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Centro Atómico, 8400 San Carlos de Bariloche, R. N. Argentina

~Received 4 December 1995; revised manuscript received 14 March 1996!

A high sensitivity capacitance torquemeter has been used for a comprehensive investigation of the induced
current densities and dynamic relaxation rates in a YBa2Cu3Oxn

film with nominal oxygen content varying
betweenxn56.55 andxn57.0. The dynamic relaxation rateQ does not extrapolate to zero atT50 K,
indicating the presence of quantum creep. By changing the oxygen content of the film it is possible to
investigate the relation between the quantum creep rateQ(0) and the normal-state resistivityrn(0) at low
temperature. AlthoughQ(0) increases monotonically withrn , it is found thatQ(0) is not proportional to
rn(0), in contrast to the predictions of a theory based on dissipative tunneling of collectively pinned single
vortices @Blatter et al., Rev. Mod. Phys.66, 1125 ~1994!#. The experimental results imply that in
YBa2Cu3O7 quantum creep takes place in a transition regime between Hall tunneling and dissipative tunnel-
ing. For lower oxygen contents the quantum creep regime moves towards the dissipative limit. For each
oxygen content the characteristic pinning energyUc(0) atT50 is obtained by a linear extrapolation toT5 0
K of the T/Q versusT curves. The critical current densityj c at T50 is determined independently by a linear
extrapolation of the measured lnjs versusT curves. A power-law relationUc(0)}@ j c(0)#

p with p' 0.5 is
found, indicating single vortex pinning at higher temperatures. This is confirmed by a detailed analysis of the
measured current densities and relaxation rates by means of the generalized inversion scheme developed by
Schnacket al. @Phys. Rev. B48, 13 178~1993!#. Forxn> 6.6 atBe5 0.6 T and forxn> 6.7 atBe5 2.0 T the
calculated temperature dependence ofj c and Uc agrees remarkably well with a model based on three-
dimensional single vortex pinning caused by spatial fluctuations in the charge carrier mean free path. At lower
oxygen contents and higher magnetic-fields the agreement gradually breaks down due to the increasing im-
portance of thermal fluctuations.@S0163-1829~96!04925-9#

I. INTRODUCTION

Shortly after the discovery of the high-Tc superconductors
it was observed1 that the relaxation rate of the magnetic mo-
ment does not vanish as the temperature approachesT50 K.
This contradicts the linear temperature dependence predicted
by the Anderson-Kim model.2 By using a nonlinear depen-
dence of the activation energyU( j ) on the current density
j , Griessen3 showed that the relaxation rate approaches
T50 K asS;T1/n with n>3/2. However, this does not ex-
plain the observation that the relaxation rate becomes almost
independent of temperature belowT'1 K as observed in
many high-Tc superconductors, such as YBa2Cu3O7,

4–8

Bi 2Sr2CaCu2O8 and Bi2Sr2Ca2Cu3O10 ~Refs. 9–11!, and
Tl 2Ba2Ca1Cu2O8.

12,13

The low-temperature saturation of the relaxation rate is
indicative of quantum tunneling of vortices. Quantum creep
of vortices in high-Tc superconductors has been studied
theoretically by Blatter and co-workers.14,15 They calculated
the quantum creep rate in bulk superconductors by applying
weak collective pinning theory. At low magnetic fields single
vortices are individually pinned by the collective action of
many weak pinning centers. Segments of a typical length

Lc , which is called the correlation length, tunnel indepen-
dently. At high magnetic fields the tunneling object is a col-
lectively pinned vortex bundle.

On the basis of the prediction of Blatteret al.15 for the
creep rate in the single vortex limit, one expects that quan-
tum creep will be favored in samples with a strong anisot-
ropy, high normal-state resistivity, and a short coherence
length. The purpose of this work is to make a quantitative
test of the dissipative tunneling theory14,15 by using samples
with a relatively high normal-state resistivity atTc which can
unambiguously be extrapolated to low temperatures. For an
optimal comparison we chose a single film of
YBa2Cu3Oxn

with various oxygen content. The advantage

of working with one film is that only the effect of oxygen
doping can be investigated since the addition and removing
of oxygen can be done fully reversibly leaving the micro-
structure of the sample unchanged. As shall be shown below,
the experimental results cannot be understood within a
theory of purely dissipative tunneling. They can, however, be
well explained by a theory which incorporates both dissipa-
tive and Hall drag terms.

Another purpose of this work is to investigate the relation
between critical current densityj c and pinning in samples
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with a variable concentration of weak pinning centers~oxy-
gen vacancies!. The induced current densitiesj s and relax-
ation ratesQ measured at sufficiently high temperature
where the effects of quantum creep are negligible, are ana-
lyzed by means of the generalized inversion scheme~GIS!
developed by Schnacket al.16 in order to determine thetrue
critical current densityj c and the characteristic pinning en-
ergy Uc . This method is based on the general assumption
that the current dependence and the temperature dependence
of the activation energy can be separated. Furthermore, one
exploits the fact that a power law relatesUc and j c . With
this method it is possible to calculate the temperature depen-
dence ofj c , which is in general clearly different from the
measured current densityj s , andUc , once the exponentp in
the power-law relationUc}@ j c#

p is known. The GIS allows
also to identify the pinning regime@single vortex~SV!, small
bundle pinning~SB!, large bundle pinning~LB!# and the
microscopic origin of the pinning (dTc pinning due to spatial
fluctuations inTc or d l pinning due to spatial fluctuations in
the mean free path of the charge carriers!.

This paper is organized as follows. The theory of quantum
creep of vortices, including dissipative tunneling and Hall
tunneling, is briefly reviewed in Sec. II. The sample prepa-
ration and oxygen loading procedure is described together
with the experimental technique used to measure the current
density sample and its relaxation rate in Sec. III. An over-
view of the experimental results is given in Sec. IV. The
relation between the low-temperature normal-state resistivity
and the quantum creep rate is discussed in Sec. V A, whereas
the magnetic-field dependence of the quantum creep rate is
discussed in Sec. V B. The pinning properties of
YBa2Cu3Oxn

are considered in Sec. VI. A power-law rela-
tion between the characteristic pinning energy and the criti-
cal current density is found experimentally in Sec. VI A. The
generalized inversion scheme is introduced and applied to
measured data in Sec. VI B. The microscopic origin of pin-
ning is discussed in Sec. VI C. The conclusions are given in
Sec. VII.

II. THEORY OF QUANTUM CREEP

A. Dissipative quantum tunneling

At low temperatures the flux dynamics in high-Tc super-
conductors is governed by quantum creep of vortices through
the pinning barriers. In contrast to thermally activated flux
motion, this process is not only governed by the height of the
pinning barrier but also by the time spent by the vortex seg-
ment under the barrier during the tunneling process.14 Due to
the coupling between the vortex and its environment, quan-
tum creep is a dissipative process. The influence of the dis-
sipation on the tunneling probability of a particle through a
barrier has been evaluated by Caldeira and Legget.17 The
dissipative quantum creep relaxation rateQD can then
readily be evaluated18 to be

QD5A
\

hxhop
2

j c
j s
, ~1!

where 2xhop is the distance separating the metastable posi-
tions of the vortex segment before and after tunneling,h is
the viscous drag coefficient,A is a numerical parameter of

order unity, j c is the critical current for which the energy
barrier between two vortex configurations vanishes, andj s is
the superconducting current induced in the sample by sweep-
ing the external magnetic field at a certain sweep rate
dBe /dt. For j s' j c and noting thatxhop is of the order of
j, Eq. ~1! becomes

QD>
\

hj2
. ~2!

Together with the Bardeen-Stephen expression19

h>F0Bc2Lc /rn(0) this leads to

QD>
e2

2\

rn~0!

