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Using a sensitive Hall probe, the magnetization relaxation of  Bi2Sr2CaCu20 s single crystals has been measured accurately. The 
sample was cooled down from T> Tc in a large bias magnetic field and then relaxation has been registered after a small change of 
the magnetic field. The effects of  the bias field value, ranging from almost zero up to Hi,~v ( ~ 20 kOe), and of the amplitude of 
the field change were studied at T= 20 K. We find that the results are well described by the model for the self-organized critical 
state: there are short- and long-time domains of  the relaxation, both characterized by a power-law dependence on time. The 
crossover time depends on the bias field (i.e. on the critical current density ) and on the amplitude of  field change. The long-time 
relaxation is independent of  the initial field change. 

1. Introduction 

The dissipative processes occurring in high-T¢ su- 
perconductors for current densities exceeding their 
critical value jc are of interest both in view of pos- 
sible applications and as a general topic in type-II 
superconductivity. These processes can be best mon- 
itored by studies of the relaxation of magnetization 
after an abrupt change of the external field to which 
the superconducting sample is exposed. 

In conventional type-II superconductors the An- 
derson-Kim model of flux bundles, hopping over 
potential barriers of height tic, has been introduced 
to explain the magnetization relaxation [ 1 ]. The 
early experimental results confirmed the predicted 
logarithmic time dependence, 

M ~  ~-cTln(1 + ~ ) ,  (1) 

as well as the linear increase of the relaxation rate S 
( = d M / d l n t )  with temperature for t>>r and 
kBT<< U~, where z is related to the microscopic at- 
tempt time. In high-T~ materials much larger values 
of the ratio kBT/U~ can be achieved, so that the re- 
laxation can be significantly faster. In fact, soon after 

the discovery of oxide superconductors, it became 
clear that the relaxation in these materials is not log- 
arithmic in time. Moreover, it was found that de- 
parture from the logarithmic time-dependence is not 
specific to high-To materials. In the isotropic type-II 
superconductor PbMo6S8 with T¢= 14.5 K, the re- 
laxation measurements give strongly field-depen- 
dent results. At low fields, a nearly logarithmic re- 
laxation is observed, whereas at high fields a more 
complex behavior, described by the equation 

M ~ ( ~ l n ( l + ~ ) )  -'/u , (2) 

with/z < 1 is obtained [ 2 ]. Similar observations were 
made on Bi2SrzCaCu2Os [3] and on other high-To 
superconductors. 

The first attempts to explain the non-logarithmic 
relaxation used the Ansatz of a superposition of in- 
dependent relaxation processes with different pin- 
ning potentials Uc [ 4 ]. Detailed techniques have been 
developed in order to deconvolute the distribution 
of pinning energies from M(t). Whereas it is pos- 
sible to find an accurate fitting of the data using a 
proper distribution function, the principle of super- 
position of separate events is not likely to be the right 
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approach.  There is an interest ing parallel  with the 
deve lopment  of  concepts in the theories of  spin- 
glasses, where initially s imilar  methods  were used. 

A t ime dependence that is characterized by a power 
o f  the logari thm as given by eq. (2) ,  has been often 
invoked and is expected in the vortex-glass state [ 5 ]. 
The theory of  collective flux creep [6] also yields an 
expression for M ( t )  as given by eq. (2)  for t>>r ,  
provided  that the potent ial  barr ier  height is propor-  
t ional to ( j / jc )  -~'. Feigel 'man el al. [6] have sug- 
gested the in terpolat ion 

M ~ ( ,  +/~ ~ , n ( l  + ' r ) )  -~/~' (3)  

which gives the result o f  the A n d e r s o n - K i m  model  
for t<<r  and eq. (2)  for t>>r .  For  ,u<< 1, which is 
the case for e.g. single-vortex creep, the condi t ion  
( k ~ T / L ~ )  In( 1 + t / r )  <<y ~ is easily satisfied. In that 
case, eq. (3)  can be approx imated  by 

M ~  ( l  + t / r ) -k"7/~ '~  (4)  

a relat ionship,  which is also often used to fit exper- 
imental  data  [7,8].  

