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The temperaturd variation of the normalized vortex-creep activation enetfydetermined in standard
magnetization relaxation experiments foLbBBY o 54L& 47 U304, 5 Single crystals with random point disorder
exhibits a maximum, which moves to low&rvalues by increasing the external magnetic field oriented parallel
to the c axis. The nonmonotonit)* (T) dependence is related to the change of the vortex pinning barriers
involved in the creep process across the order-disorder transition in the vortex ggstompanied by the
occurrence of the second magnetization peika dynamic scenario. The decreaséJdfwith decreasingr in
the low-T region is caused by the shift of the current densityange probed in standard magnetization
measurements toward the critical current density, and the signifld&rid) variation in the elastic-creep
domain. The dynamic approach is confirmed by the behavior of highly disordered top-seeded melt-grown
YBa,Cuz0-_; crystals at lowT, for which no second magnetization peak appears,lndoes not depend on
T.

DOI: 10.1103/PhysRevB.70.134523 PACS nuni®er74.25.Qt, 74.25.Ha

Flux-creep measurements remain essential for the studijne vortex systefd), in a dynamic scenario. This approach is
of high-temperature superconduct@TSC’s) in connection  supported by the fact that in the case of highly disordered
to their practical applications, since the thermal activation oftop-seeded melt-grown YB&u;O,_s single-grain samples,
vortex motion cannot be avoidédin order to reduce the showing no SMP at lowl, U* does not depend off in the
intrinsic ambiguity of flux creep measuremeftsiany mag-  low-T region. In this framework, we explain the nonmono-
netization relaxation studies on HTSQ'see, for example, tonic U* (T) variation, the unexpected increase of the second
Refs. 3—7 focused on the analysis of the normalized vortex-magnetization peak field with decreasifign the low-T do-
creep activation energy* = T|d In(t)/d In(M;,)|, whereM;;,  main, as well as the appearance of a wedkigependen
is the absolute value of the irreversible magnetizationtasad up to relatively highT values.
the relaxation time. However, even in this approach, the ex- The investigated specimens are X0.5X0.1 mn?
perimentally determinetd* appeared to be inconsistent with Ph,Sr,Y ( 5{Ca, ,/CUs04.5 Single crystalyPSYCCQ grown
the expected’ and magnetic field variation of the true pin- by the PbO-NaCl flux methdd (with the critical temperature
ning potential, as discussed in Ref. 3. T.~76 K and the anisotropy factoy=5), and relatively

The nonmonotonidJ* (T) dependence observed for dis- large (3% 3% 1.5 mn?) fully oxygenated top-seeded melt-
ordered HTSC's was attributed to pinning barrier grown YBaCuO; s crystals (TSMG YBCO), with T,
distribution® collective pinning behavict,or to a crossover ~91 K and y=8-10. The quenched disorder in PSYCCO
from bulk pinning to surface barriet§ Alternatively, the pe-  single crystals is essentially random point disofdekddi-
culiar decrease di* with decreasingdr in the low-T region, tionally, the TSMG YBCO crystals contaks15% nonsuper-
leading to a weaklyl dependent normalized relaxation rate conducting %BaCuQ, particles(=10 um mean sizg twins,
S=|dIn(M;,)/d In(t)|, was associated with a large contribu- and many growth defects. The normal state resistivity of both
tion of vortex tunneling (quantum vortex cregpcharacter-  kinds of samples is of the order of 1(rcm. The magneti-
ized by aT independens.! zationM (identified with the irreversible magnetizatjowas