Lc
, ~3!

whereF0 is the flux quantum,Lc is the length of the tunnel-
ing flux segment, andrn(0) is the normal-state resistivity at
T50 K. Note that this result is, except for a numerical factor
close to unity, identical to the result obtained from a collec-
tive pinning theory of single vortices derived by Blatter and
co-workers.14,15,20

QD>
e2

\

rn
ej S j cj 0D

1/2

. ~4!

The relaxation rate does not depend on the orientation of the
magnetic field and is identical for in-plane and out-of-plane
motion, although the viscous drag coefficients and the elas-
ticities of the vortex are different for these two types of mo-
tion. Thec-axis correlation lengthLc>ej( j 0 / j c)

1/2 is inde-
pendent of angle and type of motion. Combining this result
with Eq. ~4! reproduces Eq.~3!, which demonstrates that this
formula remains valid in the anisotropic case.

B. Hall tunneling

Recently, Feigel’manet al.21 proposed that high-Tc super-
conductors are not in the dissipative limit at low tempera-
tures. Their analysis is, however, not based on a comparison
of the kinetic and the dissipative terms in the Euclidean ac-
tion describing the vortex motion. Instead of this, they esti-
mate the electron mean free pathl from a linear extrapola-
tion of rn(T>Tc) data which gives a low-temperature
resistivity rn(0)' 10 mV cm leading tol' 70 nm. This
means that high-Tc superconductors might be in the super-
clean limit, satisfying the condition:l@j(eF /D) in which
eF is the Fermi energy andD is the energy gap. In this case,
the flux motion has to be described by the following equation
of motion:22,23

hvW v1avW v3 ẑ5F0LcjWs3 ẑ1FW pin , ~5!

whereh anda are the viscous and the Hall drag coefficients,

vW v is the vortex velocity,Fpin is the pinning force, andẑ a
unit vector parallel to the vortex. Feigel’manet al.21 use the
analogy between vortex motion in a superconductor and non-
dissipative flow in helium-II to derive the following expres-
sion for the Hall drag coefficient:

a5p\nsLc , ~6!
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wherens is the density of superconducting electrons.22 Fi-
nally, they calculate that the saddle-point solution of the Eu-
clidean actionSE is given by

SE
eff

\
'

a

\
Vc , ~7!

whereVc is the correlated volume of the vortex line segment
or flux bundle. For a vortex line segment, this volume is
approximated byVc'j2Lc . This leads finally to the follow-
ing expression for the dynamic Hall relaxation rate:

QH'
\

aj2
'

1

pnsj
2Lc

. ~8!

Note that, in contrast to dissipative quantum creep, the Hall
creep rate doesnot depend on the low-temperature normal-
state resistivityrn(0). Measurements of the low-temperature
relaxation rateQ(0) at various values of the oxygen concen-
trationxn can be used to determine the character of quantum
creep, sincern(0) increases markedly with decreasingxn .

C. Interpolation between dissipative and Hall tunneling

The approaches to the problem of quantum creep of vor-
tices in high-Tc superconductors given in the previous sec-
tion are limited to the dissipative limit and the superclean
~Hall! limit. A more general approach has recently been
given by Stephen24 for a parabolic potential of rangexc
given by

U~x!5
1

2
kLcx

2, uxu<xc ,

~9!

U~x!52`, uxu.xc .

The Euclidean actionSE of the tunneling process is approxi-
mately related to the mean-square quantum fluctuation^ux

2&
of the vortex position by25

SE'\
xc
2

2^ux
2&
. ~10!

For this model the mean-square fluctuation^ux
2& is given by24

^ux
2&5

\g

2pkLc
E
0

vc
dv

vcoth~b\v/2!

~v02v!21g2 , ~11!

whereb51/kT andvc is a cutoff frequency probably related
to the superconducting gap energy. The parametersv0 and
g are given by

v05
akLc

a21h2 ~12!

and

g5
hkLc

a21h2 , ~13!

wherea andh are the Hall drag and the viscous drag coef-
ficients, respectively. As discussed by Kopnin and Salomaa23

and Blatteret al.,20 a andh depend onvBt as

a~vBt!5p\nsLc
~vBt!2

11~vBt!2
~14!

and

h~vBt!5p\nsLc
~vBt!

11~vBt!2
, ~15!

where the transport relaxation time is given by
t5m/nse

2rn(0). Theenergy separation\vB between low-
lying levels in the vortex core is approximately given by
\vB'\eBc2 /m5\2/2mj2 whereBc2 is the upper critical
field. The quantum relaxation rateQ is inversely propor-
tional to the Euclidean action, as outlined above. Together
with Eq. ~10! this leads toQ'2^ux

2&/uc
2'2^ux

2&/j2, where
we have used that the range of the pinning potential is ap-
proximately equal toj.

At sufficiently low temperatures, where the condition
kBT!\vB is satisfied, we find from Eq.~11! after integra-
tion over the frequencyv

Q'
\

SE
eff'

1

pnsLcj
2

3F 1

2pvBt
lnH ~Vc21!2~vBt!211

~vBt!211 J
1
1

p
arctan$~Vc21!~vBt!%1

1

p
arctan~vBt!

G ,
~16!

whereVc5vc /vB . The expressions for the viscous drag
coefficient and the Hall coefficient given above have been
used in the derivation of this result. The logarithmic term is
only weakly dependent onvBt and will be approximated by
a constant, leading to

Q~T50,vBt!'
1

pnsLcj
2 F 1

vBt
1
1

2
1
1

p
arctan~vBt!G .

~17!

The functionf (vBt) between square brackets in Eq.~17! is
plotted in Figs. 1~a! and 1~b!. From these figures it follows
that f (vBt) has the interesting property to be essentially

FIG. 1. Dependence of the quantum creep relaxation rate
Q(0) @in units of (pnsLcj

2)21# on vBt according to Eq.~17!
derived from Stephen’s treatment~Ref. 24! of vortex tunneling.
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constant and equal to 1 forvBt.1. In the dissipative limit
vBt!1 we recover Eq.~3!, whereas in the pure Hall limit
vBt@1, Eq. ~17! reduces to Eq.~8!.

III. EXPERIMENTAL METHODS

A. Sample preparation

The YBa2Cu3Oxn
~YBCO! film is prepared usingin situ

90° off-axis magnetron dc sputtering from a single stoichio-
metric YBCO target. During sputtering the total chamber
pressure is 400 mTorr, the gas is an 80% Ar/20% O2 mixture
and the MgO~100! substrate is at a temperature of 740 °C.
X-ray diffraction as well as Rutherford backscattering spec-
troscopy channeling measurements show that the film is
grown epitaxially on the MgO~100! substrate, with a chan-
neling minimum yield smaller than 7%. The layers are
purely c-axis oriented and have narrow rocking curves@full
width at half height~005! <0.3°#. This in situ prepared film
has aTc(R50) 5 89 K and a transition width of 1 K. The
critical current densityJc at an applied fieldB 5 0.5 T is
231011 A/m2 at 4.2 K and 43108 A/m2 at 77 K determined
with torque magnetometry. The thickness of the film is 450
nm which is inferred from the sputtering time and the growth
rate. More details about the preparation and characterization
have been published elsewhere.26

The oxygen content of the film is adjusted to the desired
value by using the oxygen pressure-temperature (PO2

2T)
phase diagram.27 In order to reduce the oxygen content in a
controlled way, the sample is inside a stoichiometric YBCO
ceramic box. Starting in an oxygen atmosphere of 10 Torr
~1.33 kPa! at an annealing temperatureTann(xn), @Tann(xn)
varying between 435 °C forxn 5 6.9 and 545 °C forxn 5
6.65# the film is slowly cooled down~2–3 °C/min!, while
the O2 pressure is decreased in order to follow the corre-
sponding oxygen content line in the (PO2

2T) phase
diagram.28 Finally, the film is quenched to room temperature
in P(O2)' 75 mTorr~10 Pa! and from a quench temperature
Tq(xn) varying betweenTq 5 360 °C forxn 5 6.9 andTq 5
444 °C forxn 5 6.65. Before each oxygen content changing
procedure, the film is fully oxydized by annealing it during
15–30 min atT5500 °C andP(O2) 5 750 Torr~100 kPa!.
After four oxygen treatments theTc of the fully oxydized
film has decreased with approximately 1 K, which indicates
that the oxygen depletion process is very reproducible. Fur-
thermore, this small decrease ofTc demonstrates that the
quality of the sample is only weakly influenced by the oxy-
gen treatments.