Recently, an a t tempt  has been made  by Vinokur  
et al. [9 ] to f ind an analytical ,  approx imate  solution 
for the set of  Maxwell equat ions describing the flux 
penetra t ion into a thin slab with flux pinning bar- 
riers that grow logari thmical ly  with decreasing cur- 
rent, according to 

U( j )  = U~ In ( J c / J )  • ( 5 ) 

Such a dependence  of  the pinning potent ial  on cur- 
rent densi ty leads to a nonl inear  diffusion equat ion 
for the flux density. Some of  the conclusions drawn 
in ref. [9] have been cri t icized [ I 0 ] ,  but the qual- 
i tat ive features of  the results were conf i rmed by the 
exact numerical  calculat ions of  van der  B e e k e t  al. 
[11] and Schnack et al. [12] .  In part icular,  it has 
been established that the pinning potent ial  (5)  leads 
indeed to self-organized cri t ical i ty (SOC) ,  a concept 
in t roduced by Bak et al. [ 13] in connect ion with the 
dynamics  of  highly dissipat ive,  nonl inear  systems. 

The idea of  SOC has a t t racted much at tent ion in 
recent years [ 14-18 ], due to its universal  character  
and mult ip le  appl icat ions,  o f  which the ones in the 
physical sciences form only a small branch of  a broad 
spectrum [13].  It describes many-body  systems 

which, starting from an arbi trary initial state, organ- 
ize themselves in a unique dynamical  state which is 
critical in the sense that there exists no characterist ic  
length or t ime scale. The concept proposed by Bak 
et al. is that this state is truly a critical point  of  the 
system (an a t t ractor  of  an open diss ipat ive system ). 

Recently this theory has been appl ied to highG'~ 
materials  as well. It was investigated numerical ly in 
the context of  vortex dynamics  in superconductors  
by Pla and Nori  [ 15 ], used for the analysis of  noise 
measurements  [ 17, 19 ] and recognized in the inter- 
pretat ion of  magnet izat ion relaxation [20].  it pre- 
dicts certain features of  the magnetic flux jumps,  re- 
cently studied by Gerber  c t a l .  [21 ]. 

In the nonl inear  flux diffusion theory, the S()C is 
reached after a certain time, not exactly known, from 
the moment  the external field is changed. The wave 
o f  the flux profile spreads from the superconductor  
surface, into its centre. When the wave profile reaches 
the sample centre at the moment  t* (fig. I ), where 
t* depends  on ./,. and on the initial field change All ,  

its dynamics  must change as it is no more free to 
propagate:  a boundary  condi t ion must be imposed 
for the current at the sample centre j ( O ) =  O. Com- 
puter  numerical  solutions of  the differential  equa- 
t ions and Monte  Carlo s imulat ions  [11,121 of  the 
vortex dynamics  show that the nonl inear  flux-dif- 

, + 

Fig. I. Schematic evolution of the magnetic induction profile in 
the sample volume (0 means the centre of the sample of thick- 
ness 2D ) after the external field is changed at t = 0 from the value 
Hmitm~ to Itn,,t. It is assumed that the magnetic field is signifi- 
cantly higher than Hot and that the sample is cooled down in the 
field tImm.~ that was applied above T~. The curves represent the 
flux profile for increasing lime, t~ < t2 < t3 = t* < t+. 
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fusion equations have solutions that are rather weakly 
dependent on the precise functional relationship be- 
tween the activation energy and the current density 
and the magnetic induction. 

