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Crossover from elastic to plastic vortex creep across the second magnetization peak
of high-temperature superconductors
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We investigated the relaxation of the irreversible magnetization of,€B#;_ 5, PbSKY ¢ 54L& 47CUsOg,
and BpSr,CaCuyOg. 5 single crystals with significant quenched disorder in the region of the second magneti-
zation peak. It was found that for an applied magnetic field between the onset field and the peak field the
relevant current-density dependence of the activation energy exhibits a sudden change, which can be inter-
preted as a crossover from elastic to plastic vortex creep. The evolution of this change with magnetic field
illustrates the increase of the collective pinning barrier between the onset field and the peak field. The observed
increase of the collective pinning barrier is limited by the plastic barrier at the peak field. This appears to be a
general behavior, and may have important consequences on the interpretation of the thermally induced vortex
phase transition at high magnetic fields.

I. INTRODUCTION crease of the effective pinning when the pinning energy
overcomes the elastic energy of the vortex systefrshould
In the presence of an external magnetic fidldhe vortex lead to the conclusion that the high-field vortex phase is an
lines penetrating a superconducting sample from the surfagglastic vortex glas¥'® In this case, the pinning barrier
into the bulk can be trapped on pinning centers, leading to &hould exhibit a specific increase when the current dedsity
spatially inhomogeneous flux distribution and to a finite ir- decrease$.Alternatively, the vortex phase above the SMP
reversible magnetizatiohBy increasingH, the interaction could behave as a plastic vortex solid, where the dissipation
between vortices becomes stronger, and will counteract therocess is dominated by the plastic deformation of the vortex
pinning force. Thus, after the sample is fully penetrated bysystem, associated with the motion of dislocations in the vor-
vortices, one expects the magnetizationabsolute valugto  tex solid® and/or vortex cutting and reconnection in an en-
decrease with increasirlg. However, it has been often ob- tangled vortex phasE.
served that the magnetization of high-temperature supercon- In this work, we investigated thd dependence of the
ductors(HTSC’s) increases again upon further increasédof pinning barriers involved in the dissipation process across
in a certain rangé? This behavior, known as the second the second magnetization peak of YBazO; s,
magnetization peakSMP), represents one of the most im- PB,SKLY o 5:Ca 40, and BpSL,CaCuyOg.: 5 Single crys-
portant controversial problems in vortex dynamics. tals, identified with the intrinsic variation of the activation
Many scenarios have been proposed for the occurrence ehergy in the magnetization relaxation withWe found that
the SMP in HTSC's, involving, for example, surface the relevant] dependence of the activation energy exhibits a
barriers> sample inhomogeneiti€sa crossover from bulk sudden change fdd between the onset field and the peak
pinning to surface barriefsgynamic effects,a dimensional field, which can be interpreted as a crossover from elastic to
transition® a weak first-order vortex-lattice meltifglayer ~ plastic vortex creep, first proposed in Ref. 20.
decoupling® or vortex stacking.By considering the compe-
tition between the elastic energy of the vortex system and the Il. EXPERIMENTAL
pinning energy®tit has been suggested that the SMP can
result from a transition of a low-field quasiordered vortex ~The investigated specimens are & 3x 1.5 mn? single-
phase to a disordered vortex solid at higher fields, induced bgrain YBaCuO;_; sample(YBCO),?* having the critical
the quenched disordé&?-*°1t is now believed that the effec- temperature  T,=90.9K, a 0.%0.5X0.1 mn?
tive pinning enhancement appears when the pinning energybSrY o588 47CUs0g single crystal(PSYCCQ grown by
generated by the quenched disorder overcomes the elastite PbO-NaCl flux methotf. with T.=76K, and a
energy of the vortex system. 0.5xX0.5x0.025mm Bi,Sr,CaCyOg, s (BSCCO single
Evidence for the existence of two distinct vortex-solid crystaf® grown by the self-flux method, withl,~87K.
phases was previously obtained in neutron diffraction and/BCO and PSYCCO have a relatively low anisotroftlye
uRS experiment$®!” but the dynamic behavior of the dis- anisotropy parametes~ 5—%) and the normal-state resis-
ordered vortex solid above the SMP s still unclear. The in-tivity of the order of 10 cm. These samples are attrac-
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tive due to the fact that the SMP is observed up to close.to 5 - . ' w