B. Oxygen content and the normal-state resistivity

Figure 2 shows the resistivity versus temperature for the
YBa2Cu3Oxn

film with different nominal oxygen contents

xn , as used in the torque measurements described below.
The resistivity of the film is measured with a standard dc
four-probe technique using wire bonding contacts. After
each resistance measurement the contacts are removed from
the sample. The film has a sharp transition when it is fully
loaded with oxygen, whereas the transitions become broader
as the oxygen content is lowered. The transition is unusually
broad if the oxygen content is lowered toxn56.55, which

indicates an inhomogeneous oxygen distribution in the film.
This is probably due to the rather large thickness, 450 nm, of
the film used in this work.

The critical temperatureTc at 5% of the transition is
shown as a function of the oxygen content in Fig. 3. For
comparison the plot also contains data on two other
YBa2Cu3Oxn

films produced with the same method. These

Tc values were obtained with a superconducting quantum
interference device~SQUID! magnetometer and an ac
susceptometer.29 The Tc values obtained from the films are
in good agreement with the data from bulk samples. In con-

FIG. 2. Resistivity measurements for several oxygen contents of
the 450 nm YBa2Cu3Oxn

film used in the torque experiments. At
high oxygen content the extrapolation toT50 K of the resistivity is
close to zero, whereas a clear and unambiguous nonzero value is
obtained at low oxygen content. The large width of the transition
for xn56.55 is due to inhomogeneities in the oxygen concentration
due to the large thickness of the sample.

FIG. 3. Oxygen content dependence of the critical temperature
Tc of YBa2Cu3Oxn

films. The plot contains data obtained by means
of a SQUID magnetometer~Ref. 29!, ac susceptometer~Ref. 29!,
and the resistively determinedTc values of the film used in this
work.
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trast to the observation of Osquiguilet al.27 the films show
two distinct plateaus in theTc versusxn curves. TheTc
values of Fig. 3 are in good agreement with values obtained
by Ossandonet al.30 who performed an absolute determina-
tion of the oxygen contentx by using a thermogravimetric
analysis system.

In order to compare the observed quantum creep rates
with the theoretical predictions given in the previous section,
it is necessary to determine the normal-state resistivity
rn(0) at low temperatures. A linear extrapolation toT50 K
of the measured resistivity leads to a valuern(0)'10
mV cm for the fully oxydized film. However, it is far from
certain that this linear extrapolation is valid. Fortunately, this
problem disappears when the nominal oxygen content is
lowered. The extrapolation of thern(T) curves toT50 K
becomes less ambiguous, becauseTc is lowered,rn(Tc) is
increased, and the curves develop a clear upward curvature.
Resistivity values atT50 K obtained from extrapolations are
shown in Fig. 4~a! together with the resistivityrn(Tc) at
T5Tc . The inverse ofrn(0), which is proportional to the
electron scattering timet is shown as a function of the oxy-
gen content in Fig. 4b, together with results obtained by
Jones et al.31 The observed linear variation of our
@rn(0)#

21 data suggests thatrn(0)541mV cm for
xn57.0. Note that this value is in good agreement with

rn(0)537mV cm for fully oxydized YBa2Cu3O7 obtained
by Joneset al. For the presentation of experimental results
we shall usern(0)541mV cm in the remaining part of this
paper.

C. Torque magnetometry

The capacitance torquemeter used in this work is similar
to that used in Ref. 32 and consists of two parallel capacitor
plates, connected by phosphorus bronze springs. The base
plate is attached firmly to a revolving sampleholder, while
the detection plate which carries the sample moves freely. A
torque exerted on this detection plate rotates it over a small
angledu towards a new equilibrium position. This angular
deplacement and the corresponding change in capacitance
are proportional to the torque, because the springs obey
Hooke’s law. The torque magnetometer is calibrated by
means of a small coil through which a known current is
passed.

For the conversion of magnetic moment into induced cur-
rent density it is assumed that a homogeneous current distri-
bution is set up in the sample. This seemingly crude assump-
tion is justified by magneto-optical experiments of
Koblischkaet al.33 and Schusteret al.34 and more recently
by Koblischkaet al.35 Furthermore its validity has also been
shown by numerical calculations of Schnacket al.36 and
Brandt.37 These calculations show that the flux profile re-
mains virtually linear during conventional relaxation.

A homogeneous current distribution in a rectangular
sample leads to the following expression for the magnitude
of the magnetic momentM:38

M5
1

4
a2d~b2a/3! j s , b>a, ~18!

wherea andb are the lengths of the sides of the sample,d is
the thickness of the sample along thec axis, andj s is the
current density flowing through the entire sample. In the
derivation of this equation it has been assumed that the cur-
rent flows in theab plane. This is justified by the geometry
of the sampled!a,b and also becausej c

ab@ j c
c .

The experiments were performed in the bore of a 7 T
Oxford Instruments superconducting NbTi magnet mounted
in a low-loss helium cryostat. Temperature control and sta-
bilization within 0.1 K is realized by simultaneously regulat-
ing the flow of liquid helium through the heat exchanger and
the voltage supplied to a heater coil. In contrast to a conven-
tional flow cryostat the liquid helium necessary for the tem-
perature regulation is taken from an internal reservoir which
is also used for cooling the magnet.

In this work the dynamic relaxation rate

Q[dlnj s /dln~dBe /dt! ~19!

is determined from measurements ofj s at various sweep
ratesdBe /dt of the magnetic field. As shown by Jirsaet al.

39

and Pu˚st et al.40 the dynamic relaxation rateQ is closely
related to the conventional relaxation rateR[2dlnM/dlnt
whereM is the magnetic moment of the sample. This ob-
servation is supported by numerical calculations by Schnack
et al.36

FIG. 4. ~a! Oxygen content dependence of the normal-state re-
sistivity rn(0) at zero temperature, obtained by extrapolation from
rn(T) measured atT.Tc . The normal-state resistivities atT5Tc
are shown for comparison.~b! Inverse low-temperature resistivity
as a function of the oxygen content. The solid line is a linear fit to
our data, whereas the dotted line through the data of Joneset al.
~Ref. 31! is a guide to the eye.
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Minor hysteresis loops~MHL ! have been made around
central field valuesBe50.6 T, Be52.0 T, andBe56.9 T,
respectively. The width of the loops has been chosen large
enough to fully penetrate the sample to make sure that it is in
the critical state at the field where the width of the hysteresis
loop is measured. MHL’s have been recorded at sweep rates
dBe /dt 5 0.6, 1.25, 2.5, 5, 10, 20, and 40 mT/s.

IV. EXPERIMENTAL RESULTS

An example of MHL’s is shown in Fig. 5. During these
measurements the temperature was stabilized at 15 K. The
oxygen content of the YBa2Cu3Oxn

sample was 6.85 in this
case. Apart from the steep slopes at the edges of the MHL’s,
the torque and also the magnetic moment and the average
induced current density are only weakly dependent on the
field. This indicates that the sample has reached the critical
state during the MHL’s. We checked that a large hysteresis
loop fromBe50 T toBe57 T and back gives the same value
for the hysteresis at the same field and sweep rate as used in
the MHL. The hysteresis loops tend to merge with a common
curve directly after the reversal of the field sweep direction.
The magnetic moment thus becomes independent on
dBe /dt, indicating that the sample is evolving from one
critical state into the other one.