There is a direct analogy between the formulation 
of the flux diffusion theory based on the assumption 
of a pinning potential as given by eq. (5) and that 
based on a nonlinear dependence of the conductivity 
on the electric field [22 ]. A nonlinear E-j depen- 
dence can describe magnetization relaxation data in 
a very broad range of fields and temperatures in the 
case of Bi2Sr2CaCu2Os [23-26] and can be consid- 
ered as an alternative approach towards understand- 
ing dynamical phenomena in superconductors, es- 
pecially in case of the Kosterlitz-Thouless transition, 
and of the magnetic properties in the temperature 
region near Tc or close to the irreversibility line [ 27 ]. 

The experimental implications of the nonlinear flux 
diffusion model are the following [ 9 ]. 

(1) There exists a characteristic time t*(AH/H, 
Jc ( H ) )  separating the short-time relaxation from the 
long-time one: t * - , ~  for do-,0, and t*- ,0 when do 
becomes larger than the sample size, where do = call~ 
4njc is the Bean penetration depth; 
(2) In both time-domains, a power-law dependence 
should be observed. The approximate predictions for 
the time-dependent magnetization are given by 
[9,27] 

4rtM(t)=[2(%+t'~e-l]AH for t<t" 
\ %  + t*} 

(6) 

for t> t*. 

(3) One should note the relation between the ex- 
ponents p=(1-ot ) / (2-ot )  and q=(1-ot)/ot, 
characterizing the short-time and long-time relaxa- 
tion, respectively: p ~  q for p, q<< 1, whereas p- ,0 .5 
for q increasing to values much larger than 1; 
(4) the long-time relaxation is independent of  the 
initial field change AH, which follows from eq. (6), 
by substituting t* by an expression in AH [9,27]. 

The parameter ot in eq. (6) is related to the ratio 
of  the flux-pinning energy and the average thermal 
energy, ~ = Uc/kBT: 

a =  - -  (7) 
I + E '  

in case the equations are based on the relation in eq. 
(5). If  the discussion is based on a nonlinear Cur- 
rent-voltage dependence [ 27 ], c~ specifies the elec- 
tric field dependence of the conductivity: 

J(E) =tr(E)E, tr..~E -~ . (8) 

In this paper, we present the first experimental 
verifications of the above mentioned predictions, 
given by eq. (6). The results were obtained on a 
Bi2SrzCaCu2Os single crystal, with the external mag- 
netic field oriented along the c-axis. In general, we 
can rule out the logarithmic time dependence as given 
in eq. (1). Instead, a power-law time dependence 
described above follows from our measurements. The 
dependence of the exponents p and q on various pa- 
rameters gives confidence in the approximate valid- 
ity of this theory. The high accuracy and the long-time 
stability which are required to distinguish between 
the various possible time dependences were achieved 
by the use of the Hall probe and a superconducting 
magnet in its persistent mode. This method is par- 
ticularly useful for relaxation measurements and 
gained popularity in recent years, especially due to 
the successful efforts of Konczykowski et al. 128 ]. It 
has been applied in studies of the flux distribution 
on the sample surface, supporting qualitatively the 
predictions of the critical state model [29 ], as well 
as in attempts to investigate the time evolution of 
the flux distribution profile [ 7 ], resulting in a qual- 
itative agreement with the predictions of  Vinokur et 
al. [91. 

2. Experimental details 

Magnetization and magnetic relaxation measure- 
ments were performed on three single-crystalline 
Bi2Sr2CaCu2Os samples, characterized by sharp su- 
perconducting transitions in the AC susceptibility. 
The analysis of M(H) and M ( T )  results on these 
samples has been reported elsewhere [30]. In this 
paper we present a series of measurements per- 
formed on one of these samples, which has a circular 
disk shape with a diameter of 2.4 mm and a thick- 
ness of 0.2 mm. Magnetization and AC susceptibility 
measurements yielded a Tc of about 90 K. The crys- 
tallographic c-axis is perpendicular to the large sur- 
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face o f  the sample and this was the direct ion of  the 
appl ied  magnetic  field. 

