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Abstract. For weak applied magnetic fields the frequencyspectrum of the voltage fluctuations 
was measured for Josephson ceramic samples of BaPbo.aBio.u03 with T, = 10 K. The 
measurements were carried out in the resistive state. It is shown that the spectral density 
Sd f) in the frequency region 20 Hr < f < 500 Hz is described by a function f ', where e = 
1 for small Hand  a = 2-2.5 for H 3 10 Oe. For currents I a 0.8 mA through the sample, 
oscillations with a fundamental frequency fi 4 1W Hz and WO harmonics /t and h were 
observed. For larger currents these oscillations die out and instead several new oscillations 
appear. Flicker noise with e= 1 is due to the existence of the superconducting glass state. 
The transition to e 2 2 and the emergence of the oscillations apparently occur owing to 
heating effects. 

1. Introduction 

It is well known [I] that, in conventional type-I1 superconductors, thermally activated 
creep of the trapped flux is observed. It involves the motion of flux bundles under a 
magnetic flux gradient. As a consequence, the magnetic flux in a sample decreases or 
increases (depending on the experimental set-up) logarithmically in time. It is natural 
that this phenomenon is observed only in the case when Abrikosov vortices penetrate 
into the bulk of a sample, i.e. for the magnetic field range H,, < H < He*. Here H,, and 
Hc2 are the first and second critical fields of the bulk superconductor. 

In ceramic superconductors including high-T, ones the situation is much more inter- 
esting. These superconductors involve a disordered porous medium consisting of 
superconducting grains interconnected by weak links of either the SNS or the SIS type 
[2-8]. The existence of weak links leads to substantial wealrening of the diamagnetic 
shielding (regime of zero-field cooling) and the Meissner effect (regime of field cooling) 
[9-121. Therefore the complete Meissner effect survives only up to a magnetic field 
[9,12-141 

H t  = K ( z I , p , / p ~ d ~ ) ' ~ ~ .  (1) 
Equation (1) was obtained under the assumption that the real disordered Josephson 
medium is replaced by an effective averaged Josephson medium. Here Kis a numerical 
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constant close to unity, 1, is the typical critical Josephson current of the intergrain 
junction, qo = hc/2e is the Rux quantum, h is the Planck constant, e is the elementary 
charge, cis the velocity of light, d is the typical diameter of a grain or a pore, z is the 
number of weak links per one grain, p = 1 - fis the magnetic permeability andfis the 
part of the sample filled by the superconducting grains. For H > HI the ‘hypervortices’ 
[lo, 12,141 covering many grains penetrate into ceramics. The field H ,  is several orders 
of magnitude smaller than the earth’s magnetic field. Therefore ail measurements in 
unscreened cryostats are concerned with the peculiar ‘mixed’ (Abrikosov-type) 
phase [lo]. 

A further field increase results in the overlapping of the isolated ‘hypervortices’. The 
non-uniform weak-link frustration which takes place for H # 0 leads to the formation 
of the non-ergodic superconducting glass (sG) state with a wide continuous spectrum of 
the relaxation times [10,11,13,15-18]. The main feature of thisfrustratedsystem is the 
existence of many current-carrying diamagnetic states of the porous sample which have 
the same energy. The peculiar continuous spectrumof the relaxation times corresponds 
to transitions between local and global energy valleys, i.e. permanent redistribution of 
Meissner currents betweenvarious loops. The SG state is to a large extent analogous to 
the spin-glass state in magnetics [19]. However, contrary to the latter, the degree of 
frustrationin thes~statedependson Handthereforechangesitselfduringtherelaxation 
process. The field of the sG-phase formation is usually thought [lo, 11, 131 to be 
HcB = qo/G 4 H,,, where G = d* is a typical pore cross section. However, the SG-like 
properties can be really observed in the non-homogeneous medium even for H < HE8. 
On the other hand, the oscillation phenomena connected with the existence of grains of 
typical size d appear only when H reaches Hcg from below and vanish for H B Hc, [17]. 
The oscillations with a period proportional to H / H ,  of the critical current I ,  were 
observed initially for Josephson-type samples of BaPb, -,Bi,Os (BPB) [3,5]. In this case 
these oscillations were also shown to die out for large H .  The oscillation damping of the 
various quantities for H % HFg because of their spatial averaging was predicted in the 
early work of Rosenblatt andco-workers [9,20]. If the frustration is uniform, damping 
should be absent 121). 

