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Second-peak effect in a superconductingTl, Bi)-1212 single crystal by ac susceptibility:
Evidence for vortex plastic behavior
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A second peak effect is observed fofTd, Bi)-1212 single crystal using ac susceptibility measurements. The
analysis of the frequency dependence of the second peak position shows that plasticity governs the vortex
dynamics on both sides of the second peak line. This suggests that no particular change in the vortex dynamics
occurs by crossing this line. We propose that this second peak effect is due to the temperature activated form
of the characteristic relaxation times and to the fact that the characteristic activation ehneagyg the critical
current densityJ. have inverse variations with the magnetic fi@dwhen one increases with the other
decreases We also propose that the time dependence of the second peak field position should indicate the
vortex dynamics behavior: an increasing second peak field position with time is a fingerprint of elastic behavior
while a decreasing second peak field position with time is a fingerprint of plastic behavior. The latter case
agrees well with our experimental resulf$0163-182@08)04441-3

INTRODUCTION vortex creep change interpretation.

In this work, we propose that the time or the frequency

One of the intriguing effects observable in the high- dependence of the SP field can give information on the vor-
superconductoréHTCS's) is the anomalous increase in the t€x dynamics nature nearby the phase diagram SP line. In-

measured current density with increasing applied magnetigeed, assuming that the activation energy form is given by
field. This phenomenon is called the second p&iH effect. ¢
It has been observed in anisotropic superconductors as well U@J,B)=T In(—
as in isotropic ones. In the literature, various interpretations to

have been proposed to explain this phenomenon such asgince the current density works for the depinning of the vor-

change in elastic vortex creep dynamicdield induced pin- tices, f(J) should be a decreasing function. In the elastic

ning mechanisni, three-dimensional3D-2D) vortex lattice vortex creep fram@, f(J) is a power-law function, i.e.,

melting* and recently elastic vortex creep to plastic vortexf(J)«J~#, wherepu is a positive constant andis positive.

creep Crossover? In plastic vortex creefh(J) is expected to have a finite value
To observe the SP effect, the usual technique is to perfat vanishing current density ands negative’'%'!The time

form dc magnetization loop measurements at a given temdependence of a characteristic figktie SP field, for ex-

perature. A waiting time is imposed from that the dc field isamplg for a given current density, is given by

applied to that a magnetization measurement is recorded. y

The importance of relaxation effects in the appearance of the T In(—) !

SP has been shown by Yeshurenal’ In particular, they to

have shown that the effect disappears with increased waiting Bee W

time at relatively high temperatures, while it is built in by

increased waiting time at relatively low temperatures. Thus, according to the shape of th@l) function and the
Among the proposed interpretations, the ones which give value, the characteristic fieBsp will increase or decrease

a dynamical origin to the observed SP effect are given inwith time.

Refs. 1, 2 and 7. In the elastic vortex creep change To investigate a wide range of characteristic times, we

interpretation;? the SP field separates the single vortexhave used both dc magnetization loop and ac susceptibility

creep regime below from the bundle vortex creep one abovaneasurements. The relatively high frequency values offer the

In such a point of view, the SP effect should be absent apossibility to probe the short time scales. A similar study has

very short time scalest{-t,), and the observed one is due be done by Yamagustet alX? in Bi-2212 using dc and ac

to the fact that the relaxation is much faster in the singlesusceptibility measurements. However, no detailed studies

vortex regime than in the vortex bundle regime. on the time and frequency dependence of the SP field posi-
To explore the response at very short time scales, Harneiion have been reported to date the authors knowledge

et al® have used “pulsing field measurements” which allow  In the present work we report on the observation of the SP

for an investigation of the critical stat@ast—tg). Their  effect using ac susceptibility measurements. We have chosen

measurements, which were performed(8nBa)BiO;, con- a (Tl, Bi)-1212 single crystal, which has a moderate

firmed the presence of the SP effect even for very short timanisotropy!® and exhibits the SP effect, extracted from dc

scales {,~10 “ sec), which is in conflict with the elastic magnetization loops, on a large temperature range approach-

«B"f(J). (1)