From Fig. 5 it is clear that the torque hysteresis and thus
the average induced current densityj s is reduced by the same
amount whenever the sweep rate is lowered by a factor of 2.
This shows thatj s varies linearly with ln(dBe/dt) and that the
relaxation rateQ is only weakly dependent on the sweep
rate. We have determinedQ as a function of temperature and
external field for samples with nominal oxygen contents
xn56.55, xn56.6, xn56.7, xn56.85, andxn57.0, respec-
tively.

The dynamic relaxation rate is displayed in Figs. 6~a!,
6~b!, and 6~c! for Be50.6, 2, and 6.9 T, respectively, and all
oxygen contents mentioned above. It is clear that the relax-
ation rate does not extrapolate to zero atT50 K, but remains
finite. The nonzero extrapolationQ(0), which is attributed
to quantum creep, increases with decreasing oxygen content.
This is shown in more detail in Fig. 7 from which one also

observes that the quantum creep rate increases with increas-
ing field.

Furthermore, the width of the hysteresis loops is used to
obtain j s . Values ofj s obtained atBe50.6, 2, and 6.9 T, are
shown in Figs. 8~a!, 8~b!, and 8~c!, respectively. For allxn

FIG. 5. Minor torque hystersis loops measured atT515 K and
Be52.0 T on YBa2Cu3Oxn

with xn56.85. The magnetic-field
sweep rates used here aredBe /dt5 40 ~outer curve!, 20, 10, 5, 2.5,
1.25, and 0.6~inner curve! mT/s, respectively. The torque and thus
the induced current densityj s increases linearly with ln(dBe /dt).

FIG. 6. Temperature dependence of the dynamic relaxation rate
Q measured atBe50.6 T ~a!, 2.0 T ~b!, and 6.9 T~c!. Each graph
contains the data for the various oxygen contentsxn used in this
work. The data forxn56.55 ~filled diamond! and xn56.6 ~open
triangle! overlap.

FIG. 7. Quantum creep rateQ(0) of a 450 nm YBa2Cu3Oxn film
as a function of the nominal oxygen contentxn and the applied
magnetic field. The quantum creep rate has been obtained by an
extrapolation in Fig. 6 of the measured temperature dependence of
the relaxation rateQ(T) to T50 K.
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the current density decreases approximately exponentially
with temperature, except at low temperatures (T,10 K! and
at high temperatures close to the irreversibility line. The de-
viation at high temperatures is caused by thermal depinning
whereas the saturation at low temperatures is due to quantum
creep.41 Extrapolation of the linear part of the lnjs versusT
curve leads toj s(0) which is the current density that would
be observed in the absence of quantum creep. There is no
thermally activated flux motion atT50 K and therefore
j s(0) is equal to the critical current densityj c defined by the
condition that the activation energyU5U( j s ,T,Be) for ther-
mal hopping of vortices vanishes forj s5 j c , i.e.,
U( j c ,T,Be)50. The values forj s(0) are shown in Fig. 9 as
a function of the oxygen content forBe50.6 and 2.0 T.

V. QUANTUM CREEP IN YBa 2Cu3O xn

A. Quantum creep and the role of the normal-state resistivity

Since Eqs.~3! and~4! predict thatQ(0) is proportional to
the normal-state resistivityrn(0) at low temperatures, we
have plotted in Fig. 10Q(0) versus the normal-state resis-
tivity values shown in Fig. 4~b! with rn(0)541mV cm for
xn57.0 as discussed above. We observe thatQ(0) increases
approximately linearly withrn(0), butwith a finite intercept
at low resistivities. At first sight one could try to explain this
by claiming that thec-axis correlation lengthLc depends on

the oxygen content, sinceQ}Lc
21 . Published values forl,

j,30,42andg43 indeed show a strong dependence on the oxy-
gen content. For clarity, the values ofl, j, and g as a
function of the oxygen content are shown in Figs. 11~a!,
11~b!, and 11~c!, respectively. However, the ratiol/j1/2,
which is inversely proportional toLc , is only very weakly
dependent onxn , as can be seen in Fig. 11~d!. Although the
values found by Ossandonet al.30 are somewhat higher than
the values from Grayet al.,42 the ratiosl/j1/2 are in good
agreement with each other. Therefore we take
l/j1/251.23102 nm1/2, independent of the oxygen content.
The independence ofl/j1/2 on xn is confirmed by measure-
ments ofl andj by Däumling.44 Their data are more scat-
tered, but there is no significant change ofl/j1/2 if xn ranges
from 6.5 to 7.0.

The increase of the anisotropy parameterg with decreas-
ing xn is almost completely compensated by the decrease of

FIG. 8. Temperature dependence of the induced current density
j s , measured at a sweep ratedBe /dt540 mT/s. The applied
magnetic-field isBe5 0.6 T ~a!, 2.0 T~b!, and 6.9 T~c!. Each graph
contains the data for the various oxygen contentsxn used in this
work.

FIG. 9. Oxygen content dependence of the critical current den-
sity j s(0) atT50 K andBe50.6 T and 2.0 T. Thej s(0) values are
determined by a linear extrapolation toT50 K of the observed
linear temperature dependence of lnjs(T).

FIG. 10. Quantum creep rateQ(0) of a 450 nm YBa2Cu3Oxn
film displayed as a function of the low-temperature normal-state
resistivityrn(0) atBe50.6 T, 2.0 T, and 6.9 T. The corresponding
values of the nominal oxygen content are indicated in the graph.
The solid lines are linear fits to the data. Note that these lines do not
extrapolate toQ(0)5 0 at rn5 0 mV cm.
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the current densityj s(0)5 j c . Furthermore, the variation of
Alnk is approximately 5% and thus not of major importance.
For the evaluation ofLc , we use thatLc is given by15

Lc'S F0

4pl2

e2

m0

j

j c
lnk D 1/2'ej~ j 0 / j c!

1/2, ~20!

where j 05F0/3A3pm0l
2j is the depairing current density.

However, this equation is only valid in the single vortex
regime. An extensive proof that YBa2Cu3Oxn

is in the
single vortex regime, for all oxygen contents used, even at
Be57 T is given below. Because the critical current density
is at most weakly field dependent in the single vortex regime,
we have used the current densityj (0) obtained atBe50.6 T,
which is the lowest field value used in the experiment, to
evaluateLc . Furthermore, the use of field-dependent values
of j c(0) for the evaluation ofLc would lead to an increase of
Lc with increasing field. Together with the fact that accord-
ing to Eq. ~3! the quantum creep rate is proportional to
(Lc)

21 in the single vortex regime, this would predict that
Q(0) decreases with increasing field. This is in contradiction
with the measured data displayed in Fig. 10. This leads fi-
nally to a correlation length which is only weakly dependent

on the oxygen content. The values forLc obtained from Eq.
~20! and the experimental data described above are given in
Table I.

From Eqs.~3! and ~4! and the weak variation ofLc with
oxygen content follows that the quantum creep rate should
be proportional to the normal-state resistivity in the purely
dissipative limit. From Fig. 10 it can be seen that the quan-
tum creep rate increases approximately linearly with the nor-
mal resistivity. However, the quantum creep rate is not pro-
portional to the normal-state resistivityrn(0), since there is
a finite intercept at low resistivities.This leads to the impor-
tant conclusion that the vortex system in oxygen-deficient
YBa2Cu3Oxn

cannot be in a purely dissipative limit since a

finite intercept is in contradiction with Eq. (3).
An estimate ofvBt and thus a determination of the nature

of the vortex motion can be obtained from a comparison of
the measured quantum creep ratesQ(0) with the Stephen
interpolation formula in Eq.~17!. Fromns}l22 follows that
the prefactor on the right-hand side of Eq.~17! varies as
k25l2/j2. Together with the measured quantum creep rates
Q(0)50.02 at xn57.0 andQ(0)50.063 atxn56.55 and
Be52 T it follows that the functionf between the square
brackets in Eq.~17! increases by a factor of 6 upon oxygen
removal. The change ofvBt upon oxygen removal can be
evaluated from the variation ofrn(0) andk with oxygen
content. This leads to the observation thatvBt increases by
a factor of 19 when the oxygen content decreases from
xn57.0 to xn56.55. The values ofvBt(xn56.55) and
vBt(xn57.0) can be found by simultaneously solving

f „vBt~xn56.55!…/ f „vBt~xn57.0!…56,
~21!

vBt~xn57.0!5193vBt~xn56.55!.

