the FLS changes with the amplitude of vibration of the 
reed,so that. to make a  meaningful comparieon all the measurements shown in Fig. 1 
o.orrespond to a constant. excitation voltage oí 10 volts for the reed.

It can be seen that the resonance frequency decreases monotonically when the 
tem perature is increased until a  tem perature T h of around 23 K is reached. At

2



t-emperatures higher than T h  no changes in resonance frequency can be detected, 
apart írom those due to  the background from the materiaLOn the otheT hand, the 
dissipation also becomea equal to  tha t of the material alone above a slightly higher 
tem perature T"H as can be seen in the figure.Bofch these tem peraturas are well below 
the superconducting critical tem perature T,. of 32 K a» measured by the ouset of flux 
expulsión in a SQUID.

The poiuts T y 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 c&iuiot be distinguished 
from a vertical line withiu our experimental resol iition. However, it would be compat­
ible with the measured slope13,14 of Hc2 , a* can be seen by iooking at the dotted  line, 
which was drawn with a slope14 of 2 T /K  and whose meaning will be disoussed later. 
This behavior is in contras t. to th a t observed2,3 in Bi2Sr?GaCuv0 8 , where there was 
a positive curvature in the field vs. T h line, and an easily observable variation of 
T h with magnetic field. There is also a difference with YBa^CusOr , Ijecause in this 
c.ompound. the ‘melting line’ measured by Gaftunel et a i 1, which is closely relatad 
with our T ff . has a slope cióse to  tha t of Hc2 . but it extrapólate» to  T c in zeto field. 
In our case, however, the extrapoíation is to  a  reduced tem perature i#  = T h ¡Tc of 
0.7. well below T,..

We have made measnrements a t different excitation voltages. and the resulte are 
piotted in Fig.3. Two regimes are distinguished by Iooking at. the curves íor A / / / .  
At higher tem peratures, between approximately 15 K and 23 K (i.e. T #  ). the 
slúft in frequency is am plitude independent and the curves fot different amplitudes 
superpose, while at lower tem peratures the curves separate and with higher excitation 
frequency a  smaller change in  frequency is observed. The hardening tem perature T # , 
however, is independent of the excitation voltage, which again is in contrast to the 
behavior observed in tHzSraCaC^Og where T h shifted to  lower tem peratutes when 
the excitation voltage was increased3. In both experiments the amplitudes of vibr&tion 
of the reed are comparable, and we estím ate the displacement at the end of the reed to 
be around 0.5 microns for the higliest excitation voltages. In Ref. 3 it was suggested 
tha t the motion of t.he reed could favor melting or entanglement of the vórtices in 
BiaSr^CaCujOs , bu t this does not seem to be the case in Lai^Sro 2CuC>4 . The 
dependente of the amplitude of vibration with applied voltage, which was observed3 
to increase iinearly in Bi2Sr3CaCu20 8 at low excitation and to increase faster at 
higher excitation, is difficult to  fit to one simple behavior in the present experimenta, 
and no linear región can be defined.

Iliggins ei a¡.; have observed that there is a change in their ultrasound velocity 
measurements in Laj.sSro sCúO* , a t a tem perature T c r ÍH)~ which they at tribute to  
a chance in pinning regime. We also observe an anomaly when mcasuring at different
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amplitudes, and the point a t which the frequentíy curves for diííerent amplitudes 
separate con Id be related to T Cr ( H)  .A quantitative comparidon is diflicult. howeyer, 
Ijerause the conditions iu the ex (je rime ni* are different and the measuTed field range* 
scarcelv overiap.

In the paper oí Higgins et al.7 at significantly kigher írequencies a superposition of 
the sound velocitv with and without a  field was reported a t temperature» aljove 20 K, 
verv clase to our T w of 23 K. The published curve taken at 6.5 Tesla, a  field much 
iiigher t han those measured here, indeed show» a  superposition up to 20 K, and tkis 
would be compatible with our resulto and a slope of around 2 T /K  , (cióse to  that of 
Ho2 ) for the change of T #  with maguetic field. If the superposition is not fortuitious, 
this would imply th a t T #  is frequency independent to  a  verv high degree.

It has been aasumed, when the anomalous res pon se of the FLS was first found 
in mechanica] oscilator studies1, that a  melting of the vortex lattice would imply 
zero critica] current bec.auae the vórtices would be free to move above the melting 
tem perature T M(//) .  Tliis would in turn imply tha t the sample m agnetizaron should 
be reversible above T hf(H) ,  since the irreversibility is the consequence of the existence 
of a finite critical current. A ‘reversibility Une’ T fl(7í)was first reportad by Müller 
et o/.15 in high-Te materials, and one of the interpreta*ions of this line was given by 
Yeshurun and Malozemof1* and Tm kham 17, in term s of ‘giant flux creep’.In the giant 
flux creep picture, the vórtices above T r {H)  aje moving over the pimiing bam ers 
because of thermai activation. and the resultant critical current is aero. One then 
expeets the melting line and the reversibility line to coincide, apart from a possible 
shift due to the different írequencies involved, since in a  thernially activated process 
the tem perature at whieh changes in response are seeu depend ou the measurement 
frequency. In B¿2Sr2CaCu3Os it was observed2,3, tha t the reversibility line measured 
with a SQUID occurs a t higher tem peratures than  T # ( H)  for low maguetic fields. 
Tliis relative sliift of T j j ( f í \  and T n( H)  is in the opposite direction than one would 
expect in a thermally activated process. since the vibrating reed ineasurements are 
a t a higher frequency than those of the SQUID by about four orders of magnitude.