A commercia l  Hall  probe (suppl ied  by Lake Shore 
Cryotronics,  Inc.)  is used as the sensor o f  the mag- 
netic field at the surface of  the magnet ized sample. 
Its sensit ivity is 8 / a ~ / G .  With  the Linear  Research 
resistance bridge LR-400, an excellent stability, lin- 
earity o f  the response to the field and an extremely 
small t empera ture  dependence  of  the background 
signal are obtained. Under  certain conditions,  we can 
reach a resolut ion o f  about  10 raG. The field pro- 
duced by the Hall probe at the sample surface is lower 
than about  10 m G  for the injection current  o f  3 mA, 
that is typical ly used. The sensit ive area of  the Hall  
probe ( 1 m m  in d i ame te r )  is comparab le  to the sam- 
ple size and the field-sensit ive region is placed at a 
dis tance of  about  0.5 m m  from the sample surface. 

The measured stray field turns out  to be linearly 
related to M, the magnet iza t ion o f  the sample. This 
has been verified in low fields and at low tempera-  
tures by measuring the virgin magnet iza t ion  curve in 
the Meissner  state. In this case, the measured mag- 
netization,  4 n M ~ × p = H ~ - H ,  where H~ is the field 
registered by the Hall  probe and H is the externally 
appl ied  field, should be found to reflect perfect dia- 
magnetism, i.e. 4 7 t M = - H .  We found 4rtM~xo= 
- 0 . 3 9 / / ,  indicat ing that in the given geometry the 
sample does not screen the field perfectly. We have 
used the result of  this cal ibrat ion,  4 7 t M = 4 ~ M ~ p /  
0 .39=  ( H ~ - H ) / 0 . 3 9 ,  at all fields, although its va- 
l idity for high fields depends  on certain assump- 
tions. In part icular ,  it has to be assumed that the flux 
dis t r ibut ion in the sample is s imilar  to the one in the 
Meissner  state, where the supercurrent  flows within 
a thin surface layer. We argue that  this assumpt ion  
is not unreasonable  in s i tuat ions that  are per t inent  
to our measurements .  In other  cases, in which the 
magnetic  induct ion changes throughout  the sample 
cross-section, the cal ibrat ion is only approximate .  

The relaxat ion measurements  were carried out  at 
a tempera ture  of  20 K, s tabi l ised within _+ 10 inK, 
in fields up to 20 kOe (the apparent  i r reversibi l i ty  
field at this temperature ,  de te rmined  both from 
magnet ic  hysteresis and M ( T )  measurements ) .  
These condi t ions,  which were dic ta ted by experi- 
mental  factors, al lowed us to reach an opt imal  sta- 
bil i ty and reproducibi l i ty  of  the measurements .  

The interpreta t ion o f  relaxat ion measurements  is 

hampered  by the strong dependence  of  the critical 
current  on the magnetic  induction [30] ,  which in- 
fluences the result, unless the magnetic induction is 
approximate ly  uniform within the sample. This can 
only be achieved,  when small changes are imposed 
on a large, uniform background.  

The relaxation measurements  to be described in 
the present paper  were carried out on a field-cooled 
(FC)  sample. External fields up to 20 kOe were im- 
posed at a tempera ture  above Tc and the sample was 
cooled to T =  20 K. The field registered by the Hall 
sensor changes only by about 20 Oe during this pro- 
cess in an appl ied field of  20 kOe. confirming that 
the FC samples are almost fully penetrated.  

