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Abstract

The analysis of the activation energy in the magnetization relaxation of Bi,Sr,CaCu,Og, ; (BSCCO) single crystals
reveals plastic vortex creep above the second magnetization peak (SMP). Above the pesk field, the magnetic field
dependence of the activation energy U(B) is very close to the form U(B) o B~/2 and the intrinsic variation of U with the
current density is weak. The existence of a crossover from elastic to plastic vortex creep across the SMP of high-temperature
superconductors (HTSC) seems to be a general behavior, and may have important consequences on the nature of the
thermally induced vortex solid—vortex fluid transition at high magnetic fields. © 2000 Elsevier Science B.V. All rights

reserved.

PACS: 74.72.Hs, 74.60.Ge; 74.60.Jg
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Vortex matter in high-temperature superconduc-
tors (HTSC) is a field of intensive study [1]. Despite
remarkable experimental and theoretical efforts, the
vortex phase diagram is till far from being com-
pletely elucidated. Over the last few years, it has
become apparent that at least two distinct vortex
phases can exist: the vortex solid and the vortex
fluid. In clean HTSC, the vortex lattice at low mag-
netic fields undergoes a thermally induced first-order
melting [2—4] or sublimation [5,6] transition, as evi-
denced by a discontinuity in the equilibrium magne-
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tization [7,8], a simultaneous sharp hysteretic drop in
the electrical resistance [9], and by specific heat
measurements [10]. When the quenched disorder is
significant, this transition is expected to be replaced
by a second-order vortex-glass transition [11]. The
nature of the thermally induced vortex solid—vortex
fluid transition at high magnetic fields is not yet
fully understood.

An additional phase boundary was discovered
within the region that is assumed to correspond to
the vortex solid [12,13], and manifests itself by a
peculiar increase of the absolute value of the irre-
versible magnetization with increasing magnetic
field, known as the second magnetization peak
(SMP). The SMP was attributed to surface barriers
[12], sample inhomogeneities [13], a crossover from
surface barriers to bulk pinning [14], dynamic effects
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[15], a dimensional transition [16], a weak first-order
vortex-lattice melting [17], layer decoupling [18], or
vortex stacking [19].

By considering the competition between the elas-
tic energy of the vortex system and the pinning
energy generated by the quenched disorder, it has
been suggested [20—24] that the SMP can result from
a disorder-induced transition of the low-field quasi-
ordered vortex phase (or Bragg glass [20-23)) to a
disordered vortex solid at higher fields [25,26]. This
transition is located at the onset of the SMP [27].
Evidence for the existence of two distinct vortex-solid
phases was previously obtained in neutron diffrac-
tion experiments [28], for example. However, the
nature of the disordered vortex phase above the SMP
is still unclear. The increase of the effective pinning
suggests that this should be a vortex glass [26,29],
with the pinning barrier exhibiting the specific in-
crease at low current densities [1]. Alternatively, the
proliferation of defects in the vortex system across
the SMP can lead to a dissipation process dominated
by plastic vortex deformations [30,31].

In this work, we address the above issue through
DC magnetization measurements on Bi,Sr,CaCu,-
Og,; (BSCCO) single crystals. We observed a
change in the current density and magnetic field
dependence of the activation energy in the magnetic
relaxation process, revealing a crossover from elastic
to plastic vortex creep at the peak field. The vortex
phase above the SMP behaves like a plastic vortex
solid, rather than a vortex glass.

The DC magnetization M of several BSCCO
single crystals grown by a self-flux technique was
measured as a function of the applied magnetic field
H and time t. The crystals obtained by this method
contain growth defects, which inhibit the fluctuations
of vortices, up to a certain extent, and diminish the
influence of geometrical and surface barriers. The
results presented here are for a 0.56 X 0.55 X 0.025
mm? sample. The measurements were performed in
a Quantum Design SQUID magnetometer, with the
externa magnetic field applied aong the c-axis,
using the persistent mode of the superconducting
magnet and the 3 cm scanning length. The onset of
diamagnetism is detected below a temperature T, =
87 K. The T, and the peak-field values (see below)
show that the measured crystal is slightly overdoped
[32].