In this work we discuss th&* (T) variation determined measured in zero-field cooling conditions and increasing ex-
in standard magnetization relaxation experiments forternal magnetic fieldd (oriented parallel to the axis, i.e.,
Pb,SKLY o 54Ca 4 CUs0g. 5 Single crystals with random point along the smallest sample dimensjionsing a commercial
disorder in terms of classic vortex creep, by considering th&uantum Design SQUID magnetometer and/or a magneto-
change in the creep process across the second magnetizatimeter with extraction. In magnetization relaxation measure-
peak(SMP)'?2 (accompanying the order-disorder transition in ments the relaxation time was considered to be zero when
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FIG. 1. Dc  magnetization  curves M(H)  of 200-6 0.7 038 0‘-9 1.0
Pb,SKY 58C& 404, 5 Single crystalyPSYCCQ with random Tl ‘ ‘ ]
quenched disorder exhibiting the SMP over a lafgaterval (sym- L _
bol, with the SMP fieldH, indicated by an arroyy and of highly L fPISf]CSI?O 1
disordered top-seeded melt-grown Y;BapO,_s crystals(TSMG - T —15K ¢ .
YBCO), showing no SMP at low (continuous ling L5 - psycco -

~ | H=10kOe .
. - . . Nt L T =50K
the magnet charging was finished, and the first data point S
was taken at;=150 s. 5

PSYCCO single crystals exhibit a pronounced SMP over 1.0

a largeT intervall* as illustrated in Fig. 1. As known, the -

SMP_ represents the signature of the transition between the TSMG YBCO

low-field quasiordered vortex phasgine Bragg glass, stable H =60 kOe

against dislocation formatigrand a disordered vortex phase o5 L r=20K |
at higherH, where there is a better accommodation of vorti- 0.85 0.90 0.95 1.00
ces to the pinning centers and dislocations prolifetaté. MM

When the thermal energy is small, the order-disorder transi- ()

tion in the vortex system roughly OCCWS when the pinning FIG. 2. (a) Characteristic magnetization relaxation curi¢é)
energy generated by the quenched d|sqrder overcomes the rspmc YBCo crystals and PSYCCO single crystalsg-log
glastlc energy of _tht_e vortex system._ In this cor)text, the relagca|e$ (b) The same data plotted &&* =-TdIn(t)/d In(M|) ver-
tively strongT variation of the peak fielé, even in the low-  gys|m|. For a better comparisoM(t) andU* were normalized to
T range (see Fig. 3 may be surprising? since for T/T.  their first determined valueM!(t;) and U* (ty), respectively, with
<1/3 the pinning energy is practicallyindependent® The  { =150 s.
increase of the characteristic fields for the SMP with decreas-
ing T in the low-T range when bulk pinning is dominant was H=10 kOe exhibits an upward curvature. It means thatfor
observed for BiSr,CaCyOs,; single crystals, as well, and between the onset of the SMP aHd (see Fig. 1 the loga-
was connected to the reduction of the actual pinning energsithmic model® for the current density(=<|M|) variation of
by the macroscopic current induced during magnetizatiorthe actual vortex-creep activation enetdy{U=U, In(J./J),
measurementS. In contrast, for our highly disordered wherel. is the critical-current density and the pinning barrier
TSMG YBCO samples at loWw no SMP appears, as can be U, does not depend adl may represent a crude approxima-
seen in Fig. 1. The absence of the SMP seems to be caustdn only. This can be seen in Fig(l8, as well, where the
by the presence of various, strong pinning centers, such afata from Fig. 2a) has been plotted asU*
Y ,CaCuQ particles and twin boundaries, when no ordered=-TdIn(t)/d In(|M|) versus |[M|. For TSMG YBCO and
or quasiordered vortex structure can exist, at leastHor PSYCCO inH>H(T) theU* (J) variation is weak, whereas
above the field of first full penetration. for PSYCCO atH<H(T) there is a significant increase of
Characteristic magnetization relaxation curidst) for U* with decreasingJ. [The slight decrease df* with de-
the two samples are shown in Figia2 For a better com-  creasing) appearing for TSMG YBCO in Fig.(®) is mainly
parison, M(t) was normalized to the first measured valuedue to the increase of the magnetic induction inside the
M(ty). For TSMG YBCO theM(t) data in log-log scales is sample during magnetization relaxatipn.
close to a straight line, as proved fid=80 and 100 kOe at Using the approximationU(J)=UyIn(J./J) for both
T=20 K, as well. PSYCCO single crystals behave similarlysamples in a limited relaxation time windogwhich is the
for H>Hy(T). However, even in the representation from Fig. case of standard magnetization measuremeatsaveraged
2(a) the relaxation curve for PSYCCO dt=15 K and for ~U* was first determined a&J*=-TA In(t)/A In(|M|), by
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FIG. 4. The increase oH, with decreasingT in the low-T
0.8 — | —— domain, where it takes the forti, o T~2 (the continuous ling