In the actual relaxation measurements  the process 
of  flux penetrat ion is moni tored after the applied field 
is changed by a small amount  with respect to its value 
during cooling (fig. 2). The measure of  flux pene- 
trat ion is the difference between the field registered 
by the Hall probe and the appl ied field, which is e~- 
idently propor t ional  to the magnet izat ion of  the 
sample. Apar t  from the high accuracy of  the Hall 
probe, this method requires an excellent stabili ty of  
the external field. To ensure this, we have to use a 
superconduct ing magnet working in the persistent 
mode. Inevitably,  due to the large self-inductance of  
the magnet,  shunted by a small resistance, the re- 
sponse t ime of  the system is long. In measurements  

. . . .  ~ i i j : ~ - ~  - , ~  ~ 

Fig. 2. Schematic flux distribution in a sample that is field-cooled 
(FC) to low temperatures from T> T c. The upper part (solid line ) 
corresponds to the initial quasi-equilibrium situation where the 
external field is H~,,iti~, while the lower part of the figure (solid 
line) represents the equilibrium state, towards which relaxation 
occurs, after the field has been changed to the new value Hnn~j. 
The differences Binitia I -  Hinitta I and Bfin,~-tlc~.,,~ are equal to the 
initial FC magnetization and to the equilibrium magnetization 
M ( tlnnaj ), respectively. 
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above To, the change in the external field was found 
to be an exponential function of  time, with a time 
constant to of  6.8 s. 

The sluggish change of  the external field causes 
some problems in the interpretation of  the results at 
short times. In case of  an abrupt change of  the ex- 
ternal field from Hinitial to Hna~l, the instantaneous 
response of  the sample is "fully diamagnetic",  i.e. 
4nM(O)=-(Hr,  nal-Hi,,~ial), the relaxation starts 
immediately at t = 0 and is seen as a monotonic  ap- 
proach of  M ( t )  to zero. In reality, the external field 
starts to change at t = 0  and reaches Hn,a~ after about 
5 to 10 times to. The response of  the sample follows 
this change, but at the same time relaxation sets in. 
Therefore, the early stages o f  relaxation cannot be 
monitored by measuring M(t).  In some cases the 
distortion is so drastic that I M ( t ) l  is not a mono- 
tonic function of  time, but goes through a maximum. 
However, beyond about 100 s we can consider 
4riM(t) = H ~ - H n , ~  as the proper relaxation 
function. 

There is also a practical restriction on the side of  
the long time-scale. It appears that for t*> 3000 s we 
are not able to carry out a satisfactorily accurate 
analysis of  the results of  the long-time relaxation. It 
would require measurements for at least several 
hours. Table 1 contains the parameters, determined 

Table 1 
The experimental conditions and the fitting parameters for eq. 

(6) for the data presented in figs. 3-6. The details of the fitting 
procedure for the determination of the parameters p and q are 

illustrated in fig. 6 (a)  and (b).  The crossover time is estimated 
in a way shown in fig. 6 (c).  The parameter a is determined from 

q, characterizing the long-time relaxation. For comparison, ~ = tic/ 
kaT ( = l /q)  is computed from eq. (7) 

H n ~ ( k O e )  A H ( k O e )  p q t* ( s )  ct 

2.464 0.574 0.1 0.15 1500+__500 0.87 6.7 

5.964 0.549 0.24 0.245 420+__50 0.80 4.1 

8.290 0,590 0.25 0.35 200+50  0.74 2.9 
15.74 0.560 0.45 1.1 100__+50 0.48 0.91 
21.611 0.545 - 1.55 <150  0.39 0,65 
22.994 0.532 - 2.45 ~ 102 0.29 0,41 

25.189 0.543 - 3.0 ~ 102 0.25 0,33 
5.950 0.140 0.27 - >> 3000 - - 
5.942 0.275 0.24 0.205 520+100 0.83 4.9 
5.964 0.549 0.24 0.245 4 2 0 + 5 0  0.80 4.1 
5.971 1.126 - 0.23 ~ 100 0.81 4.3 
5.968 1.727 - 0.23 <100  0.81 4.3 

from fitting the data to the power-law dependences 
given by eqs. (6).  In case there are doubts about the 
quality of  the fitting, we do not place those param- 
eters there. 