This leads to vBt(xn56.55)50.1460.01 and
vBt(xn57.0)52.660.2. Repeating this procedure atBe5
0.6 T andBe5 6.9 T leads within experimental error to the
same estimates forvBt(xn56.55) andvBt(xn57.0).

An upper estimate forvBt(xn56.55) follows from the
observation that the functionf between square brackets in
Eq. ~17! increases with a factor of 6 upon oxygen removal.
Using the fact thatf (vBt).1 for all values ofvBt, one
sees from Fig. 1 that in the extreme case where
vBt(xn57.0) would be infinite, thenvBt(xn56.55) would
need to be 0.18 in order to have a factor of 6 between the
values of the functionf . This leads to the condition
vBt(xn56.55)<0.18.

This analysis can be performed in a more accurate way by
fitting the measured quantum creep rates to the interpolation

FIG. 11. Oxygen content dependence of the penetration depth
l ~a!, the coherence lengthj ~b!, and the anisotropy parameter
g5(M /m)1/25lc /lab ~c!. The oxygen content dependence of the
ratio j1/2/l ~d! and the Ginzburg-Landau parameterk5l/j ~e!
have been calculated from these data. The dotted lines in this figure
are a guide to the eye.

TABLE I. Coherence length, penetration depth, anisotropy,
critical current density extrapolated toT50 K, and correlation
length as a function of the oxygen content.

xn j ~nm! l ~nm! g j c ~A/m2) Lc ~nm!

7.0 1.60 146 5.6 2.163 1011 2.6
6.85 1.93 160 9.3 9.533 1010 2.3
6.7 2.43 180 15.6 4.463 1010 2.0
6.6 2.80 193 22.1 3.833 1010 1.5
6.55 3.06 202 26.6 4.473 109 3.6
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formula, Eq.~17!. The values ofvBt determined from the
expressions forvB andt given above, which lead to

vBt5
\

2e2nsj
2rn~0!

, ~22!

are multiplied by a fixed number, which is treated as a fitting
parameter.

The results of this fitting procedure are shown in Fig. 12.
The closed symbols represent the measured quantum creep
rates, whereas the open symbols represent the fitted values. It
is important to note that the fitted values of the creep rate do
not simply fall on a single function
f (vBt)51/(vBt)11/211/parctan(vBt), due to the vari-
ance ofnsj

2 with the oxygen content. The values ofvBt
found by this fitting procedure are consistent with the esti-
mates mentioned above. In summary, we find that oxygen-
deficient YBa2Cu3Oxn

with xn5 6.55 is close to the dissi-

pative limit, whereas fully oxygenated YBa2Cu3O7 is in the
intermediate regime between Hall and viscous vortex mo-
tion. This conclusion is further supported by the fact that
quantum creep in YBa2Cu3O7/PrBa2Cu3O7 multilayer sys-
tems also occurs in this intermediate regime.45

B. Magnetic-field dependence of the quantum creep rate

From Fig. 10 it is obvious that the quantum creep rate
increases slightly with increasing field for oxygen contents

down to xn5 6.55. In the single vortex limit, the quantum
creep rate as well as the critical current density should not
depend on the average distance between the vortices, since in
this case they move independently. However, it is still pos-
sible that the correlation length of the tunneling vortex seg-
ment is field dependent due to a field-dependent anisotropy.

In the Ginzburg-Landau theory the anisotropy is indepen-
dent of field and temperature. This is in contrast with the
behavior of a stack of Josephson coupled superconducting
layers for which Daemenet al.46 have demonstrated that the
anisotropy increases as the magnetic field increases due to
the field dependence of thec-axis penetration depthlc . An
increase of the anisotropy leads to a shorter correlation
length and consequently to a larger quantum creep rate,
which has been observed on bulk and powdered
Bi 2Sr2Ca2Cu3O10 compound samples by Moehlecke and
Kopelevich.9 Therefore, the observed increase of the quan-
tum creep rate with increasing field does not necessarily con-
tradict single vortex pinning in three dimensions.

In the case of tunneling of two-dimensional~2D! vortex
pancakes the correlation length is equal to the distance be-
tween the CuO planes which is, of course, inherently field
independent. This leads to a field-independent quantum
creep rate which has been observed in the highly anisotropic
materials Bi2Sr2CaCu2O8 ~Refs. 10 and 11! and
Tl 2Ba2Ca1Cu2O8.

12,13

At high magnetic fields where the vortices form~super!
bundles the quantum creep rate decreases with increasing
field. This is caused by a growth of the flux bundle and
therefore an increased activation energy and Euclidean ac-
tion as the field increases. For small bundles the quantum
creep rate depends on the magnetic field asQ(0)
}Be

21/2exp(2Be
3/2) whereas for large bundles14,20 Q(0)

}Be
213/2. This rather strong decrease ofQ(0) with increas-

ing field is in contrast with the results shown in Fig. 10. This
means that the increase of the quantum creep rate cannot be
explained by pinning of flux~super!bundles, neither in the
local limit ~small bundles!, nor in the nonlocal limit~large
bundles!. This indicates that in the field regime investigated
in this work quantum creep occurs in the single vortex limit.
Furthermore, the crossover fieldBsb separating single vortex
pinning and small bundle pinning is determined by the con-
dition Lc5g21a0 wherea05(F0 /Bsb)

1/2 is the average dis-
tance between the vortices. Together withLc'2.5 nm and
g55.6 for xn57.0 this givesBsb'11 T, confirming that for
YBa2Cu3O7 quantum creep takes place in the single vortex
limit. However, due to the increase of the anisotropy with
decreasing oxygen content,Bsb shifts to lower values and for
xn56.55,g526 leads toBsb'0.5 T. This would imply that
for YBa2Cu3Oxn

with reduced oxygen content, the tunnel-
ing object is not a single vortex segment but a vortex bundle.
This is not consistent with the observed weak increase of
Q(0) with increasing field.

VI. PINNING PROPERTIES OF YBa 2Cu3O xn

In this section we discuss the relaxation data by means of
two different approaches. First, in Sec. VI A we use a col-
lective pinning theory which assumes a particular current
dependence of the activation energy. This approach, which is
certainly not adequate for the entire temperature range, can

FIG. 12. Comparison between measured quantum creep rates
Q(0) and the values ofQ(0) obtained from a fit of the experimen-
tal data with Eq.~17! for Be50.6 T ~a!, 2.0 T~b!, and 6.9 T~c!. The
full symbols correspond to measuredQ(0) values, while the open
symbols correspond to calculated values.
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be used to determine values of the characteristic activation
energyUc at low temperature. In a second approach we use
the generalized inversion scheme of Schnack~GIS! et al.16 to
determine the temperature dependence ofUc and thetrue
critical current densityj c .

A. Current-dependent activation energy

For intermediate temperatures the flux motion in the
YBa2Cu3Oxn

film is well described in terms of thermally
activated vortex hopping. The central parameter in this
theory is the activation energyU( j ,T,Be) the flux line or
flux bundle has to overcome in order to move from a given
configuration to an adjacent metastable pinning configura-
tion. The influence of the current densityj on the activation
energy has been investigated theoretically by Feigel’man
et al.47 for the case of vortices~or vortex bundles! pinned by
the collective action of randomly distributed weak pinning
centers. They followed a scaling approach to obtain the size
of the tunneling object. Together with the free-energy func-
tional, this leads finally to a power-law relationU( j )} j2m.
SinceU( j ) should vanish forj5 j c it is now general practice
to use the following interpolation relation:

U~ j !5
Uc

m F S j cj D
m

21G . ~23!