Thus, non-ergodic behaviour can be observed in ceramics over two magnetic field 
ranges: 

(i) H,, Is H S Hcl; 
(ii) H,, < H S Ha. 
Our experiments which are discussed below concern mainly rangc (i) for the SG state. 

Note that above we have suggested implicitly the validity of the Josephson model with 
aHamiltonian [lo, 15-17,201: 

A M Gabouich et ai 

% =  - ~ J i j ~ ~ ~ ( q i - q ~ - A ~ , )  (2) 
Q 

Here pi is the order parameter phase in the ith grain; A is the vector potential; the 
quantitiesJi, depend on temperature Tand the weak link type (SNS or SE). Nevertheless, 
experiment has shown [22] that at least the relaxation properties of the porous medium 
are not changed if a sample is annealed, so that instead of the Josephson model (2) 
the percolation network model [Z] becomes more appropriate. According to our 
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knowledge, the macroscopic manifestations of the irreversible dynamics and the equi- 
librium noise of the superconducting granular system do not depend on the choice of 
the model. 

The non-equilibrium SG state studies in various measurements of the magnetization 
time dependences is characterized, as was stated above, by the extremely wide range of 
the relaxation times z. The real duration of the measurements makes the relaxation 
time spectrum effectively infinite. Therefore, the time dependence of the thermo- 
remanent magnetization MTRM in different ceramic superconductors for fields 
Hsg =s H s H,, obeys the law [5,22,24,25] 

M-( t )  = MPRM - SR log(t/ao). (4) 
Here toistheinitial transient timeinterval; SR = SR(T ,  M k M )  is themagneticviscosity. 
In this case for constant T the universal dependence SR = (M$RM)3 is observed for 
various substances [26]. We note that memory effects which alter the dependence (4) 
and are so representative for the glass states (191 have also been observed for the high- 
T, oxide YBa2Cu,07-6 [27] but after the field jump AH = 1 kOe > H,, and for a single- 
crystal specimen. For the SG field range, memory effects have not as yet been detected. 

As was shown by the theory [19,28] developed for spin glasses, the wide relaxation 
time spectrum should lead not only to the relaxation law (4) but also to the appearance of 
excess equilibrium magnetic l/f(flicker) noise superposed on the conventional thermal 
noise. Heref is a frequency. The spectral density SM(f) of the flicker noise and the 
relaxationlawM,,(r) (aftertheconstant fieldHisswitchedoff) turnout tobeconnected 
by a certain relationship. In fact, according to the Wiener-Khinchin theorem, we have 

SM(n = 2 / dtexp(iwt) (M(r)M(O)) = 4 / dfcos(o, t )  (M(t)M(O))  
p. (+ 

-e 0 

d 
dt sin(wt) ;{M(t)M(O)) ,  

Here M(r) is an equilibrium fluctuating magnetization at the moment I; U = 2zf is a 
circular frequency; (.  . .) means the ensemble averaging. Oln integrating equation (5) 
by parts the first term vanished owing to the absence of the fluctuation correlations for 
infinitely distant times. On the other hand, the fluctuation-dissipation theorem leads to 
the following equation [29]: 

(M(t)M(O)) = K(t)T.  (6) 
Here the Boltzmann constant k ,  is considered to be unity and the relaxation function 
K(t) is determined by the response of the mean magnetization value to the magnetic 
field which is equal to H for t < 0 and to zero for t > 0 (such a set-up corresponds to the 
thermoremanent magnetization): 

K(t )  = MTRM(~)/H. (7 ) 
From (5-7) taking into account the relaxation law (4) we obtain 

For real systems the relaxation time spectrum is bounded both above and below. Then 
in the frequency range z,& Q 2nf Q ti$ (where zmU and tmin are the maximum and 
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minimum relaxation times, respectively) for systems that obey equation (4) the flicker 
noise spectral density is determined by the relationship [28] 

A M Gabouich er a1 

SM(f) = SRT/Hf. (9) 
The experiment confirmed the existence of such noise in spin glasses [19]. One should 
expect the same magnetic noise to be observed in the superconductingglasses-ceramic 
superconductors. 