Fig. 1 shows the M(H) variation in increasing H
at severa temperatures (T = 20, 25, and 30 K) and
the location of the onset field H,,, and the peak field
H,. The SMP is broader in standard global magneti-
zation measurements than in local magnetic field
measurements [25]. This is a consequence of sample
inhomogeneity and a non-uniform magnetic induc-
tion inside the crystal. As can be seen, the amplitude
of the SMP decreases with increasing T, and the
peak is within our experimental noise for T > 35 K.
It was argued that, at high temperatures, thermal
fluctuations become sufficiently strong to smear out
the effect of a weak quenched disorder, and the SMP
phase boundary in the vortex solid merges with the
thermally induced first-order melting of the low-field
Bragg glass [25].

Fig. 2 illustrates the relaxation of the irreversible
magnetization M, (1), in a double logarithmic plot,
for T=25K and several H values. The irreversible
magnetization was determined from the magnetic
hysteresis curves M(H), by the standard procedure,
M, (H)=[M,(H)—M_(H)]/2, where M (H)
and M_(H) represent the magnetization measured
in increasing and decreasing H, respectively. As a
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Fig. 1. Magnetic field H dependence of the magnetization M of
BSCCO single crystals measured in zero-field-cooling conditions
and increasing H at several temperatures T, revealing the occur-
rence of the second magnetization pesk. The onset field H,, and
the peak field H, are indicated by arrows.
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Fig. 2. The absolute value of the irreversible magnetization M,
vs. time t in a double logarithmic plot, for T =25 K and several
H values in the second magnetization peak region.

rule, the first data point on the M(t) curve [as well
as M, (H) and M_(H)] was taken t, = 100 s after
the field was applied. To obtain M, (1), the mea-
sured M(t) curve was shifted on the y-axis by
M(t,) — M, (t;), which contains the (non-relaxing)
reversible magnetization of the sample and the mag-
netization of the sample holder (also reversible). The
activation energy U relevant for our study can be
determined as [33,34]

U= —T[din|M,,ldin(t)] *. (1)

In a first approximation, one can assume that
M, (t) islinear in In(t). In this case, the variation of
the activation energy with H can be rapidly obtained
from the M(H) curves, as those illustrated in Fig. 1,
measured at t, = 100 s and t, = 1000 s (as consid-
ered here) after H was applied. These are shown in
Fig. 3a, for H in the region of the SMP at T = 25 K.
Thus, U(H) =TIn(t,/t)M,,(H)/AM(H), where
AM(H) = M(H,t;) — M(H,t,) and the irreversible
magnetization M;,(H) = [M, (H,t;) —
M_(H,t,)]/2. The variation of U with the magnetic
induction B isillustrated in Fig. 3b, where B(H) =
H+ 47M(H )1 — D). The demagnetization factor

D = 0.93 was extracted from the initial slope of the
magnetization curves (Fig. 1). As can be seen, above
the peak induction B,(25 K)=B(H,) = 0.52 kG,
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Fig. 3. (@ Magnetic field dependence of the magnetization M
across the second magnetization pesk at T = 25 K measured 100 s
(@) and 1000 s (O) after the field was applied. (b) The mean
activation energy U vs. the magnetic induction B in a double
logarithmic plot at T = 25 K. Above the peak induction B(H,) =
0.52 kG, U(B) o B~%%, asindicated by the linear fit represented
by the continuous line.
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the U(B) dependenceis very closeto U(B) a B~1/2,
suggesting the plastic deformation of the vortex sys-
tem [30,31]. Plastic deformations, including vortex
cutting and reconnection, are on the scale of the
mean intervortex spacing a, = (®,/B)*?, leading
to a plastic barrier U, o B~/2 [1].

However, the slope of the relaxation curves from
Fig. 2 exhibits some variations, especialy for H
below H,. A new aspect is revealed when U deter-
mined with Eq. (1) is plotted as a function of |M,|,
and the latter is substituted by the current density J,
using the Bean model. Fig. 4a shows the resulting
U(J) dependence for several H values between H,,
and H,, a T=25 K. For this field range, there is a
first rapid increase of U with decreasing J, resem-
bling elastic vortex creep. In the case of eastic
vortex creep, the elastic barrier at low J is U (J) =
U.(J./d* [1], where U, is the collective pinning
barrier, J. is the critical-current density, and u = 1.
The evolution of the shape of the U(J) curvesin the
elastic creep region shows that U, increases between
Hon @nd H,. By further decreasing J, the relatively
strong U(J) dependence is replaced by a sower
U(J) variation. This is characteristic for plastic vor-
tex creep, since U, has a weak dependence on J at
low J. The crossover takes place when Uy = U,,.