2
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(Q"z)c;;}t, ((av);(;: SSUS’C((?ILZJ‘I’IE)I:ty8;/,ezzuli)c:ic82tel(d<>f’o‘r ;eggez;tgres FIG. 2. (a) ac SP ling @) and dc SP on(iQ). One can notice the_ _
(*.+): 88 K. The arrows indicate the ac second peak positiorac reduF:ed temperature range of the ac SP line, and its I.ower position
SP field extraction using a parabolic fit nearby the minimum Onglahtlve to the dc oge(b) Lalrag? SC?'? Ot&z' %ne can notice that at
m’(B) at T=82 K. The same procedure is used to localize the dc igh temperature the ac SP line joins the dc one.
SP field.
For each temperature, the measurements begin after that

ing even the critical temperature. The fact that it is free ofthe sample was zero field cooled from abdieto the stud-
twin boundaries permits us to investigate the vortex dynamied temperature. After a pause of about 180 sec, the ac sus-
ics in presence of only noncorrelated defe@ts., without ~ ceptibility was recorded versus dc field. A waiting time of 60
any correlated defects such as twin boundaries or column&ec is imposed after each change of the dc field. Figtae 1
defect3. The absence of any observable first order transitiorPresents the real and imaginary parts of the ac susceptibility
in this compound suggests the presence of such defectr temperatures going from 78 to 88 K.
which could be, for example, oxygen vacancies. For temperatures above 80 K, the real part exhibits a peak

In the first part of this paper, the ac susceptibility mea-€ffect which is identified to the SP observed in dc magneti-
surements taken in an applied dc field at different temperazation loops. To determine the location of the SP field, a
tures for given frequency are reported. The positiorBif ~ parabolic fit ofm’ (B) is done nearby the minimum oh’.
phase diagram, of the ac SP line is compared to that of the dEhe ac SP field is then estimated with an error bar of 50 G.
one. In the second part, the time and frequency dependencE&gure 1b) illustrates this procedure fof =82 K. On Fig.

of the SP field are reported and interpreted. 1(a), we can see that the ac SP effect is accompanied by a
decrease of the imaginary susceptibility part. This means that
EXPERIMENTAL RESULTS the observable current density maximum is reached for a

minimum of dissipation. The original behavior of the real

A (Tl, Bi)-1212 single crystal off ;=89 K and size of part, which presents a maximum, implies the observation of
1000x 875x 200 um?® is studied here. The preparation and two maxima of the imaginary part since the “complete pen-
structural details can be found elsewh&tac susceptibility ~etration” of the ac fieldb,. is reached twice when the dc
measurements were performed using the ac option of a stield varies. The couplesBgp, Tsp corresponding to the
perconducting quantum interference device magnetometeeffect are reported in Fig.(d). We have also reported on the
Quantum Design. The ac field strendth. was fixed to 1 G. same figure the SP line extracted from dc magnetization.
Both b,. andB were parallel to each other and to thexis. We will stress the following two facts.

In order to extract the ac SP line, the susceptibility was (&) The reduced temperature range for the observation of
measured versus dc field for different temperatures. The athe SP effect in ac measurements. Indeed, for temperatures
frequency was fixed té=10° Hz. lower than 80 K, the effect is absent. This is due to the fact
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FIG. 3. lllustration of dc global and ac measurements in the case 0.00008 r- o/O\
of an infinite slab submitted to a parallel field according to the Bean /ofo\O
frame. If B, is a characteristic fieldthe Bgp, for example, the 0.00006 ¢ g;g:g\o 1
effect will be observable for an applied fieRkp which is interme- = 8/ \O
diate betweeBy andB; in dc measurements. However, the same % 0.00004 ¢ g/ T o o
effect appears for nearl, applied field in surface ac measure- T 0.00002 -
ments. In fact this approach is approximative since it assumes the ‘ °© Z
simple field independent current density model. The field gradient 0.00000 - °
should be more important near the SP field than near the field of the '
full penetration. -0.00002 .

i o 200 300 400 500 600 700
that at low temperatures, the screening current density is so

large that the ac field,. cannot significantly penetrate the (b) B(G)
sample. It just probes a negligible part of the sample volume.