ss T, for the U* (T) maximum shifts to loweit values with
0.6 - | increasingH, and T,(H) appears to follow thed,(T) varia-
;S%%ngo./ tion plotted in Fig. 4. This, and the absence of th&(T)
- 7 maximum in the case of TSMG YBCO, with no SMP at low
- T, suggest that the nonmonotonit* (T) variation can be

' s/ related to the change in the pinning behavior across the SMP
FA line.

A PSYCCO As known, across the SMP there is a crossover between
0.2 - . 30KkOe . elastic creep at low (in the Bragg_gla_ss dom_a)irzunq plas_tic
' = vortex creep forH=H,.2%2! The pinning barriers involving

the plastic deformation of the vortex system have a weak

S=T/U*
(=}
~
I
|

/ o S o . L
e L intrinsic J variation, whereas the elasticollective) pinning

|
0 10 20 30 40 50 60 barriers U, diverge with decreasingl [Ug=~U.(J./J)*°
(b) TK) where U, is the collective pinning barrier, and>0 is the
collective pinning exponehtThis implies a change in th&

FIG. 3. (a) CharacteristicT dependence of the normalized dependence of the actual activation enetyypon crossing
vortex-creep activation energdy* =—TA In(t)/A In(|M|) for PSY- the H(T) line
p .

CCO single crystals and TSMG YBCO crystals. In the case of . . . .
PSYCCOU*(T) exhibits a maximum af=T, (indicated by an The analysis ol(J) is a complex problerﬁslnce besides

arrow), and T, decreases with increasing, whereas for TSMG _the |ntr|n_5|0U(J) dependence given by _the plnnlng. bamers
YBCO U* is practically T independent below=40 K. (b) T varia-  involved in the creep process, there exists an extribit)

tion of the related normalized relaxation r&eT/U* for PSYycco ~ honlinearity, mainly caused by the barrier distributhn.
and TSMG YBCO. However, it is well known from the study of classical

superconductofd that extrinsic effects roughly lead to
considering the slope of the relaxation curve in double logaPOWer-law shaped voltage-current characteristics, which
rithmic scales for 500 s t<2000 s. The resulting* (T) is  Meéans that in the presence of extrmsm effects the lihKady
illustrated in Fig. a), and theT dependence of the related decreasé? for example, approximately takes a form
normalized relaxation rat8=T/U* is plotted in Fig. 3b). “In(Je/J). It can then be assuméd that U@
The first observation in Fig.(d) is thatU* (T) for PSY- =~ Uin(J)IN(J/J), where Ui(J) represents the intrinsid
CCO exhibits a maximum. The decreaseUdfwith decreas-  Vvariation of the actual activation energy. For plastic barriers
ing T in the low-T region cannot be explained by the loga- Uini(J) =constant, whereas for elastic pinningiy=Ue,
rithmic U(J) variation, since withU(J)=U,In(J./J) andJ  =UcJc/J)*, whenJis far enough fromd.. Thus, for TSMG
«|M| in the general vortex-creep equat®iu=T In(t/to), YBCO in the wholeH range of interest, as well as PSYCCO
wheret, is the macroscopic time scale for cr¢eme obtains N H=H,,
U* (T)=-TdIn(t)/d In(|M|)=Uy(T), which should be con-
stant forT<30 K, where all the superconductor parameters U@J) = UgIn(3JJ). (1)
for PSYCCO are weaklyr dependent. On the other hand, a
logarithmic U(J) would be in agreement with the constant In the case of PSYCCO i <H, one should consider
U* (T) determined for TSMG YBCO af<40 K [Fig. 33@)]. UJ)=UJ/I)*In(I./J). However, the barrier distribution
The second observation in Figia3is that the temperature is expected to be more important abddg, where vortices
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accommodate to the pinning centers. Wheis not small, = Uy(T)=constant for TSMG YBCO, whereas for PSYCCO
andJ is well belowJ;, one can then use at T<T,(H), in the conditions of a fixed relaxation time
UW) = U ()" = Uy, 2 window, U* (T) = uUg e T. The U* (T) maximum from Fig.