For H>H,, only the weak U(J) variation was
observed (Fig. 4b). It is worth noting that instead of
a slow increase of U with decreasing J, as expected
for plastic vortex creep, a weak decrease of U with
decreasing J appears. This is because the relaxation
of M, leads to an increase of B inside the sample,
and the plastic barrier is a decreasing function of B.

As shown above, recent models for the destruc-
tion of the low-field Bragg glass induced by the
quenched disorder [20—24] are based on the competi-
tion between the elastic energy of the vortex system
and the pinning energy, in the temperature interval
where the thermal energy is negligible. By equating
the elastic energy and the pinning energy, it was
possible to describe the H,,(T) variation [27,31]. In
a similar way, the equality between the collective
pinning barrier and the plastic barrier at H, leads, in
the case of less anisotropic HTSC, to a B,(T) depen-
dence in good agreement with that experimentally
determined [34]. The observed crossover from elastic
to plastic vortex creep across the SMP of HTSC does
not contradict these models, but it emphasizes the
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Fig. 4. (&) The activation energy U determined with Eq. (1) vs.
the current density J for several H values between H,, and H,
at T=25K. Inthis H domain, thereis a first rapid increase of U
with decreasing J, followed by a weaker U(J) variation as J is
further decreased. (b) Current density dependence of the activation
energy across the second magnetization peak at T = 25 K. Above
H,,, which is of the order of 0.6 kOe (Fig. 1), only a wesk U(J)
variation can be observed.

significant role of the proliferation of defects in the
vortex system above H,,.
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The crossover from elastic to plastic vortex creep
across the SMP appears to be a general behavior
[30,31,34]. This implies that the mechanism for the
occurrence of the SMP in highly anisotropic HTSC,
such as BSCCO, and in less anisotropic HTSC, like
Y,Ba,Cu;0,_;, should be the same, related to the
increase of the effective pinning for a softer vortex
system. The existing differences are generated by the
fact that in the case of highly anisotropic HTSC, B,
is limited by the crossover field B, = @,/ y?s?,
where vy is the anisotropy parameter and s is the
distance between the superconducting layers. Around
this field value, the elastic moduli of the vortex
system suddenly decrease [1]. This could explain the
very sharp onset of the SMP observed in loca
magnetic field measurements performed on relatively
clean BSCCO single crystals, as well as the weak
B,(T) dependence [25].

In conclusion, the current density and magnetic
field dependence of the activation energy in the
magnetization relaxation of dlightly overdoped
BSCCO single crystals grown by the self-flux method
reveals a crossover from elastic to plastic vortex
creep at the SMP. Above the SMP, the vortex system
behaves like a plastic vortex solid, with U(B) o
B~1/2 and a weak intrinsic U(J) variation. This
could have important consequences on the nature of
the thermally induced vortex solid-vortex fluid tran-
sition above H,. It was found that the activation
energy in the vortex fluid domain of dightly over-
doped BSCCO films obeys the same U(B) depen-
dence [35]. These results suggest that above H,, the
thermally induced vortex phase transition should be
consistent with the freezing of a viscous vortex fluid
into a plastic vortex solid.

Acknowledgements

We are grateful to M.L. Trawick and J.C. Garland
for providing the BSCCO crystals. This work was
supported by the National Science Foundation under
Grant No. DMR-9801990 and the National Research
Council under the Collaboration in Basic Science
and Engineering Program. LM wishes to acknowl-
edge the kind assistance of the Alexander von Hum-
boldt Foundation.

References

[1] G. Blatter, M.V. Feigel’man, V.B. Geshkenbein, V.M. Vi-
nokur, Rev. Mod. Phys. 66 (1994) 1125, references therein.

[2] D.R. Nelson, Phys. Rev. Lett. 60 (1988) 1973.

[3] A. Houghton, R.A. Pelcovits, A. Sudbo, Phys. Rev. B 40
(1989) 6763.

[4] H. Safar, P.L. Gammel, D.A. Huse, D.J. Bishop, JP. Rice,
D.M. Ginsberg, Phys. Rev. Lett. 69 (1992) 824.

[5] T. Sasagawa, K. Kishio, Y. Togawa, J. Shimoyama, K.
Kitazawa, Phys. Rev. Lett. 80 (1998) 4297.

[6] D.T. Fuchs, E. Zeldov, T. Tamegai, S. Ooci, M. Rappaport,
H. Shtrikman, Phys. Rev. Lett. 80 (1998) 4971.