(b) The ac SP line is lower than the dc one. This is due to FIG. 4. (a) dc magnetization |00p foF =84 K. The duration of
the global character of dc magnetization measurements. (e relaxation is about 70 mifib) A zoom of the SP region of the
fact, in the ac susceptibility, ib,. is smaller than the ac descending branch @8). Th_e SP flelq de_creases with time as indi-
complete penetration field but sufficiently large to give acated by the arrows. The time criterion is from top to bottom 6, 20,
measurable penetrated volume, the probed region will b&%: @d 70 min.
close to the surface of the sample. Thus the observable peak
field (i.e., the applied field where the SP effect ocdBg3 is  tion nature near the SP position. To investigate the SP field
nearly the local real peak field. In contrast, in global dc mag-position time and frequency dependence, we have performed
netization measurementBgp gives in some way, a mean dc magnetization loops with relaxation and ac susceptibility
value betweerB, when the probed region is the surface andversus field for different frequencies. In the latter case, after
B1 when the probed region is the center of the sample. The set of measurements for a given frequency, the sample was
scheme reported in Fig. 3 illustrates such a situation in thQ\/armed up to its normal state. After that, it was zero field
case Of an |nf|n|te Slab Submitted to a parallel f|e|d ThiSCoo|ed unt” the same Studied temperature and then a set Of
approach is very approximative since it assumes the simplg,easurements for another frequency value began. We report
field independent current density model. The field gradient, ihe Fig. 48) a dc magnetization loop fof =84 K. The
should be more important near the SP field than near the ﬁelﬂalaxation was performed in 70 min. Figuréb# gives a

of the full penetration and it is difficult to calculate the exact , o of the descending branch loop near the SP position. As
\lé?lu% O\IvéhSaih:;fetzeozrfgf fgfi;d:nsetrferg":hthﬁ]g;:zségowcan be seen in this figure, the SP field position decreases
19. 5, V ¢ gth, P~ with the relaxation. In Fig. 5, the ac real susceptibility part

tibility gives a good tool to probe the true second peak Ime.versus field alT=84 K is reported for frequencies going
As soon as the temperature is increased, the screening cyi- ; L .
rent decreases and the ac superimposed field strength tl)f(rec_)m 1G° to 1 Hz corresponding to characteristic times going

3 . . .
comes sufficient to probe a larger part of the sample volumeroughly from 10" to 1 sec, i.e., time scales covering three

until the entire sample is probed and then the ac SP Iin%evggrd\?;'u':s ;Sa:lh:(fareseueenﬁcth;as ﬁ)(\:/vgr:Jlgll'ﬂeptov: g'gghggﬁ)srsto
rejoins the dc one as it can be seen in Fig)2 9 y : ;

i.e., the decreases of the SP field position with the time and
with lowering frequency, indicates probably that plastic be-
havior is the dominating dynamics near the SP lin€TiyBi)-
1212.

As was pointed out in the introduction, the SP position In Fig. 6, we report the frequency dependence of the SP
time or frequency dependence is an indicator of the dissipdfield inverse. A satisfactory fit given by

FREQUENCY AND TIME DEPENDENCE
OF THE SP LINE
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FIG. 5. The real part of ac susceptibility versus field Tat @)

=84 K for frequencies 10Hz (O), 500 Hz(®), 100 Hz(V), 10 Hz
(¥), and 1 Hz(O). The SP position is lowered by lowering the
frequency as indicated by the arrows. L
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measured
is also represented on the same figure, giving— 1. This currentdensity
negative value can be explained assuming plastic creep be-
havior. The idea according to which the SP line represents a
frontier between 8-T diagram domain where the creep is

elastic below and another domain where the creep is plastic

abové® should be questioned. The fact that the activation

energies are well scaled using two power valuesf oppo- PN R P T N S
site signs ¢>0 for B<Bgp and v<<0 for B>Bgp as was b .
done in Refs. 5 and 6, is just due to the relaxation effects. ) B(arb. units)

In fact, it is possible to account for the appearance of the FIG. 7. (a) lllustration of relaxation effects for the observation

SP eﬁ_ect and 'tfs t'me or fr_eq_uency dependen_ce_, only b¥)f the SP effect and on its time dependence. The measured current
assuming opposite field variations of characteristic ParaMgensity is described by the interpolation form, i.e.

etersJ. andU.. To do so, let us assume that the activation 3
energy for a given temperature is given b =<
ay g p g y J [1+ uT In(t/tg)/U.] I

J with w=7/9,U.=B23, andJ,x1/B® (Ref. 9. One can notice that the
U(B,J)= UCf(J—), (4) SP position increases with timé,t>t,). (b) The relaxation effects
c on SP fields. The measured current density is described by the
wheref(x) is a decreasing function. Assuming the activateg\nderson modelJ=Jq[1-T In(t/ty)/Uc] with Ux1/B and Jo=B

form of the characteristic times i.¢=t,e"'T, one can write 2 Proposed by Perkires al. (Refs. 14, 16 In this plastic behavior,
the SP position decreases with timtg>t;) as it is observed in our

. . experimental measurements.