(where the fundamental superconducting lengths have a | (@ YBCO,H=100e T,
strong temperature variatipnand the influence of the di- I + 1
mensional crossover in the vortex system on the SMP can be o- 00004

ruled out.(The peak field is roughly one order of magnitude
lower than the crossover fieBl,= ®ye?/s?,! wheresiis the

distance between the superconducting layers. This is not the e sl o ]
case of BSCCO single crystals, for which the peak field ap- f: )

proachesB,,.%) Both the high disorder degree and the re-

duced anisotropy of YBCO and PSYCCO exclude a domi-

nant role of geometrical and surface barriers. The effect of -0 o ]
such barriers is also expected to be diminished in the - o°
BSCCO crystals grown by the self-flux method, which con- [ 600000000000600000°°

tain many growth defects. ThE; value and the location of -15 : : : : :

the SMP indicate that the investigated BSCCO crystal is 8 88 % 92
slightly overdoped?2* TK)

The magnetizatiorM (considered as the magnetic mo- 0 ey
ment divided by the sample volumwas measured in zero- 85 K +++++++ ....o-“,
field-cooling conditions as a function &, temperatureT, L +++++++ . ot ]
and timet, using a Quantum Design SQUID magnetometer s + 825 !.<,." vvvvv—
in the RSO mode, with the frequency of 1 Hz and the am- -“/“""' vvvv 1
plitude of 0.3 cm. The external magnetic field was oriented . -1 I ! 80 5Vvvv 7
along the crystallographic axis. Qg T o]

= B s, | 0K
< [o DDDDDDDDDDDD 1
Ill. RESULTS AND DISCUSSION ) _OQZEWOOOOO N i

The determination of ;, exemplified for YBCO, is illus- A am O°°oo 750K00°o_
trated in Fig. 1a). This was taken at the abrupt onset of the L ©0000000° _
diamagnetic signal measured in zero-field-cooling conditions L (o) YBCO o1 1
in a smallH value. For the same sample, tHedependence B e L
of the irreversible magnetizatiov ;, and the location of the 0 5 H (O®) 10 15

e

onset fieldH,, and the peak fieltH, are shown in Fig. (b).

In all casesM;,(H) was extracted from the magnetic hys- g 1. () Magnetic transition of the YB&£u,0, , crystal
teresis curvesM(H) as M (H)=[M (H)—=M_(H)]/2,  (vBCO) in a magnetic fieldd = 10 Oe applied along the crystallo-
whereM ; (H) andM _(H) represent the total magnetization graphicc axis in zero-field-cooling conditions. The critical tempera-
measured in increasing and decreasidg respectively. ture T.=90.9K was taken at the abrupt onset of the diamagnetic
YBCO exhibits a broad SMP, similar to PSYCCGOThis is  signal. (b) Magnetic field dependence of the irreversible magneti-
not only the result of sample inhomogeneities and a nonunization M;(H) of the sample YBCO at several temperatures, re-
form field distribution inside the crystal, since local magneticvealing a broad second magnetization peak. The location of the
measurements on relatively clean YBCO single crystals reonset fieldH,, and the peak fieldH,, is indicated by an arrow.
vealed the same behavib¥?° In contrast, the onset of the
SMP observed in local magnetic field measurements per-
formed on relatively clean BSCCO single crystals was foundafter the field was applied, to avoid the influence of flux
to be very sharp? redistribution in the initial stage of the relaxation proc&ss.
The temperature dependence of the peak field for YBCOro obtainM,(t), the measured(t) curve was shifted by
and PSYCCO is shown in Fig. 2. Due to relatively laide  M(t;) —M,,(t;), which contains thenonrelaxing revers-
values even at higfT, it is better to consider the magnetic ible magnetization of the sample and the magnetization of
inductionB,(Hp)~H,+47M(H)(1—D). The demagneti- the sample holdefalso reversible
zation factor D~0.64 for YBCO and~0.75 for PSYCCQ It is tempting to determine the activation energy directly
was extracted from the initial slope of thé(H) curves. As  from the slope of the relaxation curyEig. 3(a)], which im-
can be seerB,(T)<[1—(T/T)?]*?, and this aspect will be mediately leads to the intriguing conclusion that Foclose
discussed later. By difference, the peak field of our BSCCQo H,, the activation energy is larger than ferclose toH
crystal (detected up to 35 Kexhibits only a weak decrease (where|M;,| has its maximuniFig. 1(b)]). As shown below,
with increasing temperatufé, whereas for clean BSCCO this is a direct consequence of the presence of eléstic

single crystalsB, is temperature independentt® lective) pinning barriers foH<H,,, with a strongJ depen-
Figure 3a) illustrates the relaxation curved;, as a dence.
function of In¢), for YBCO atT=75K and severaH values As discussed in Ref. 25, the nonlinearity of the relaxation

in the SMP domain. As a rule, the first data point on thecurves is one of the key points in the analysis of the mag-
M (t) curve,M (H), and M _(H) were takent;=100sec netic relaxation data, reflecting the nonlinearity in the varia-