0.5 Oc the noise 
spectrum was measured in different high-T, superconductors (ceramics and single crys- 
tals) by a number of groups (see, e.g., [30,31]) with the help Of SQUID magnetometers. 
The flicker noise connected with the flux redistribution between Josephson network 
loops was in fact observed in these experiments. Its magnitude and spectral charac- 
teristics depend on H substantially. 

Unfortunately, in the high-T, ceramics the situation is influenced by existence of 
twins in separate grains [6-8,32]. That is why the relative role of different size structure 
elements in these Josephson media is unclear. It makes the interpretation difficult in the 
framework of the SG model. The Josephson ceramic specimens of BPB with T, = 10 K 
and Hcl = 12 Oe [4] for x = 0.25 are free from this fault. They are investigated in this 
work. In contrast with [30,31] we use, however, the resistive method of measurement. 
Such an experimental set-up is based on the natural hypothesis that magnetic flux 
fluctuations influence the resistance of the current-carrying infinite cluster in the per- 
colation grain system. Then the magnetic noise spectral density S&) is proportional to 
the spectral density S,(f) of the voltage fluctuations. 

Note that the four-probe method is sensitive to a magnetic flux redistribution in the 
bulk of the sample whereas SQUID magnetometers respond only to the overall sample’s 
magnetic flux variation and may record the superconducting screen noise. Then the 
interpretation becomes ambiguous [33]. Furthermore, we shouldemphasize the import- 
ance of the resistive noise investigations from the practical point of view, because the 
operation of bolometers or superconducting switches is accompanied by the recovery of 
the resistive state. 

For low frequenciesfa 1-103 Hz and external magnetic fields H 

2. Experimental procedure and results 

The samples in the form of parallelepipeds 1.5 mm x 2 mm X 12mm were incorporated 
into the four-probe circuit. A finite resistance wasobtained in two ways: 

(i) switching from the superconducting branch to the single-particle branch for 
forward current-voltage (I-V) characteristics; 

(ii) operating with reverse I-V characteristics. 

The noise was analysed with a SK4-72 spectrum analyser in the frequency range 
20 Hz < f <  500 Hz. The current across the sample was determined by the battery 
current source with the help of an RCfilter. 

The waiting time -co for realization of the equilibrium noise spectrum was 3-4 min. 
We see that this quantity is well above l/fmi,, = 0.05 s. The margin seems to be sufficient 
because, in similar systems (spin glasses), noise equilibrium was achieved for 

Note that, if one bears in mind our usage of the resistive method, then the ceramics 
TO 3 103/f,,, 1191. 

BPB possesses two advantages compared with the high-T, superconductors: 
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Figure 1. The frequency f dependence of the 
resistive noise spectral density S, for forward I-V 
characteristics: curves A-C correspond to cooling 
in the field H = H. where the operating currents 
arel, =5mA,I ,=6mAand13=  lmA,respect- 
ively; curvesD and Fcorrespond tocoolingin the 
BeldsH = 5OeandlOOe,respectively:curvesE 
and G correspond to when the fields H = 5 Oe 
and 10 Oe are switched off; I = I ,  = 5 mA for 
curves D-G (T = 4.2 K). 

Figure 2. I-V characteristics in Various fields H 
curve A,  OOe; curve B, 0.5 Oe; curve C, 1 Oe; 
curve D, 2 Oe; curve E. 5 Oe; curve F, 10 Oe; 
curveG.SOOe; -- -,operatingpointswithI= 
1 mA on the I-V characteristics. 

(i) a relatively large electrical resistivity; 
(ii) tunnel-like (not smooth) switching between branches of the I-V characteristics. 

In fact, the resistive noise measurements for YBa,Cu30, were carried out only in 
the neighbourhood of T, 1341. Moreover, it seems to us that the figures in 1341 are in 
contrast with the conclusion of [34] that noise spectra above and below T,are different. 