This equation contains the linear2 (m521! and the logarith-
mic current dependence48 (m50! as special cases. The value
of the exponentm is determined by the pinning regime
~single vortex, small bundles, or large bundles! and the di-
mensionality of the system. Theoretical values ofm are
given in the left-hand part of Table II.

Using the fact that during a sweep of the applied magnetic
field the activation energy36 is given by
U( j s ,T,Be)5CkT, where for a disk-shaped sample
C5 ln„2v0Be /R(dBe /dt)… in which v0 is an attempt veloc-
ity andR is the radius of the sample, one can evaluate the
ratio j s / j c using Eq.~23! leading to

j s5 j cF11
mkT

Uc
lnS 2v0Be

RdBe /dt
D G21/m

. ~24!

From this equation the dynamic relaxation rate
Q5dlnjs/dln(dBe/dt) can be calculated by taking the nor-
malized derivative ofj s with respect to ln(dBe/dt). Finally,
by using the expression forC given above, one finds49

T

Q
5
Uc

k
1mCT, ~25!

wherek is Boltzmann’s constant. In Fig. 13T/Q is displayed
as a function of temperature for all oxygen contents consid-
ered in this work atBe50.6, 2.0, and 6.9 T. The deviations
at low and high temperatures are due to quantum creep and
thermal depinning, respectively. The crossover from quan-
tum creep to thermally activated creep takes place atT'6 K,
which is in agreement with values reported in the
literature.4,6,12

It is, in principle, possible to use the slopemC in the
T/Q(T) graphs to identify the pinning regime. For this a
value forC is required to evaluatem. As shown belowC can
be determined by means of the GIS. The values ofm deter-
mined from the slopesmC of the T/Q(T) graphs and the
values ofC found by means of the GIS~see Sec. VI B! are
listed in Table III. Note that the values found forxn5 6.85
are in good agreement withm50.95 atBe51 T, reported by
Ossandonet al.50

TABLE II. Theoretical exponentsm andp as a function of the
pinning regime and dimensionality.

Pinning regime m m p p

Dimensionality 3 2 3 2

Single vortex 1/7 1/2 1
Small bundles 3/2 8/9 23/2 21/2
Large bundles 7/9 1/2 21/2 0

FIG. 13. Temperature dependence ofT/Q in an oxygen-
deficient YBa2Cu3Oxn

film measured atBe5 0.6 T ~a!, 2.0 T ~b!,
and 6.9 T~c! at various values of the nominal oxygen contentxn .

TABLE III. Experimentally determined values ofC andm.

xn Be ~T! C m from mC m from U( j )

7.0 0.6 12 1.17 1.33
7.0 2.0 13 1.52 1.34
6.85 0.6 17 0.87 0.74
6.85 2.0 15 0.95 0.89
6.7 0.6 22 0.33 0.38
6.7 2.0 24 0.27 0.28
6.6 0.6 18 0.34 0.32
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According to these values one would conclude that for
xn56.85 andxn57.0 our sample is in a regime intermediate
between single vortex (m51/7! and small bundles
(m53/2!. The following experimental results are, however,
in favor of the single vortex regime. To discuss this point we
note that a rather general relation betweenUc and j c has
been derived by Schnacket al.16 and Wenet al.51 For ex-
ample, for a collectively pinned single vortex
Uc' j cF0Lcj where the correlation lengthLc} j c

21/2 in the
3D regime. This means thatUc} j c

1/2. In the 2D regimeLc is
given by the thickness of the layers and consequentlyUc
} j c . The pinning barrier for a flux bundle is in the collective
pinning theory given byUc' j cBeVBr p whereVB is the vol-
ume of the flux bundle andr p is the range of the potential. A
scaling approach has been used to obtain the volume of the
flux bundle.47 This leads finally to a power-law relation be-
tweenUc and j c in the regime of flux bundles.16 One can
generally write

Uc~T!}@ j c~T!#p. ~26!

The values for the exponentp are displayed in the right-hand
side of Table II. Although both exponentsm andp are used
to relate pinning energies to current densities, their physical
origin is very different. The exponentm describes the rela-
tion between the activation energy and the current density
when other parameters such as temperature, external field,
and oxygen concentration are kept constant. ThisU( j ) rela-
tion is partially scanned during a relaxation experiment. The
exponentp states thatUc and j c do not change indepen-
dently if the external parametersT andBe or the disorder in
the sample are varied.

Extrapolation of the linear part of theT/Q curves to
T50 K gives the values of the characteristic pinning energy
Uc , which are shown as a function of oxygen content and
magnetic field in Fig. 14. BecauseUc and j c are determined
independently it is possible to mapUc as a function ofj c by
varying the oxygen concentration and the oxygen ordering of
the sample. Data obtained at the same magnetic field can be
used for checking Eq.~26!. This is displayed in Fig. 15 from
which one obtainsp50.51 atB50.6 T, p50.48 atB52.0

T. At B56.9 T one finds the valuep50.29. These values
imply that belowB52 T the system is certainly in the single
vortex regime where each vortex is pinned by the collective
action of random weak pinning centers since in this case
theory predicts p51/2 in contrast to p523/2 and
p521/2 for small and large~super!bundles, respectively. At
high fields the system is gradually switching from the single
vortex regime to the bundle regime andp decreases (p5
0.29 atBe56.9 T!.

From the data displayed in Fig. 15 one can obtain for the
prefactorC̃ in the power-law relationUc5C̃j c

1/2 the value
C̃5(5.560.8)310227 J m/A1/2. Combination of the relation
Uc' j cF0Lcj with the estimateLc'ej( j 0 / j c)

1/2 derived
previously leads directly toC̃'0.25F0

3/2j3/2/glm0
1/2. How-

ever, before applying this relation to experimental results it
is important to realize that it is not an exact relation as it is
derived from a dimensional estimate. This point is further
illustrated by calculating the prefactorC̃ in a different way.
This is done in the next section whereUc and j c are ex-
pressed in terms of the pinning parameterd. Elimination of
this parameter gives finallyC̃'0.65F0

3/2j3/2/glm0
1/2. This

result differs from the previously obtained expression forC̃
by a factor of 2.6.

Using the valuesl5 146 nm,j5 1.6 nm, andg5 5.6 for
fully oxydized YBa2Cu3Oxn

gives C̃51.6310227

J m/A1/2. Application of the second equation forC̃ gives
C̃54.3310227 J m/A1/2, which is in good agreement with
the experimentally observed value. However, the ratio
j3/2/gl is not independent of the oxygen content but de-
creases with a factor of 2.5 when the oxygen content is de-
creased from 7.0 to 6.55. A decreasingC̃ would lead to a
downward curvature in theUc( j c) diagram, which is not
observed here. Considering the uncertainty in the theoreti-
cally obtainedC̃ and the experimental values ofj andl, we
conclude that the agreement with the experimental value is
satisfactory.

FIG. 14. Oxygen content and field dependence of the character-
istic pinning energyUc determined by linear extrapolation toT5 0
K of the T/Q values shown in the previous figure.

FIG. 15. Power-law dependence ofUc on the critical current
density j c determined atB 5 0.6 T ~squares! and B 5 2.0 T
~circles!. The numbers indicate the oxygen concentration. The open
symbols represent data obtained on samples directly after the
quench from the annealing temperature to room temperature.
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B. The generalized inversion scheme

A more accurate way to determine the pinning regime and
the dimensionality of the system is by using the generalized
inversion scheme~GIS! developed by Schnacket al.16 This
is a method to calculate the true critical current density and
the activation energy from a set of induced current densities
( j s) and dynamic relaxation rates (Q) measured as a func-
tion of temperature at a fixed external field. It also gives
information about the exponentp, leading to a determination
of the pinning regime and dimensionality.