15174 L. MIU et al. PRB 62

10 3.0 ———r
_ [ @
5L 4 3 ]
25 o H=10kOe
0 4 6o 1
— G 1
R 9 Oo..,,,"m:m i
=< PSYCCO TE20F ¥ Y ovg, 4
mn. 2 E + . VVW 4
q-l: +++++++++ :
| | | o ‘\\:5\\ ]
- B, «[1- (T 1 -
- | | . L YBCO, T=75K ]
. Il 1 ! i1 10 L L [ R | L L1r
0.1 0.2 0.5 1 100 1000 10000
2
1-(TT) t(sec)

FIG. 2. The peak inductionB, of YBCO and the
Ph,SLY o s£Ca 4-CUsOg single crystalPSYCCQ vs 1— (T/T,)2, in
a double logarithmic plot. For both sampleB,(T)«=[1
_ (T/TC) 2]4/3.

tion of the activation energy witl. The analysis of global
magnetic relaxation data is rather difficult, since, in addition
to the “intrinsic” (model-dependeit] dependence of the
activation energy, there exists an “extrinsic” nonlinearity,
mainly caused by the barrier distributf§rand/or the spatial
distribution of the critical-current density. .2’ It is well-
known from the study of classical superconductdtisat this
distribution leads to power-law shaped voltage-current char-
acteristics, which means that the activation energy is close to
U, In(3./J), whereU, is constant® Consequently, our ap-
proach is to consider that the effective activation energy

U(J) is of the form U(J)=U;,(J)In(I./J), where U;,(J) J (kAlem?)
represents the relevant intrinsicdependence of the activa-
tion energy. FIG. 3. (a) Relaxation of the irreversible magnetizatidty, of

The behav|0r OUII’]'[(‘J) can be found by analyz|ng thb YBCO atT=75K for an applled magnetic field Just above the

dependence of an “activation energyy* determined from onset field H=4 kOe), close to the peak fieldH= 10 kOe), and
the relaxation curves as above the peak fieltH =15 kOe, see Fig.(b)]. (b) Current-density

J dependence of the activation eneldy determined with Eq(1)
across the second magnetization peak of YBC®-at5 K (H was
U*=—T[dIn|M,,|/d In(t)] . (1) |ncr_ea_sed by 1 kOeUp Fo the peak_flekﬂw_lo k(_)é, there.ls a first
rapid increase olJ* with decreasing], signaling elastic vortex
creep. At a certaid value J,), indicated by an arrow for the first
With the general equatiob (J)=T In(t/ty) (Ref. 25 (where H value, there is a crossover toward a weakkr(J) variation,
t, is a macroscopic quantity of the order of miIIiseconds,attribUted Fo plastic vortex creep. Above the peak field, only a weak
referred to as the “effective” hopping attempt timandJ Y™ (J) variation was observed.
«|Mj,|, one can easily derive the relation betwdgf(J)
andU;(J). WhenU;, has a weakl dependence, as in the variation, characteristic for plastic vortex creep. This change
case of the plastic barriersUy, U*(J)=Ujy(J) appears at a certain current density,, when Ug(J.)
—=JIn(J./I)dV;, /dI~U;(J). For elastic vortex creep, =Up(Je)-
Uin(J) at low J should be given by the elastic barrier ~ ForH>H,, only a weakU* (J) dependence is observed
Ue(J)=U(Jc/3)*,%° where U, is the collective pinning [Fig. 3(b)], suggesting that the creep process is
barrier and the collective pinning exponept=1. In this  predominantly plastic. The slight decrease 0Of with
situation, one obtains u*J)= decreasingJ in the plastic creep region seems to result
Ug(ID[ p In(3/I)+1]. mainly from the above difference betwedd*(J) and
Figure 3b) shows the resulting* (J) dependence across U;,(J) (with dU,,/dJ<0), rather than from the
the SMP of YBCO at T=75K. For H between increase ofB inside the sample during the magnetization
Hon(=3 kOe) andHy(~9.4k0e), there is a first rapid relaxation.
increase of U* with decreasingJ, resembling elastic The change of th&* (J) variation forH below and above
vortex creep. At lowed, this is replaced by a slowét* (J) H, appears to be a general behavior. This is illustrated for
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L B L ment with U (J), can explain the peculiar behavior of the
"(@) PSYCCO, T=50K, H, (50 K) =1 kOe,] slope of the relaxation curves from Fig.(aR as well
H, (80 K) =5 kOe ] as the attenuation of the SMP when the waiting titpe
| | is shortened, or at lowl. When T is not too low, the
oL H=2Koe i high-J states(for which U, is sm_al) will relax _in the
%@ time interval fromt=0 to t,. The different relaxation rates

