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Quantum vortex motion in high- Tc superconductors
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Magnetic relaxation experiments at low temperatures were performed in different zero-field-cooled
~ZFC! and field-cooled~FC! high-Tc superconductors~HTSCs!: TlBaCaCuO ~2212 and 2223
phases, polycrystalline and thin-film samples!, ~Hg,Tl!BaCaCuO ~1223 phase, polycrystalline
material!, and ~Bi,Pb!SrCaCuO~2212 phase, single crystal!. For each system and in the whole
temperature range investigated, the relaxation curves obtained after both cooling processes are linear
with the logarithm of time. The temperature dependence of the relaxation rate normalized to the first
magnetization value,R5ud(M /M0)/d ln~t!u, follows a trend which is common to all systems:R
decreases linearly with decreasing temperature down to a value, which is called the crossover
temperature, below which it levels off to aT-independent plateau. This behavior gives evidence of
a transition in the mechanism responsible for the relaxation process at low temperatures, from
thermally activated~linear dependence onT! to quantum vortex motion~T-independent regime!.
The experimental values for the crossover temperatures and normalized relaxation rates compare
fairly well to numerical estimates in the framework of the theories of quantum vortex motion in
layered HTSCs. Finally, the transition from one regime into another was studied in two samples of
the TlBaCaCuO, 2223 phase, system in order to investigate the influence of dissipation on the
quantum process. A clear conclusion on this point could not be drawn from these kinds of
measurements. ©1996 American Institute of Physics.@S0021-8979~96!57408-0#
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During recent years, quantum motion of vortices at lo
temperatures in high-Tc superconductors~HTSCs! has been
extensively investigated in a great variety of systems, mai
by means of the detection of the time evolution of th
magnetization.1,2 At low temperatures this decay with time
which is known as magnetic relaxation, is usually well fitte
to a logarithmic law,M (t)5M0[12R(T)ln~t/t0!#, whereM0
is the first magnetization point recorded att0 andR(T) is
called the normalized relaxation rate,R[ud ln(M /M0)/
d ln~t!u. The time-logarithmic law is the natural dependen
found in the Anderson–Kim model3 for thermally activated
flux creep and is restricted to the low-temperature regime.
far as a linear dependence is predicted by this modelR
should vanish as temperature goes to zero; however, in
reports mentioned above, as the temperature tends to zerR
presents a large, temperature-independent plateau, ra
than extrapolating to zero, suggesting a decay of magnet
tion by quantum motion of vortices through the energy ba
riers.

Quantum vortex motion in HTSC was first described b
Blatter and Geshkenbein in the context of the quantum c
lective creep~QCC! theory.4 In this theory, the normalized
relaxation rate atT50 in the regime of single vortex pinning
is given byR . 2\/SE

eff , whereSE
eff is the saddle-point solu-

tion for the effective Euclidean action of the tunneling pro
cess in the limit of strong ohmic dissipation, and is given b
the following expressions:5

SE
eff/\.~\/e2!~Lc /rn! ~3D case!, ~1a!

SE
eff/\.~\/e2!~d/rn! ~2D case!. ~1b!
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In these equations\/e2.4.1 kV is the quantum of resistance,
rn is the normal state resistivity extrapolated atT50, d is the
interlayer spacing,Lc . (j/g)(J0 /Jc)

1/2 is the longitudinal
dimension of the tunneling object,j is the superconducting
coherence length atT50, andJ0 andJc are the depairing and
critical current density. All values are taken in thea–b
plane.

Because of the layered nature of HTSCs, a flux line
these materials can be pictured as a stack of two-dimensio
~2D! pancake vortices lying in adjacent copper oxide layer
connected by Josephson vortices.6 The dimensionality of the
object involved in the tunneling process, however, depen
on the strength of the magnetic field applied before or durin
the measurements relative to a certain dimensional crosso
field,H3D-2D.F0 /(gd)

2, whereF0 is the flux quantum, and
g is the anisotropy parameter of the material. Below
H3D-2D, 2D pancake vortices are coupled along thec axis
and form a three-dimensional~3D! flux line. In this case, the
Euclidean action is given by Eq.~1a! and the normalized
relaxation rate is represented asRd,3D, where the subscriptd
stands for the dissipative limit. On the other hand, for field
larger thanH3D-2D, the interaction within one layer is stron-
ger than the interaction between adjacent layers, and 2D p
cake vortices become decoupled. In this case, the Euclide
action is given by Eq.~1b! and the normalized relaxation rate
is represented asRd,2D.

Very recently, Feigel’manet al.7 suggested that, because
of the special values of their superconducting paramete
HTSCs at low temperatures should enter a nondissipat
regime in which vortex motion is dominated by the Magnu
instead of the friction force acting on it. In this limit, the
/79(8)/6516/3/$10.00 © 1996 American Institute of Physics
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expressions for the Euclidean action are the following:7

SE
H/\.nsj

2Lc ~3D case!, ~2a!