3(a) results from the fact that at<T,(H) the creep is elas-
The U(J) dependence becomes relevant for any experitic, and the abovel* (J) effect” is essential, leading to the
ment based on a fixed relaxation time window over a lafge decrease ob/* with decreasingT. For T>T,(H) the U* (J)
interval, as discussed in Ref. 24. In standard zero-fieldyriation is smallplastic creep whereas the intrinsit)y(T)
cooling magnetization measuremeritb,is ch_anged with a decrease with increasing (linear in T at highT) is domi-
constant step or a constant rate, dids registered after a nant. Consequenth®(T) will exhibit the “classic” behavior

certain constant relaxation time intervial In these condi- .

: - g, in the case of TSMG YBCO, as expected, whereas for PSY-
tions, with decreasing in the low-T range the probed cur- ; ' o .

I W ng | W g P a CCO the above discussed decreas&bdiwith decreasingTl

rent densityd(t;) = |M(t,)| is progressively shifted toward, e _ .
because the overall relaxation in the time interval frigno generates a wed(T) variation[Fig. 3b)], resembling quan-
tum vortex creep.

t; becomes smaller.
The behavior oU* (J) for the two samples in the lov- In summary, the nonmonotonous* (T) dependence ob-

region is obtained with Eqg1) and (2) and J«|M| in the served for disordered HTSC'’s appears to be related to the
creep relation. The result isJ* (J)~U,~constant for change of the vortex pinning barriers involved in the creep
TSMG YBCO and PSYCCO aff=T,(H), and U*(J) process across the order-disorder transition in the vortex sys-
~ U (3o "= uUq(J) for PSYCCO atEI'<T (H), with a  &m. The relatively strongJ* (J) variation in the case of
significant J variation, in agreement with Fipg.(IZ). In the (elastig collective pinning and the finite relaxation time win-
present context, the imexpect‘éd/ariation of the peak field dow in standard magnetization relaxation experiments lead
i~ e
Hp at low T illustrated in Fig. 4 can easily be explained. The t© the decrleasr:e dd W|th|_degreasmgT in the fllql\)lY-T range. K
elastic creep-plastic creep crossover across the?@fiim-  AAS @ result, the normalized creep rate exhibits a wéa
plies that at Hyt) one has U*(plastic creep variation up to relatively highF values, resembling quantum
~U* (elastic creep \7vhlich leads toUq(T,H)=uUq(T,H) vortex creep, and the SMP field increases with decreaBing
—uTIn(ty/ty). In the case of random ;’Joint dis?ord’eto in the low-T region. T_he presented dynamic approach is sup-
o H™12125 and U* (H) in the elastic creep domain is weak ported by the behavior of TSMG YBCO samples, showing

: . i

[Fig. 3@)]. Neglecting theT variation of Uy and u at low T, FO?N_STM(?O?T:A?XVT' for which U* does not depend off in the

when thety(T,H) dependence is not very strong one obtains ’

Ho(T) « T2, in agreement with the experimental results from  This work has been supported by the Japan Society for the

Fig. 4. Promotion of Science at Tohoku University, and by EC
For theU* (T) variation at lowT, where the intrinsicT  through the Human Potential Program under Contract No.

dependence of the pinning potential is weald* (T) HPRI-1999-CT-00030.
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