In contrast to the well-known inversion method of Maley
et al.52 the GIS takes the temperature dependence ofUc and
j c into account, without assuming an explicit analytic expres-
sion describing the temperature dependence ofUc and j c .
The starting point of the GIS is the assumption that the tem-
perature and current dependence of the activation energy can
be separated in the form

U~ j s ,T;Be!5g~T;Be!3 f ~J!, ~27!

where J5 j s / j c(T) in which j c is the true critical current
density for which the activation energy vanishes. During a
sweep of the applied magnetic field the activation energy is
given by16

U~ j ,T;Be!5CkT. ~28!

The parameterC can be estimated from the measured data,
since at low temperaturesg and j c are nearly temperature
independent, leading to

C5 lim
T→0

2
1

Q

dlnj s
dlnT

. ~29!

It is important to realize that this relation is only valid in the
regime of thermally activated flux motion. Direct application
of this relation to measured data would lead to an underesti-
mate ofC, becausedlnjs/dlnT5(T/js)(djs/dT) becomes zero
in the low-temperature limit, whileQ remains finite due to
quantum creep. As discussed in the previous section, for the
extrapolation ofQ down to low temperatures, we use the
linear temperature dependence ofT/Q which extrapolates to
a finite value atT50 K. The extrapolation ofj s is more
difficult. It might be tempting to use a linear extrapolation of
lnjs, since the data displayed in Fig. 8 suggest that lnjs de-
creases linearly with temperature. However, as discussed re-
cently by Wenet al.,51 it follows from collective pinning
theory that lnjs doesnot vary linearly with temperature. The
slope dlnjs/dT is nearly constant at intermediate tempera-
tures, but increases sharply below' 10 K. Unfortunately,
this behavior is fully masked by quantum creep. Therefore it
follows that extrapolation of the linear temperature depen-
dence of lnjs leads to an underestimation ofboth js and
dlnjs/dT and atT50 K and consequently by application of
Eq. ~29! on experimental data as outlined above, to an un-
derestimation ofC. In this workC has been determined by
using the fact that at low temperaturesj c(T) andg(T) are to
first order independent of the temperature.

A second relation betweenUc and j c is provided by the
power-law relation discussed in the previous section. The
functiong(T) can be associated withUc leading to

g~T!}Uc~T!}@ j c~T!#p3G~T!, ~30!

where the explicit temperature dependence of the activation
energy is given by the thermal functionG(T) and Be has
been dropped in order to simplify the notation since we con-
sider only data at a given fixed fieldBe . This function can be
derived from the temperature dependence of the prefactor in
the power-law relation betweenUc and j c . Therefore,
G(T) depends on the pinning regime~SV, SB, LB! and the
dimensionality of the vortices in the sample~see Ref. 51!.
Following the method outlined by Schnacket al.16 this leads
to

j c~T!

j s~0!
5expF E

0

TCQ~T!~12dlnG/dlnT!1~dlnj s /dlnT!

11pCQ~T!

dT

T G
~31!

and

g~T!5expF E
0

T

p
CQ~T!1~dlnj s /dlnT!1~1/p!~dlnG/dlnT!

11pCQ~T!

3
dT

T G . ~32!

Until now, p has been treated as a free parameter. How-
ever, from the dicussion in the previous section, leading to
the power-law relation which definesp, it follows that only
the valuesp 5 23/2, 21/2, 0, 1/2, and 1 are physically
meaningful. In the analysis of the experimental data we have
only used these values ofp. The results of the GIS put more
restrictions onp. This is obvious from an inspection of Fig.
16 where the calculated values forj c are shown together
with the measuredj s values. Thej c values are calculated for
p 5 23/2,21/2, 0, 1/2, and 1, respectively. In this example
Be50.6 T andxn57.0. A choice ofp<0 leads to j s. j c

FIG. 16. Temperature dependence of thetrue critical current
density j c obtained by means of the generalized inversion scheme
~GIS!, usingp 5 23/2,21/2, 0, 1/2, and 1, from data obtained for
the YBa2Cu3Oxn

film at Be50.6 T andxn 5 7.0. The closed sym-
bols represent the measured induced current densityj s . The solid
lines give the theoretical predictions based on a model of single
vortices pinned by spatial fluctuations of the charge carrier mean
free path in three and two dimensions.
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above a certain temperature. This would lead to the conclu-
sion that the sample is in the flux-flow regime. This is in
contradiction with the nearly linear dependence ofj s on
ln(dBe/dt) observed at all temperaturesT,Tirr . The corre-
sponding g(T) values are shown in Fig. 17. Choosing
p<0 leads to a rapid divergence of the functiong(T). This
is physically not acceptable since atT5Tc one expects
U(Tc)50 and thusg(Tc)50.

Our choice ofp is thus limited top51/2, corresponding
to 3D single vortex pinning andp5 1, corresponding to 2D
single vortex pinning. From Figs. 16 and 17 it is clear that in
both cases the temperature dependence ofj c(T) andUc(T)
is in good agreement with the theoretical predictions given
by the ~3D! and ~2D! lines. Therefore, in this case it is not
possible to determine the dimensionality of the vortex sys-
tem by means of the GIS only~although the slightly better
agreement forp51/2 suggets that the 3D single vortex re-
gime is more appropriate!. However, in the previous section
it has been shown thatUc varies asj c

p wherep5 0.51 at
Be5 0.6 T andp50.48 atBe5 2 T. Therefore, we conclude
that the system is in the single vortex regime and that vorti-
ces behave as 3D objects, despite their shortc-axis correla-
tion length.

C. Microscopic origin of pinning

In the framework of collective pinning theory, the pinning
potential is due to weak short-range disorder. In type-II su-
perconductors, this disorder arises from spatial fluctuations
of the critical temperature and/or the mean free path. These
two types of pinning are calleddTc pinning andd l pinning,
respectively. Blatteret al.20 use the expansion of the
Gor’kov equations nearTc in the clean limit to relate the
Ginzburg-Landau parametersa andm to microscopic quan-
tities. These are used to determine the dimensionless pinning
parametersda anddm for dTc andd l pinning, respectively.
This leads to a temperature dependence of the pinning pa-
rameter given byda}(12t)21/2 and dm}(12t)3/2 with

t5T/Tc . From the fact that the correlation length varies as
(12t)21/2 for temperatures close toTc we infer da}j and
dm}j23.

In the case of 3D single vortex pinning, Blatteret al.20

showed that all quantities characterizing the collectively
pinned vortex line can be expressed in terms of the disorder
parameterd as

Lc5jd21/3e4/3,

Uc5m0
21Bc

2j3d1/3e2/3, ~33!

j c5 j 0d
2/3e22/3,

wheree is the mass anisotropy ratio,Bc5F0/2A2plj and
j 054Bc /3A6m0l is the depairing current density. Note that
the definition of the disorder parameter used here is different
from the more widespread disorder parameterg defined by
g5 f pin

2 nij
2 where f pin is the force exerted on a single flux

line by a weak pinning center andni is the density of these
pinning centers. The last two expresssions of Eq.~33! can be
used to derive ad-independent power-law relation between
Uc and j c :

Uc5S Bc
2j3e

m0 j 0
1/2D j c1/2~T,Be!5G~T! j c

1/2. ~34!

The temperature dependence ofj c andUc is found as fol-
lows. As a first step, in the case of 3D single vortex pinning,
the thermal functionG(T) defined by Eq.~30! can be de-
rived from the temperature dependence of the prefactor in
the power-law relation betweenUc and j c in Eq. ~34!. Com-
parison of Eqs.~30! and ~34! leads straightforwardly to
G(T)}Bc

2j3 j 0
21/2. Together with Bc}(12t2), j

}@(11t2)/(12t2)#1/2, and l}(12t4)21/2 and using
G(0)51 one finds

GSV~ t !5~12t2!21/4~11t2!5/4. ~35!