In figure 1 the frequency dependences of log Sv are shown. They were obtained by 
measurements of the forward I-V characteristics. Curves A and B represent the 
dependence Sv - l/?,' obtained after cooling the sample in the earth's magnetic field 
with the vertical component He = 0.5 Oe. This noise vanishes above T,, i.e. it is directly 
linked to the occurrence of the superconducting state. The dependences of curves A and 
B correspond to the operating points of the I-Vcharacteristics with I ,  = 5 mA and l2 = 
6 mA. When the operating current is equal to I 3  = 7 mA the dependence of log Sv on 
logfhas a different slope than for smaller currents, so that the corresponding curve C 
describes the law Sv - f - 2 . s .  

The measurements for I ,  = 5 mA were also carried out in the applied magnetic field 
H = 5 Oe oriented along the sample. In this case the cooling process was made in the 
magnetic field (field-cooling regime). As can be seen from figure 1 (curve D), the 
dependence Sv - l/f .' is then realized. After the magnetic field has been switched off, 
the I-V characteristics do not recover owing to the partial magnetic flux trapping. 
However, the frequency dependence of the spectral density is not changed (curve E). 
Similar behaviour was obtained for the magnetic field H = 10 Oe after cooling (curve 
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Figure 3. The same as in figure 1 for the reverse 
I-V characteristics for various H .  curve A. 

50e:curveE,2,3Oe;curveF.0.60c. 

Figure 1. The dependence on U of the exponent 
&forSdn -f-"(O) andofthecriticalcurrenll, 

16.6 0e;curve B,  10 0e;curve C, 0 0e;cun.e D, (-). 

F) and when the field is switched off (curve G). We note that the noise amplitude is 
larger for larger operating current, magnetic field or trapped magnetic Rux.  It agrees 
with the non-linear behaviour of the magneticviscosity SR(M:RM) which was discovered 
by usearlier[22.26]. Indeed, hi'{RM in BPBisproportionaltoHforH S 20 Oe [22 ] .  Then 
from (9) and taking into account the dependence SR - H3 1261 we obtain 

SM(f) - H 2 T l f .  (10) 
In the new series of measurements the resistive noise was studied for the reverse 

I-Vcharacteristics. Another sample of BPB withx = 0.25 was studied. The I-Vcharac- 
teristics for different values of the applied field Hare  presented in figure 2. The chosen 
operating current value I = 1 mA is shown by the broken curve. For H > 0 the forward 
I-Vcharacteristics are not shown. 

The measurements showed that in this case the quantity Sv obtained after cooling 
the sample in the earth's magnetic field depends on the frequency according to the 
consideredabovepowerlaw: Sv - fF"(figure3).Theexponent cudependsonthe applied 
field H and the operating current I non-monotonically. This noise disappears above T, 
in the same way as the noise described in figure 1. 

In figure 4 the values of a for different H and I = 1 mA are shown by open circles. 
For comparison the dependence on H of the sample'scritical Josephson current isshown 
here by full circles and the full curve. From figure 4, one can see that the dependences 
cu(ff) and I J H )  correlate well. Note that the asymptotic value of I , ( f f )  for large H (see 
also [4]) corresponds to the so-called percolation current as distinguished from the 
coherent current [9]. The latter dominates for small H. 

In both series of measurements the l/f noise is observed in the region of maximum 
Josephson currents and small magnetic fields, where the SG state should be realized 115- 
181. In this case, one has to bear in mind that for the given experimentalconditions the 
effective field always exceeds HEg in any nominal external magnetic field. Resistance 
fluctuations with the llfspectrum may be a consequence not only of the magnetic flux 
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Figure 5. The frequency spectra of the voltage Fsure 6. The dependences on I of the fun- 
oscillations (without the background damental frequency f, (curve A), its harmonicsf, 
contribution) for operating currents I of 1.4 mA (curve B) and f3 (curve C) and the frequenciesf, 
(-), 1.2mA(- - - )and l . l  mA(-). and fi of new oscillations (curves D and E). 

redistribution between Josephson medium cells [24], but also of the random formation 
and destruction of the fluctuating current circuits. Such fluctuations are more probable 
in thosesiteswhere T,isloweredowingtolocalvariationsin the bismuthcontent. Similar 
magnetic fluctuations were investigated near the superconducting transition in samples 
of YBa2Cu,07-, screened from the extemal magnetic field H [35]. 