3. Results and discussion 

In fig. 3 the time dependence of  the stray field 
measured at the sample surface by the Hall probe is 
presented in a log-log plot, for external field changes 
of  about 550 Oe starting from different Himtia~ val- 
ues, ranging from 2.5 up to 25 kOe. For low values 
of  Himtia~, the relaxation is slow and the remanent 
magnetic moment  is large. It is clear that these re- 
suits cannot he described by a power-law depen- 
dence over the whole time-window. From fig. 4, 
which gives some of  the results in a semilog repre- 
sentation, we conclude that the logarithmic time de- 
pendence is not appropriate either for all the data. 
The lowest two curves in fig. 3 were registered above 
the irreversibility field of  about 20 kOe. However, 
there is no qualitative difference between these data 
and the data obtained at lower fields, except for a 
much faster relaxation observed in higher fields. It 
would be interesting to continue these measure- 
ments to fields much higher than H~r~v. This, how- 
ever, will require the development of  an experimen- 
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Fig. 3. Experimental data for the time evolution of the remanent 
magnetization (stray field AHs=H,-H) of a disk-shaped single- 
crystalline sample of Bi2SrzCaCu2Os at 20 K after a field change. 
Curves from top to bottom were registered after the field was de- 
creased by about 550 Oe from the initial value to: 2.464, 5.964, 
8.290, 15.74, 22.994, and 25.189 kOe, respectively. 
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Fig. 4. Stray field AHs=Hs-H registered after the initial field 
was decreased to about 6 kOe, for the values of Hiniual--Hn,a~, 
from top to bottom, 1.727, 1.126, 0.549 and 0.140 kOe. 

Fig. 5. Stray field Att~=fI~-H registered after the initial field 
was decreased to 21.6 kOe, for the values of ni,itiaJ- [[r~n~ of 0.545 
kOe (squares) and 0.253 kOe (circles). 

tal set-up giving access to shorter  relaxat ion times. 
The first rows o f  table 1 give the fi t t ing parameters  

for the curves in fig. 3. A fast decrease of  the cross- 
over  t ime t* with increasing field is observed,  ac- 
companied  by an increase o f  the exponents  p and q. 
When the crossover t ime becomes shorter than about 
100 s, we cannot  carry out  a reliable fitt ing of  the 
short- t ime relaxation. We observe that p is not ex- 
ceeding 0.5, but  it tends to this value when q in- 
creases above 1, in agreement  with the expectat ions 
based on eq. (6) .  

The last rows o f  table 1 show the fitting parame-  
ters for the curves shown in fig. 4, where the ampl i -  
tude of  the field change A H  is different  but  the bias 
field is approximate ly  the same, for all curves. Here 
we do not observe a dependence  of  p and q on AH, 
despite a steep decrease of t*  with increasing AH. This 
again is in agreement  with predic t ion summar ized  in 
eqs. (6) .  For  the two highest values of  the field 
change, the relaxation curves are a lmost  identical  at 
long times, as expected (cf. fig. 4).  However ,  agree- 
ment  with the theoret ical  predic t ions  is not  perfect: 
one should expect a coincidence of  all M(t )  curves, 
when t exceeds t*. The coincidence is observed only 
for t imes much larger than t*. For  the da ta  registered 
in a large bias field, as shown in fig. 5, the crossover 
t ime t* is short  and a very good coincidence is ob- 
tained for t >  100 s when AH equals 0.5 and 0.25 kOe. 
The fit t ing procedure  for the de te rmina t ion  o f  the 
parameters  p, q and t* are i l lustrated in fig. 6. 

There is a slight disagreement  between the c~-val- 
ues as der ived from the exponents  p and q. We sup- 
pose that this is connected with the approximate  na- 
ture of  the assumed I-E dependence.  Also, eq. (6)  
are only approximate  and the exper imental  si tuation 
does not correspond exactly with any of  the calcu- 
lat ions done. However,  we are confident  that the ob- 
ta ined results i l lustrate well the existence of  the two- 
stage relaxation process and its dependence  on AH 
and H. Values for the exponents  p and q obtained at 
the lowest fields are consistent  with the collective 
creep theory [31 ], where they should have a value 
o f  about  ~. This, however, may be fortuitous. 