| below and aboved, make the peak field time dependent
% 1 [Fig. 3b)].
L i If one takesA In U*/A In(J) in the I domain whereJ* (J)
1k 1 exhibits the upward curvature, the resulting exponent de-
creases continuously witd, and becomes-0.5 in the vicin-
. H=12kOe 1 ity of H,. This practically reproduces the value obtained in
e L R L Ref. 20, using local magnetic field measurements, since the
i 1 influence of the factof w In(J./J)+1] on this exponent is
O OJQ ’ 1’0 ' 1'1 ‘ 1‘2 ' 1‘3 T4 weak close toH,. A low exponentu aroundH, means a

' ' ’ ' ’ ' ' single-vortex collective pinning regime, which points toward

U* (10° K)

J (kavem®) a continuous destruction of the quasi-ordered vortex phase
2300 —— across the SMP.
L (b) BSCCO, T=25K, H_(25K) = 0.3 kOe,] Finally, we discuss th8,(T) variation illustrated in Fig.
H,(25 K) = 0.6 kOe i 2. For the investigated samplésith a relatively high disor-

L 1 der degreg the energy of thermal fluctuations can be ne-
L 1 glected in the considerelinterval. This is supported by the

200+ g, 1= 035 k0e . fact that there is no upturn iB,(T) at high T. With the
. . p
- ] above considerations, thg,(T) dependence should result
3 “gm...,, 0.55 kOe | from the equality between the single vortex depinning en-
x i ] 4\1/3 ; ; ~ 1
o) 3 . ergy, «(yeeoé”)™", and the plastic barrield ,~eeqa,.
% . The energy scale,=(®y/4m\)?2, where is the magnetic
100 e e ] penetration depth is the coherence lengthy,is the disorder
_ %‘%‘, T e 1 parameter, and, is the mean intervortex spaciné§(T) and
I ’ 1kOe | eo(T) are general, buy(T) is pinning dependent. For & .

pinning, which originates from local suppressionsTgf, y
o\ 4! leading to

0 L L 1
0 200 400 600 800 1000
J (Aom?) Bp(T)x[1—(T/T) %3, 2

FIG. 4. Characteristit)* (J) variation for the applied magnetic
field H between the onset fieltl,, and the peak field,, and
above H,, illustrated for PSYCCO afT=50K (a), and the
Bi,Sr,CaCyQOg, s single crystal(BSCCO grown by the self-flux
technique alf=25K (b).

as observed.

IV. CONCLUSIONS

In summary, the analysis of the relevant current-density

dependence of the activation energy in the magnetization
PSYCCO atT=50K in Fig. 4a), and for BSCCO afT relaxation of YBCO, PSYCCO, and BSCCO single crystals
=25K in Fig. 4b). It is worth noting that in the case of clean with significant quenched disorder reveals a crossover from
BSCCO single crystals the change in the relaxation processlastic to plastic vortex creep fdt betweenH,, andH,,
at the SMP was attributed in Ref. 4 to a crossover from avhich appears to be a general behavior. The existing differ-
bulk pinning to a surface-barrier regime of dissipation. How-ences between the SMP exhibited by highly anisotropic
ever, the behavior of our BSCCO single crystal grown by theHTSC's, such as BSCCO, and by less anisotropic HTSC's,
self-flux techniqudFig. 4(b)] is similar to that exhibited by such as YBCO, are due to the fact that in the case of
YBCO [Fig. 3b)], where the role of the surface barriers relatively clean BSCCO single crystals the peak field is lim-
should be small. ited by the crossover fielB.,, which can explain the weak

The evolution of the initial upward curvature &f*(J)  By(T) dependence. AroundB,, the elastic moduli of

with increasingH betweerH,,, andH,, [Figs. 3b) and 4b)]  the vortex system suddenly decredsgenerating a very
indicates an increase bf., in agreement with recent models sharp onset of the SMP in local magnetic field
involving the enhancement of the effective pinning when themeasurement¥.
pinning energy generated by the quenched disorder over- The observed increase of the collective pinning barrier
comes the elastic energy of the vortex systéit.Actually,  across the SMP is limited by the plastic barrierByt, and
the U. enhancement should be more pronounced, since thihe creep process abo®, becomes predominantly plastic.
determined U*(J) overestimatesU¢(J) by the factor The large amount of plastic vortex creep in HTSC's at high
[ ¢« In(3./3)+1], which is larger foH close toH,,,. The rapid  magnetic fields may have important consequences on the in-
U* (J) variation forH just aboveH,,, in qualitative agree- terpretation of the thermally induced vortex solid-vortex
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