SE
H/\.nsj

2d ~2D case!, ~2b!

wherens is the density of superelectrons. The correspondi
normalized relaxation rates will be represented asRH,3D and
RH,2D for the 3D and 2D cases, respectively, where the su
scriptH stands for the Hall limit.

The calculations so far reported correspond to the lim
of zero temperature. At finite temperatures, however, qu
tum tunneling is thermally assisted and a gradual transiti
instead of the sharp one which characterizes theT50 limit,
from thermal to quantum vortex motion occurs,4

R~T!5R~0!@11~T/T0!
2#, ~3a!

R~T!5R~0!@11exp~2T0 /T!#, ~3b!

corresponding respectively to the strong-ohmic-dissipat
and nondissipative limit, which includes the Hall limit. In
these equations,T0 is a characteristic temperature. In an
case, the quantum rate will be thermally assisted up to
crossover temperatureTcr which is given by4

\/SE
~eff!~0!.kBTcr /Uc , ~4!

where\/SE
~eff!(0) is the normalized relaxation rate atT50

andUc is the energy barrier for thermal activation.
In this article we present experimental evidence of qua

tum vortex motion at low temperatures in different sample
polycrystalline sintered and epitaxial thin-film
Tl2Ba2Ca2Cu3O10 ~Tl-ps and Tl-f respectively!, polycrystal-
line sintered~Hg,Tl!Ba2Ca2Cu3O8 ~Hg-ps!, polycrystalline
powder Tl2Ba2CaCu2O8 ~Tl-pd!, and single-crystal
~Bi,Pb!2Sr2CaCu2O8 ~Bi-sc!. Details on each sample prepa
ration are described elsewhere.8,9 The magnetic relaxation
measurements were performed in a commercial ac superc
ducting quantum interference device~SQUID! ~Quantum
Design! magnetometer~1.8,T,400 K; Hmax55.5 T!, fol-
lowing two different procedures. In the first one, the samp
was cooled fromT.Tc in a zero applied field@zero-field-
cooling ~ZFC! process# down to the working temperature
and, after attaining a stable temperature~temperature stabil-
ity was 0.01 K in the low-temperature range!, a magnetic
field was switched on and kept constant during the measu
ment of the time decay of the ZFC magnetization:MZFC vs t.
In the second procedure, the sample was cooled with a m

TABLE I. Superconducting transition temperatureTc , lower critical field
Hc1 at 5 K, dimensional crossover fieldH3D-2D and applied magnetic field
Ha for the different samples. For eachTc the magnetic field at which it has
been measured is reported. In sintered samples, only intragranularHc1 are
listed.

Tl-pd Tl-ps Tl-f Hg-ps Bi-sc

Tc ~K! 108 116 112 133 85
~100 Oe! ~50 Oe! ~1 Oe! ~50 Oe! ~10 Oe!

Hc1 ~kOe! 0.3 0.7 0.03 0.14 0.08
H3D-2D ~kOe! 0.007 16 16 10 0.2
Ha ~kOe! for MZFC 1.5 ••• 0.5 ••• 0.1
Ha ~kOe! for Mr 0.1 3, 6 0.5 3, 10 •••
J. Appl. Phys., Vol. 79, No. 8, 15 April 1996
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netic field applied on@field-cooling ~FC! process# and, after
attaining a stable temperature, the field was switched off a
the remanent magnetization was recorded as a function
time:Mr vs t. After each run was complete the sample tem
perature was raised well aboveTc in order to remove com-
pletely the trapped flux lines. Table I summarizes the sup
conducting transition temperatureTc , lower critical field
Hc1, dimensional crossover fieldH3D-2D, and magnetic pro-
cedures performed for each sample.

In the whole low-temperature range investigated~1.8
,T,20 K!, the evolution with time of the remanent an
ZFC magnetization of all samples is very well fitted to
time-logarithmic law in the studied time window~the total
duration of each measurement was about 1 h!. Figure 1 pre-
sents the temperature dependence of the normalized re
ation rates corresponding to Tl-f~MZFC andMr obtained with
0.5 kOe! and Tl-ps~Mr obtained withHa53 and 6 kOe!. As

FIG. 1. Temperature dependence of the normalized relaxation rate for
Tl-ps and Tl-f samples. Circles and squares correspond toMr of Tl-ps ob-
tained withHa53 and 6 kOe, respectively; triangles and stars represe
respectively,MZFC andMr of Tl-f obtained withHa50.5 kOe.

FIG. 2. Normalized relaxation rate vs temperature for Tl-pd, Hg-ps, a
Bi-sc. Circles and squares stand, respectively, for Tl-pdMr obtained with
Ha50.1 kOe andMZFC with Ha51.5 kOe, triangles and stars representMr of
Hg-ps obtained withHa53 and 10 kOe, respectively; diamonds are used f
Bi-sc.
6517Garcı́a, Zhang, and Tejada
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TABLE II. Experimental and estimated parameters for the samples where quantum tunneling is observed.
top to bottom: experimental value~R0,e!, dissipative~Rd!, and Hall~RH! estimate for the plateau; experimental
plateau temperature~Tp!, and estimated crossover temperature~Tcr!. When appropriate, the applied magnetic
field or the type of magnetization is reported.