Ries et al. [23] obta ined  a good descript ion of  
t ranspor t  and magnet iza t ion measurements  on po- 
lycrystall ine Bi2Sr2CaCu208 in terms of  ,I=E ~-" 
characteristics,  through eleven orders  o f  magni tude 
of  E changes, for a large range of  magnetic  fields and 
temperatures.  A decrease o f  o~ is observed when the 
irreversibi l i ty line is approached,  ei ther by an in- 
crease of  field or temperature .  This is in a qual i ta t ive 
agreement  with our results (c~ would correspond to 
( l-~+kBT)/kBTin eq. ( 6 ) ) ;  a decrease ofo~ is con- 
sistent with a suppression of  the pinning energy Uc, 
while we observe a strong increase of  q=kBT/Uc, 
Similar  conclusions are der ived from the analysis of  
inductive measurements  of  the current -vol tage  char- 
acteristics on B i - S r - C a - C u - O  ceramic rings, per- 
formed by Paul and Meier  [25].  The analysis of  the 
magnet iza t ion relaxation in single crystals by Hu 
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[ 26 ], leads to the validity of the power-law J - E  de- 
pendence in a large range orE,  B and T. The "S-type" 
shape of the relaxation curves M versus In ( t) ,  can be 
found in many reports on high-To materials, as for 

the BiESrECaCu2Oa compound  [ 3 ]. 
The monotonic  change of the parameters p, q and 

t* functions of the bias field, when the field crosses 
Hi,~v, as determined in magnetizat ion measure- 
ments, would suggest that the irreversibility line has 
a purely dynamical  character, while the appearance 
of irreversible, hysteretic effects is an intrinsic prop- 
erty of highly nonlinear ,  dynamical  systems. The 
value of Hi~.~ is often reported to depend on the time- 
scale of the measurement:  on the times involved in 
DC magnetizat ion measurements,  on the frequency 
of AC susceptibility measurements,  and on the cri- 
terion used to define Hi~ev in resistance 
measurements.  
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Fig. 6. Illustration of the fitting procedure to the data obtained 
after a decrease of the initial field with 0.549 kOe to 5.964 kOe. 
(a) Assuming a power-law time dependence, AH~ t-q, for long 
times, a value for the exponent q of 0.245 is found which would 
allow continuation of the data to AH=0 for t~oo (solid line). 
(b) Assuming a power-law dependence, AH ~ t p, for short times 
a value for the exponent p of 0.24 is found giving a good fit in a 
broad time range. For t--,0 the solid line continues to 
AH,(0) =221 Oe. This is in good agreement with the estimated 
"screening efficiency" for our geometry equal to 0.39 (see text ): 
AH of 0.549 kOe multiplied by 0.39 gives 214 Oe. The deviation 
of experimental data from the solid line at shortest times is due 
to an initially slow change of the external magnetic field, as ex- 
plained in the text. (c) The fitting parameters determined in (a) 
and (b) are used to draw the solid lines in this figure for compar- 
ison with experimental data. The crossover time t* is found from 
the condition of a nearest distance between the solid curves in 
this figure. 

The apparent relaxation rate S = d M / d l n t  is a 
function of the critical current (more precisely, of 

Bean's penetrat ion depth do), the t ime and the pa- 
rameter c~ also being field- and temperature depen- 
dent. The max imum in S ( T ) ,  that has been reported 
for different materials, possibly results from a cross- 
over between the temperature region where H <  H* 
to that where H >  H* (where H* corresponds to the 
field of the first full flux penetrat ion in the critical 

state model) ,  assuming that the relaxation is mea- 
sured at the same field for all temperatures - a study 
carefully performed by Xu et al. [32].  We note that 

the kink in S ( t )  at t= t* ,  that was predicted in the 
original model [ 9 ] but  was absent in the numerical  
calculations [ l 1,12 ] as well as in the approximate 
analytical solutions [10],  is not observed in our 
experiments. 