0.006 1 . 3
U(B,J)=T In t—)=UCf(J—). (5)
0.005 | { ] 0 c
T [ For a given experimental tim@s in the dc magnetization
O . .
T 0.004 ¢ I : loop measurementsthe measured current density is then
~ given by
000 ‘ J=3.9(B), (62)
0.000 . , ‘ 1 whereg(B) is given by
10" 10° 10" 102 10® 10*
By=f"1 M (6b)
f(h2) =T gE )

FIG. 6. Frequency dependence of the SP inverse field at [We suppose here a weak field dependence af)Ih(
=84 K. The line gives a good fit according toBL=A In(fy/f) In the observed time window, a sufficient condition for
(see texx that a peak in the current density occurs is given by
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A d1nJ, dlng where the fit parameters are heke-2.43<10 * (or 2.43
B =5 " B (7)  whenB is in T) and f;~9.9x10° Hz. At T=84K, Bgp
=0.04T, soU,.=a/0.04=1730 K.
Thus, it is sufficient thad (B) andg(B) have opposite ~ This value ofU. can be compared to the energy calcu-

field variations for the SP to occur. Sinéés a decreasing lated by Tinkhart which is involved in the movement of a
function, f(x) is also a decreasing one, thgéB) and dislocation located near a vortex row which can be pinned.
U(B) have the same field variations. Finally, the previousSuch energy is estimated to

sufficient condition turns into the following ondg(B) and

U.(B) have opposite field variations.

Concerning the time dependence of the SP positiod.if U = B2a2 :i e a a
andJ. present the elastic behavior, i.bl4(B) an increasing Pl 2ug C05C 4qry “090 £
function andJ.(B) a decreasing one, the observed peak on
J(B) increases with the time as illustrated in Figa)7 How- ] . )
ever, ifU, andJ, have the opposite field dependence of theWhere &, is the Abrikosov lattice parametereg
previous caséwe assume this as a plastic behayitne SP = (1/4muo) (#o/\)? is the line energy, and/=m./myy,
field will decrease with time. This is illustrated in Fig(by. ~ the electronic anisotropy. We assume that the temperature
This latter case is similar to that proposed by Perkinall*  dependences of London penetration deptand the coher-
and it corresponds to our experimental results. ence length¢ are given by the following formulask ~2(T)

It is possible to describe the behavior oBgb vs fre- =X\ 2(0)(1—T/To) and&,(T) = £,7(0)(1-T/T), where
quency in a simple way. Let us assume that the activation(0)=1630 A, &,,(0)=20A® y=12!° and T,=89K,
energy barriers is given simply by the Anderson mddalp ~ We arrive atU.~1700 K which is of the same order of the

calculated value from the fit of the ac SP field inverse.

J
U(J,B)=Uc(1—J—), t3)
. ¢ L L CONCLUSIONS

where we impose that the characteristic activation energy _ _ _
and critical current density vary respectivelylagx /B and We reported on the manifestation of the SP effect in
J.* BB. These field dependencesldf andJ, correspond to  (Tl, Bi)-1212 studied by ac susceptibility measurements.
one of the plastic behaviors reported by Perkinsal141®  Studying the frequency dependence of the SP field, a plastic
and used by Jirsat al. to explain their datd’ On the other ~behavior is evidenced near the second peak field. Such dy-
hand, supposing an activated form of the characteristic time§iamic occurs well below the observed SP line. This means

one has that there is no particular change at the crossing of the ob-
served SP line. Assuming an activated model with an Ander-
t a J son energy barrier, we have described the frequency depen-

U(J,B)=TIn %) = §( - ,B_B) (9)  dence of the SP field position. Even in the absence of any

peak inJ.(B), our point of view proposes that ifTl, Bi)-
Thus the measured current density is then given by 1212, the peak effect on the measured current ded§By
is a consequence of the temperature activated form of the
characteristic relaxation times and of the fact thatandJ.
1--T I”(E) } (10 have opposite field variations.

U
=31~ | =B

At the maximum of the measured current density, one has
dJ/dB=0 and the inverse of SP field is then given by
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