Tl-ps Tl-f Tl-pd Hg-ps

R0,e ~%! 0.7 ~3 kOe!, 1.1 ~6 kOe! 0.85 ~Mr!, 1.1 ~MZFC! 2 1 ~3 kOe!
Rd ~%! 1.6 1.6 2.4 2.3
RH~%! 5 5 7 7
Tp ~K! 2.5–3 2.5–3 5–6 2.1
Tcr ~K! 4 7–8 6–7 2.6
m

r

e

s
t
r
t
u

l

,

t

to
-
le

as

n-
n

in

ht
n-
n-
s
-
a-

.
he
r-

C

.

nd

.
.

temperature decreases, all curves show a transition fro
more or less linear dependence to a temperature-indepen
plateau which begins betweenTp.2.5 and 3 K, suggesting a
crossover from thermal to quantum vortex motion at lo
temperatures. The experimental plateau valuesR0,e are simi-
lar for both samples: For Tl-ps,R0,e.0.7% forHa53 kOe
and.1.1% forHa56 kOe;R0,e.0.85% and.1.1% for the
Tl-f FC and ZFC curves, respectively. In order to compa
with theoretical values, we must first estimate the dime
sional crossover fieldH3D-2D. Using g.20 ~Ref. 10! and
d.18 Å ~Ref. 11!, H3D-2D.16 kOe is obtained, which is
larger than the magnetic fields applied. Thus, quantum vo
motion is of 3D nature in both samples. Substitution of typ
cal HTSC values@(J0 /Jc)

1/2 . 15, j.30 Å, rn.15mV cm,
ns.1021 cm23# in Eqs.~1a! and~2a!, givesRd,3D . 1.6% and
RH,3D . 5%, which agree qualitatively well withR0,e ~an at-
tempt to obtain a quantitative agreement requires the us
more accurate parameters!. Finally, good fittings of each
gradual transition to Eqs.~3a! and ~3b! were obtained, with
comparable accuracy in both cases. Therefore, no conclu
can be drawn about the dissipative nature of the quan
process. The temperature up to which each fitting rule va
from 6 to 9 K, depending on the sample and extent of
low-temperature range studied. The crossover temperat
calculated from Eq.~4! areTcr.4 K for Tl-ps ~with Uc.400
K, as estimated in the thermally activated regime!, and
.7–8 K for Tl-f ~with Uc.700–1000 K!. Both values are
larger than, but comparable in order of magnitude to,Tp .

The temperature dependence of the normalized re
ation rates corresponding to Tl-pd~Mr obtained with 0.1 kOe
andMZFC obtained with 1.5 kOe!, Hg-ps~Mr obtained with 3
and 10 kOe!, and Bi-sc~MZFC obtained with 0.1 kOe! are
plotted in Fig. 2. The transition in the Hg-ps curve forHa53
kOe and both two Tl-pd curves appear to be very sharp, w
no evidence of thermally assisted quantum tunneling. T
experimental plateau values areR0,e.1% for Hg-ps and
.2% for both two Tl-pd curves. Usingg.30 andd.16 Å
for Hg-ps,9 andg.350 ~Ref. 12! andd.15 Å ~Ref. 11! for
Tl-pd, H3D-2D.10 and 0.07 kOe are, respectively, obtaine
Therefore, Hg-ps is in the 3D quantum creep regim
~Ha,H3D-2D!, and Tl-pd is in the 2D regime~Ha.H3D-2D!.
Then,Rd,3D. 2.3% andRH,3D. 7% are obtained for Hg-ps
while Eqs.~1b! and~2b! giveRd,2D . 2.4% andRH,2D . 7%
for Tl-pd, which are qualitatively comparable toR0,e. The
plateau temperatures areTp.2.1 and.6 K for Hg-ps and
Tl-pd, respectively, in good agreement with estimates of
crossover temperature from Eq.~4!, Tcr.2.6 K for Hg-ps,
Phys., Vol. 79, No. 8, 15 April 1996
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and.6–7 K for Tl-pd. Finally, no plateau can be found in
the Hg-ps curve withHa510 kOe and Bi-sc curve, suggest-
ing that one must go down to temperatures below 1.8 K
find quantum vortex motion with these magnetic fields. Ac
tually, very low-temperature studies in 2212 Bi-based sing
crystals present plateaus which begin below 2 K and stretch
down to the mK regime.2 Table II summarizes the relevant
parameters for the samples in which quantum motion h
been detected.

In summary, we have reported on the detection of qua
tum relaxation at low temperatures in different HTSCs. I
some samples~Tl-pd, Hg-ps! the transition from the thermal
to the quantum regime appears to be very sharp, while
some others~Tl-ps, Tl-f! it is more gradual. In the second
case, the transition was investigated in order to gain insig
on the dissipative nature of the quantum process, but no co
clusion could be drawn from the present study. Finally, qua
tum vortex motion was not detected in a couple of sample
~Hg-ps and Bi-sc!, suggesting the extension of magnetic re
laxation measurements to the regime of ultralow temper
tures.
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