We have therefore compared our results in Lai gSro^CuO^ with the data  of Civale18 
and Civale et al.19, which have measured the reversibility line. in a sample very .similar 
to our8 using a  SQUID magnetometer.They find tha t T r (H)  obeys the equation

TR{H) = H ^ / a - r  (1)

where a = 21 Oe2,:> h " 1 and T “ =  30.9 K .The fit is good up to  the measured field of 
0.2  T  and measurements of H. Pastoriza '10 confirmed that. Eq.l hdds for the sample 
reported here.We have plotted this equation in Fig.2, and it can be seen that for 
fields below 0.2 Tesla T r ( H)  is indeed above T # ( / / ) .  but th a t alwve this field the
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opposite seenw (o be true, although we do not have da ta  for T r ( / / )  above 0.2  T  and 
one HÍiould be careful in extending the validity oí Kq. i outside the measured rauge(in 
BioSroCaCuoOg for exampie, it has been found th a t íor high fields the dependence of 
T r (H)  can ch&nge from an to  an exponential field dependence31). The crossover 
in the melting and reveraibilitv curve» i» hard to explain in terms of crítical cúrrente or 
pinning forcea, and we do not have a plausible explanatiou a t the nioment, although 
it seeirus to indícate that the melting and the ir reversibilitv are distinct phvsical 
phenoineua.The conclusión seems to be that a definitive explanation has to take into 
account both the therm ai activatiou over the pinning barriere (and that pinning is 
of fundamental im portante) and the posib le  changes in the rigiditv oí the Flux Line 
Structure. Tilia ia a complicated problem, and much depende on the density and 
atrength of the pinning centres iuvolved. For example. if the FLS looses its rigidity in 
the presence of very dense pinning centres each vortex could find a defect. in whích to 
pin. ajid the result would be a strongly pinned amorphous FLS which would enhance 
the responae of a vibrating reed.Spaxse pinning centres, even if thev were strong. 
would pin onlv a  few vórtices and leave the rest free to move. therefore weakening 
the response of the reed when the FLS becomes fluid.

We have corhpared our measurements with a theory of the melting of the FLS 
proponed by Markiewicz11 based on earlier work on two-dimensionai systema23-24. 
The formula obtaiaed in R ef.ll for the melting field =  H /H ¿2 is:

bu =  1 - 7 j , / [ í / ( l - 0 T a (2)
with yjj = 2{4n)3\/3X*kj}T<./(da!$¿) where XQ is the London penetration depth at 
?,ero tem perature. d is the thicknesa of the film, cv is a constant of order unity, and 
4> i« the flux quantum. We have plotted this equation in 2 as a dotted üne taking 
He? — 21 'ts la jK etv in  x (Tr — T). 1 here is a difficulty in defining the meaning of d, 
since this is the thickuess of the filin where two-diinensional melting occurs, aud in 
our case the field is par alie 1 to the long dimensión of the «ampie (~  1 cm). In the 
paper by Markiewicz13, when the tliickness of tlie film wa« used in (lie formulas, the 
resultan! Ao was an order of maguitude greater than the measured valué, «o there are 
grounds to believe tha t the valué oí d mav differ from th a t of the tliickness. We have 
accordinglv left d as a  free param eter, to be found in the íollowing way: extrapoiating 
the experimental data, t at zero field was obtained, was then calculated by 
£q. 2 and from the definition of and known superconducting par ame tere of the 
material, a  valué of d was obtained. If we take18,19 A0 =  3(X)0 Áand T,; =  32 K , 
we obtain d ~  65 A. The vaiue of d is of the order of the coherence length of the 
material (~  40 A) and this cpuld perhaps mean th a t the vortex structure behaves 
as almost uncoupled layers of í hickness comparable to the coherence length. This is 
a highiy speculative hypothesis, however, and further work is needed to  corroborate



or deny it. The theory11 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 
\  BajCn.o.07  or BiaSr-jCaCujOg with the available data, we obtain resulta th a t are 
not tíasv to interpret and will be reported in the future.