The results of the observations described above show that an increase in the effective 
field modulus leads to an increase in the exponent. Since all the applied field values 
except H = 16.6 Oe are less than H,, = 12 Oe for the single crystal of BPB [36], the flux 
creep phenomenon inside the grains should not influence the results. Therefore, the 
transition from the Sv - l/f law to the S, - l/f' dependence when H increases seems 
to stem from either of two mechanisms: 

(i) the occurrence of the oriented motion of the magnetic flux quanta affected by the 

(ii) the destruction of the macroscopic superconducting circuit number, i.e. the 
Lorentz force (the flux flow regime [l]); 

disappearance of the SG state. 

In the latter case the exhaustion of the superconducting current network may lead 
to manifestation of thermal effects due to the Joule heating. Then the spectrum Sv(f) - 
l/f' will correspond to temperature fluctuations [37]. This interpretation agrees well 
with theincrease in awhen theoperatingcurrent Iincreases(seefigure 1). The observed 
increase can he explained naturally by the heating effects. 

For large enough Zthe spectra &(f) in the second seriesof measurements incorporate 
not only the background dependence f-" but also contributions from some low-fre- 
quency oscillations. The dependences on f of the fluctuation voltage amplitude V for 
various values of I are shown in figure 5. Three harmonics can be easily distinguished. 
Their amplitudes increase when I increases. Further increase in the current causes these 
oscillations to vanish and other oscillations (f4 and f4) to appear. The frequenciesf, of 
the oscillations increase for larger I .  
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The dependences f,(r) are shown in figure 6. All of them are almost linear. The 
oscillationsf,, fi andf, do not exist when the current I is less than the threshold value 
Ith. w h x h  is about 0.8 m A  for the sample considered. The quantity Ith seems to coincide 
with the re-entrant supercurrent. This indicates that the I-Vcharacteristics is to a great 
extent determined by the heating effects (as was stated above). 

The low frequencyf, = 100 Hz of the observed oscillations and the presented specu- 
lations about the thermal effect role in the electrophysical properties of the ceramics 
BPB lead to the assumption that these oscillations are of a thermal nature and involve 
relaxation self-sustained oscillations. They are analogous to the oscillations in single 
Josephson junctions (38,391. The main argument is theexistenceofthe thresholdcurrent 
Irh, The non-linear self-sustained oscillations in Josephson junctions with heating are 
quitesimilar [37,39] to the relaxationoscillationsin the junctions withacapacity-driven 
hysteresis which work under conditions of the given voltage [38,39]. In our case such a 
regime is apparently realized in single Josephson junctions in the bulk of the sample, 
the whole sample being the voltage source. The object complexity makes it difficult to 
compare the linear dependencesf,(l) with the dependences [38] of the oscillation period 
on the mean voltage Vat the junction and the current Tacross the junction. One should 
bear in mind that for high currents the heating effects begin to play the main role and 
the earlier assumed proportionality between S,(f) and Sdf) no longer occurs. 

3. Summary 

To summarize, we emphasize that our experiments demonstrate both the glass-like 
behaviour of the Josephson medium-the ceramics BPB-and the importance of the 
thermal effects for large currents across the sample. The necessity to take account of the 
heating phenomena in current-carrying ceramics was initially stressed in [3], 

References 

[ 11 Tinkham M 1975 Infroduction to Superconductiuiry (New York: McGraw-Hill) 
121 Belous N A, Gabovich AM, Lezhnenko I V. Moisecv D P. Posrnikov V M and Uvarova S K 1982 Phys. 