[7] R. Liang, D.A. Bonn, W.N. Hardy, Phys. Rev. Lett. 76
(1996) 835.

[8] H. Pastoriza, M.F. Goffman, A. Arribére, F. de la Cruz,
Phys. Rev. Lett. 74 (1994) 2951.

[9] JA. Fendrich, W.K. Kwok, J. Giapintzakis, C.J. van der
Beek, V.M. Vinokur, S. Flenshler, U. Welp, H.K.
Viswanathan, G.W. Crabtree, Phys. Rev Lett. 74 (1995)
1210.

[10] A. Schilling, R. Fisher, N. Phillips, U. Welp, D. Dasgupta,
W. Kwok, G. Crabtree, Nature 382 (1996) 791.

[11] D.S. Fisher, M.P.A. Fisher, D.A. Huse, Phys. Rev. B 43
(1991) 130.

[12] V.N. Kopylov, A.E. Koshelev, I.F. Schegolev, T.G. Togo-
nidze, Physica C 223 (1990) 291.

[13] M. Daeumling, JM. Seuntjens, D.C. Larbalestier, Nature
(London) 346 (1990) 332.

[14] N. Chikumoto, M. Konczykowski, N. Motohira, A.P. Mal-
ozemoff, Phys. Rev. Lett. 69 (1992) 1260.

[15] L. Krusin-Elbaum, L. Civae, V.M. Vinokur, F. Holtzberg,
Phys. Rev. Lett. 69 (1992) 2280.

[16] T. Tamegai, |. Oguro, Y. lye, K. Kishio, Physica C 223
(1993) 33.

[17] J. shi, X.S. Ling, R. Liang, D.A. Bonn, W.N. Hardy, Phys.
Rev. B 60 (1999) R12593.

[18] B. Horovitz, Phys. Rev. B 60 (1999) R9939.

[19] D.K. Jackson, M. Nicodemi, G. Perkins, N.A. Lindop, H.J.
Jensen, cond-mat /9908454.

[20] T. Giamarchi, P. Le Doussa, Phys. Rev. Lett. 72 (1994)
1530.

[21] T. Giamarchi, P. Le Doussal, Phys. Rev. B 55 (1997) 6577.

[22] V. Vinokur, B. Khaykovich, E. Zeldov, M. Konczykowski,
R.A. Doyle, P. Kes, Physica C 295 (1998) 209.

[23] J. Kierfeld, Physica C 300 (1998) 171.

[24] D. Ertas, D.R. Nelson, Physica C 272 (1996) 79.

[25] B. Khaykovich, E. Zeldov, D. Magjer, T.W. Li, P.H. Kes, M.
Konczykowski, Phys. Rev. Lett. 76 (1996) 2555.

[26] T. Nishizaki, T. Naito, N. Kobayashi, Phys. Rev. B. 58
(1998) 11169.

[27] D. Giller, A. Shaulov, Y. Yeshurun, J. Giapintzakis, Phys.
Rev. B 60 (1999) 106.

[28] R. Cubitt, E.M. Forgan, G. Yang, S.L. Lee, D.M. Paul, H.A.
Mook, M. Yethiraj, P.H. Kes, T.W. Li, A.A. Menovsky, Z.
Tarnawski, K. Mortensen, Nature (London) 365 (1993) 407.

[29] G. Blatter, Physica C 282—287 (1997) 19.



6 L. Miu et al. / Physica C 334 (2000) 1-6

[30] Y. Abulafia, A. Shaulov, Y. Wolfus, R. Prozorov, L. [32] S. Oai, T. Shibauchi, T. Tamegai, Physica C 302 (1998) 339.
Burlachkov, Y. Yeshurun, D. Mgjer, E. Zeldov, H. Wi, [33] Y. Yeshurun, A.P. Malozemoff, A. Shaulov, Rev. Mod.
V.B. Geshkenbein, V.M. Vinokur, Phys. Rev. Lett. 77 (1996) Phys. 68 (1996) 911.

1596. [34] L. Miu et a., to be published.

[31] D. Giller, A. Shaulov, R. Prozorov, Y. Abulafia, Y. Wolfus, [35] L. Miu, G. Jakob, P. Haibach, F. Hillmer, C.C. Almasan, H.

L. Burlachkov, Y. Yeshurun, E. Zeldov, V.M. Vinokur, J.L. Adrian, Phys. Rev. B 57 (1998) 3151.

Peng, R.L. Green, Phys. Rev. Lett. 79 (1997) 2542.