It is possible to show on the basis of the electro- 



140 Z. Koziot et aL /EvidenceJor nonlinear flux diffusion 

d y n a m i c  equa t ions  that  this k ind  of  j u m p  is forbid-  
den for any  c o n t i n u o u s  so lu t ion  for the magne t ic  in- 

duc t ion  profi le  across the sample  for Z<t* an d  z> z* 
[27] .  

It should  be po in ted  ou t  that  ou r  results do no t  en- 

able us to conf i rm the logar i thmic  d e p e n d e n c e  of  the 
flux p i n n i n g  barr ie r  on the cur ren t  densi ty,  given in 
cq. (5 ) ,  or  any  specific field d e p e n d e n c e  of  the cur- 
rent  densi ty,  except for a s t rong suppress ion  of  the 

p i n n i n g  energy and  the crit ical  cur ren t  dens i ty  by the 
magnet ic  field. Numer i ca l  ca lcula t ions  [ 1 l, 12 ] have 
shown that  the detai ls  o f  the re laxat ion  func t ion  
M ( H ,  l) are ra ther  weakly d e p e n d e n t  on the specific 
form of  the a s sumed  U( j )  func t ion .  The  equ iva lence  
with a n o n l i n e a r  E - j  character is t ic  is ano the r  indi-  
ca t ion of  the un iversa l i ty  of  the n o n l i n e a r  flux dif- 
fus ion  mode l  and  indicates  that  the l ink be tween this 
phenomeno log ica l  descr ip t ion  a n d  possible  micro-  
scopic mode ls  deserves fur ther  study. 

The d e p e n d e n c e  of  the re laxat ion process on the 
b o u n d a r y  cond i t i ons  is omi t t ed  in the de r iva t ion  of  
eq. (6 ) .  It  is weak, bu t  also requires  fur ther  studies,  
both  exper imen ta l  and  theoretical .  There  are only  a 
few, s impl i f ied  s i tua t ions  where this effect is taken 
in to  account  [31 ], 

4. Summary and conclusion 

A procedure  for magne t i za t i on  re laxat ion mea- 
su remen t s  has been  developed.  The  sample  is cooled 
down f rom T >  T~ in a large bias magne t ic  field a n d  
then re laxat ion  is registered after a small  change o f  
the magnet ic  field. In this way, the effect o f  an in- 
hom ogeneous  field d i s t r i bu t i on  ins ide  the sample  
vo lume  onj~  can be avoided.  We f ind that  the results 
are qua l i ta t ive ly  well descr ibed  by the model  o f  the 
self-organized critical state: there are short- and  long- 
t ime  d o m a i n s  of  the re laxat ion,  both  character ized 
by a power-law t ime dependence .  The crossover t ime 
depends  on the bias  field (on  the crit ical cur rent  
dens i ty )  and  on the a m p l i t u d e  of  the field change. 
The long- t ime re laxa t ion  is i n d e p e n d e n t  o f  the ini-  
tial field change. We f ind a good qua l i t a t ive  agree- 
men t  with existing, pub l i shed  results: for large field 
changes the magne t i za t i on  has power- t ime  depen-  
dence  ( the " l ong - t ime "  re laxat ion is general ly  ob- 
served, as the crossover  t ime  is ra ther  short  in that 

case) ,  while for small  field changes (large critical 
cu r ren t )  a near ly logar i thmic  t ime dependence  is ob- 

served ( the crossover  t ime is larger than  the obser- 
va t ion  t ime) .  However ,  this " ' short - t ime" relaxat ion 
can be fitted, at least equal ly  accurately,  by a power-  
law dependence  M -  ~1( 0 ) ~ t ~'. 

The results suggest that the decrease of  the critical 
current  and  of  the p inn ing  energy with magnet ic  field, 
is responsible  for the appearance  of  the reversible 

magne t iza t ion .  
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