[3] Belous N A, Gabovich A M. hloireev D P, Postnikov V M and Chqnyakhowkii A E 1986 Sou. Phys.- 

[4] Gabovich A M and Moiseev D P 1986 Usp. Fir. Nauk 150 599 
[ 5 ]  Belous N A, Chernyakhovskii A E, Gabovich A M, Moiseev D P and Postnikov V M 19885. Phys. C: 

161 FisanickGJ1988AIPConf Proc. N6180 
171 GoughCE 19891BMJ. Rec. D e n  33262 
[8] Stephens R B 1989 Cryogenics 29 399 
191 Rosenblatt J ,  Peyral P and Raboutou A 1980 Inhomogeneous Superconductors ed D U Gubser, T L 

Len. 92A 455 

JETP64159 

SolidSfote Phys. 21 L153 

Francavilla, A Wolf and 1 R Leibowitz (New York Plenum) p 33 
[IO] John Sand LubcnskyTC 1986 Phys. Reu. BW4815 
[ l  I] Khavronin V P, Luzyanin I D and Ginzburg S L 1988 Phys. Lett. 129A 399 
[I21 Sonin E B and Tagantscv A K 1989 Phys. Lett. 140A 127 
1131 Ginzburg S L 1989 Proc. 3rd CO$ on Inhomogeneoils Electron Slnles (Novosibirsk: Nauka) p 16 
[I41 Sonin E B  1988Zb. Ekrp. Teor. Fiz. Pir. Red. 47415 
[IS] Ebner C and Stroud D 1985 Phys. Reu. B 31 165 
1161 Vinokur V M. Ioffe L B, Larkin A I and Feigelman M V 1987 Zh. Ekrp. Teor. Fiz. 93 343 
1171 ShihWY,EbnerCandStroudDl984Phy~.Reu. 830134 



Resistioe noise and heat effects in superconductor BaPbo.nBio.z03 1547 

(181 Aksenov V L and Sergeenkov S A 1988 Physic0 C 156 18;US 
1191 Ginzburg S L 1989 Irreuersible Phenomena in Spin Glarses (Moscow: Nauka) 
1201 Rosenblan J 1974Reo. Phys. Appl. 9217 
[21] Pannetier B, Chaussy J, Rammal Rand Villegier J C 1984 Pkys. Reu. Lett. 53 1845 
[U] GabovichAM.MoiseevDP,PanaitovG I, PostnikovVM,SidorenkoASandSimonovAYu19891nt. 

[U] Alexander S 1984 Pkysica B 126 294 
[24] Gabovich A M, Moiseev D P, Panaitov G I, Postnikov V M, Prikh@t'ka A F and Sidorenko A S  1988 

Sou. J. Low Temp. Pkys. 14 359 
[25] Klimenko A G,  Blinov A G,  Vesnin Yu I and Starikov M A 1987JETP Len. 46 SI67 
[26] Gabovich A M ,  Moiseev D P, Postnikov V M, Panaitov G I and Sidorenko A S 1989 Proc. 3rd Cor$ on 

[27] Rossel C. Maeno Y and Morgenstern I 1989 Phys. Reo. Left. 62 681 
[ZS] Kogan Sh M 1981 SolidStare Commun. 38 1015 
I291 de Groot S R and Mazur P 1962 Non-Equilibrium Thermodynumics (Amsterdam: North-Holland) 
[30] FerrariMJ, JohnsonM, WellstoodFC,ClarkeJ,RosenthalPA,HammondRHandBeasleyMR1988 

[31] Klimenko A G,  Blinov A G and Matizen E V 1989 Fiz. Mefall. Mefalioued. MI 405 
[32] Pan V M 1989 Zh. Vsesoyuz. K k h .  Obshch. 34509 
[33] Clarke J 1977 Superconducfor Applications: sou~mond Machines (New York: Plenum) p 7 
1341 Ricketts B W, Driver R and Welsh H K 1988 So/idSlate Commun. 67 133 

J .  Mod. Pkys. B 3 1503 

Inhomogeneous Electron Stares (Novosibirsk: Nauka) p 194 

Appl. Phys. Lett. 53 695 

[35] GlyantsevV N ,  Dmitrenko I M, Borsenets V V and Shnyrkov V I  1969 Fir. Nizk. Temp. 15 1001 
[36] Batlogg B 1984 Pkysica B 126 275 
[37] Decker S K and Palmer D W 1977 3. Appl. Pkys. 48 2043 
[38] Albegova I Kh, Borodai B I, Yanson I K and Dmitrenko I M 1969 Zh. Tekh. Fir. 39 911 
[39] Likharev K K and Ulrich B T 1978 System wifh Josephson Junctions. Foundations of Theory (Moscow: 

University Press) 