ín conclusión, we h&ve shown that the uuusuai behavior of the FLS is not exclusive 
of ‘1-2-3’ or Bismuth-based superconductor», but can be found in Laj 8Sro.2C u 0 4 as 
well. We abo  observe a  difference between the anomalies obeerved and the reversibility 
line, which seeirn to imply that they arise from different phvsical phenomena.

Helpful discussions with F. de la Cruz, C. Duran and H. Safar are gratefullv ac- 
knowledged.We thank H. Pastoriza for measu remen ts in the SQUID magnetometer. 
M.E. de la Cruz for technical assistance and C'ONIOET of Argentina for financia] 
support.

(>



1P. I. Gammel. L. F. Schneemever, I. V. Wasczak, and D. J. Bishop, Phys. Rev. 
Lett. 61, 1666 (1988).

2H. Safar. C. Durán. J. Guimpel, L. Ci\nle J. Luzuriaga, E. Rodríguez, F. de la 
Cruz. C. Fainstein. L. F. Schneemever and J. V. Waeczak. Phys. Rev. B.40, 7380 
(1989).

3E. Rodríguez, C. Durán, J. Luzuriaga, F. de la Cruz and C. Fainstein. Physica C 
165, 315 (1990).

4R. H Koch. V. Foghetti. VV. J. Gallagher, G. Koren. A. G upta and M. P. A. Fisher, 
Phys. Rev. LeU. 63, 1511 (1989).

5A. G upta, P Enquiña». H. F. Brann and N. H. NeumiUler, Phys. Rev. Lett. 63, 
1869 (1989).

6A. G npta, P. Esquinazi, H. F. Braun. W. Gerháuser. N. H. Neumiiller, K. Heine 
and .1. Tenbrink, Europhys. Lett. 10,663 (1989).

7M ,!. Higgins, I). P. Goahorn. S. Bhattacharva and D. C. Johnston, Phya. R*v. 
B.40, 9393 (1989).

8I). R. Nelson, Phy* Rev. Lett. 60, 1973 (1988) .

yl). R. Nelson and S. Sebastian Sexmg. Phys. Rev. B 39. 9153 (1989).

10M. P. A. Fisher, Phys. Rev. Lett. 62, 1415 (1989).

11 R. S. Markiewir/. .). Phvs. ( ': Solid State Phys. 21. 1*1173 (1988)

>-1). A. Esparza, C A. D'Ovidio. J. Guimpel. E. Osquiguil. L. Civale and F. de la 
( 'niz, Solid State C'ommun. 63,137(1987).

U B. Batlog, A. P. Ramírez, R. J. Cava. R. B. vnn Dover and F]. A. Rietman. Phys. 
Rev. B 35, 5340 (1987).

14T. P. Orlando. K. A. Delin, S. FoneT. E. J. McNiff Jr., J. M. Tarascón. L. H. Greene, 
VV R. McKinnon and G. W. Hutl, Phys. Rev. B 35, 5347 (1987).

lsK. A. Müller, M. Tákashige and J. G. Bednorz. Phys. Rev. Lett. 58,1143(1987).

16Y. Veshunin and A. P. MaJozemoff. Phys. Rev. Lett. 60, 2202 (1988).

7



i7M. i'inkham. Phys. Rev. Lett. 61. 1658 (1988).

18L. Oivale . Ph D. Thesis, Institu to  Balseiro (1989).

14>L. Oivale. H. Safar and F. de la Cruz. Procecdings oj the International C'onfercnee on 
Oxygen dinorder effccts in High-Tc .superconductor*, Trieste. 1989 Work! Scientific, 
Singapore, (to  be published)

*°H. Pastoriza (priváis communication)

21P. ríe Rango, B. Giordanegro, R. Tournier, A. Sidpice, J. Chaussy, G. Deutscher, J. 
I/. Gerricon, P. Lejav, R. Retoux and B. Raveaux, J. Phy». France 50,2857(1989)

**S. Doniach anH B. A. Huberman, Phys. Rev. l.ett. 42,1169 (1979).

23D. S. Fisher, Phys Rev. B 22.1190(1980)

21M. R. Beasley, J. E. Mooij anrl T. P. Orlando PJiy8- ^ ev- 42.1165 (1979).

8



l o  cm cr> co co o



o

_£>

□ _

□
Ll

LO
Osl

□ □

□
a□

■a

u

□
¿J

l l
□

H

LlJ o  m  <

o
CNJ

LD O LO O

o eoi
l  £

o
CO

o
0 4

h

o

o



L.O
CO

/

O  
r o

IJD
(XI

i__

O

OvJ

O
D

O
cvj

L O
L O

o o

r d ~

O

___ JL

LO

O

OD <X>
O O

( 1  Ui) a

O

CNJ

O

o



o
\ T

b

L O  
CO

CD

N
X

> > >
• O LOo

O < r— V — CNJ
n 1 1 1

«4 — ♦ m

oco

O
c \ j

O

♦ 4*
4

._____ i _____

O  OO CO -4 * c\í
O

O

¿ /  i v  e0 1