This relation does not depend on the microscopic origin of
pinning. The derivation ofG(t) proceeds in a similar way in
the case of pinning of small and large superbundles~see Ref.
51!.

With Eq. ~33! it is possible to calculatej c(t)/ j c(0) once a
theoretical model ford has been chosen. In the case ofdTc
pinning one finds

j c~ t !

j c~0!
5~12t2!7/6~11t2!5/6 ~36!

and

g~ t !5~12t2!1/3~11t2!5/3. ~37!

In the case ofd l pinning one finds similarly

j c~ t !

j c~0!
5~12t2!5/2~11t2!21/2 ~38!

and

g~ t !5~12t4!. ~39!

In other cases, the evaluation of the temperature dependence
of j c andUc proceeds in a similar way.51 Until recently it

FIG. 17. Normalized temperature dependence of the activation
energy obtained from the same dataset as the previous figure. Again
the valuesp 5 23/2,21/2, 0, 1/2, and 1 have been used. The solid
and the dashed line give the theoretical prediction based on a model
of single vortices pinned by spatial fluctuations of the charge carrier
mean free path in three and two dimensions, respectively.
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was not clear which pinning mechanism (dTc pinning or
d l pinning! was the dominant one. The GIS is a very pow-
erful tool to obtainj c(t)/ j c(0) andg(t), because it does not
make any assumption about the type of pinning. The only
parameter which has to be specified is the exponentp. From
the discussion above it is clear that YBa2Cu3Oxn

is in the

3D single vortex state, corresponding top51/2, leaving no
other possibilities.

The GIS has been applied to the values ofj s(T) and
Q(T) measured at various nominal oxygen concentrations.
The parameterC in Eq. ~28! has been obtained from the
requirement that the temperature dependence ofj c andUc is
weak at low temperatures. The values ofC found in this
way, which are diplayed in Table III, are systematically
slightly higher than the values ofC obtained by application
of Eq. ~29!. The temperature dependence ofj c at Be5 0.6
and 2.0 T is shown in Figs. 18~a! and 18~b!, respectively.
The corresponding temperature dependence ofUc is shown
in Fig. 19~a! (Be5 0.6 T! and Fig. 19~b! (Be5 2.0 T!. Only
the results forxn> 6.6 atBe5 0.6 T andxn> 6.7 atBe5 2.0
T are shown.

The current dependence of the activation energy atT50
can be calculated from the temperature dependence of
j s / j c andg, shown in Figs. 18 and 19 in the following way.

The current densityj s(T) measured at a temperatureT cor-
responds to a current densityj s5 j c(0)3@ j s(T)/ j c(T)# at
T50 K. According to Eq. ~28! the activation energy
U@ j s(T),T# at a temperatureT is given byU( j )5CkT. The
corresponding activation energyU( j s,0) is then evaluated
from U@ j s(T),T#5g(T)3U( j s,0). Measurements ofj s and
U( j s ,T) at variousT are thus mapped onto a single curve,
where the points at low current density are deduced from
measurements at high temperature and vice versa. The
U( j ,T50) curves for xn56.6, 6.7, 6.85, and 7.0 at
Be50.6 T andxn56.7, 6.85, and 7.0 atBe52.0 T are shown
in Figs. 20~a! and 20~b!, respectively. The presentation in
double logarithmic coordinates clearly shows thatU( j ) can-
not be written asU} j2m̃ with a single valued, i.e., current
independent exponentm̃ which is different from the expo-
nentm defined by Eq.~23!. The solid lines are fits to Eq.~23!
which takes the conditionU( j c)50 into account. Forxn5
6.85 and 7.0 theU( j ) values obtained at high temperatures
whereT/Q decreases with increasing temperature~see Fig.
13! have been excluded from the fitting procedure. In con-
trast to van der Beeket al.53 who usesU} j2m̃ instead of Eq.
~23! we find thatU( j ) can be satisfactorily described by a
single, current independent value ofm. The values ofm,

FIG. 18. Critical current densityj c calculated with the GIS,
using p 5 1/2, from data obtained at the YBa2Cu3Oxn

film at
Be5 0.6 T andxn>6.6 ~a! andBe5 2.0 T andxn>6.7 ~b!. The
valuep5 0.5 corresponds to 3D single vortex pinning. The full line
corresponds to pinning due to spatial fluctuations in the charge car-
rier mean free path (d l pinning! and the dashed line to pinning due
to spatial variations in the critical temperature (dTc pinning!.

FIG. 19. Temperature dependence of the normalized activation
energy, calculated with the GIS, usingp5 1/2, from data obtained
for the YBa2Cu3Oxn

film at Be5 0.6 T andxn>6.6 ~a! andBe5

2.0 T andxn>6.7 ~b!. The full line corresponds tod l pinning and
the dashed line todTc pinning. Note that the theoretical functions
given by the solid and the dashed line are fully determined by the
value ofTc and do not contain fit parameters.
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displayed in Table III are in good agreement with the values
of m previously determined from the slopemC of T/Q ver-
susT.

From Figs. 18 and 19 it is clear thatj c(T)/ j c(0) and
g(T) are in remarkably good agreement with the theoretical
predictions based upond l pinning. The agreement between
the theoretical predictions Eqs.~38! and ~39! and the calcu-
lated values ofj c(T)/ j c(0) andg(T) gradually breaks down
at lower oxygen contents and higher magnetic fields. In these
casesUc(0) is lower than'60 K and the effect of thermal
fluctuations whenT approachesTirr is not negligible any
more. The predictions fordTc pinning are in total disagree-
ment with the observations. This result has also been ob-
tained on YBa2Cu3O7 and YBa2Cu4O8 films54 and re-
cently on a twin-free DyBa2Cu3O72d single crystal.55

The disorder parameterd can be evaluated from Eq.~33!
leading to d5g21( j c / j 0)

3/2 where j 0 is given by
j 05F0 /(3A3pm0l

2j). The variation ofd with oxygen
content is calculated from the values ofl, j, g, and j c given
in Table I This leads tod53.531023 for xn57.0 and to
d51.631025 for xn56.55. Furthermore it is found thatd
decreases monotonically with decreasing oxygen content.
This is somewhat surprising since disorder is expected to be
proportional to the number of defects.

VII. CONCLUSIONS

In this work the induced current densityj s and dynamic
relaxation rateQ of an YBa2Cu3Oxn

film with adjustable

oxygen content have been measured as a function of tem-
perature and magnetic field. The relaxation rate does not ex-
trapolate to zero atT5 0 K which is caused by quantum
creep of the vortices through the energy barriers separating
metastable vortex configurations. We observe that the quan-
tum creep rate and the normal-state resistivity increase as the
oxygen content is decreased. However, the quantum creep
rate is not proportional to the normal-state resistivity which
is predicted by collective pinning theory. This behavior can-
not be explained by taking the influence of the correlation
lengthLc into account, since this is only weakly dependent
on the oxygen content. The weak variation ofQ(0) with
rn(0) indicates that quantum creep occurs in a transition
regime between dissipative tunneling and Hall tunneling.
This implies that the average direction of vortex motion is
neither parallel nor perpendicular to the current. The process
of quantum creep shifts towards the dissipative limit for de-
creasing oxygen content. The weak increase ofQ(0) with
magnetic field indicates that quantum creep is certainly not
involving vortex bundles.

An independent determination ofj c and the characteristic
pinning energyUc shows that the system remains in the
single vortex limit at higher temperatures, where the vortices
move due to thermal activation over the energy barriers. This
is shown in more detail by calculating the true critical cur-
rent density and the thermal activation energy by means of
the generalized inversion scheme. This procedure diverges if
one assumes pinning of vortex~super!bundles. Forxn>6.6
at Be5 0.6 T and forxn>6.7 atBe5 2.0 T the calculated
temperature dependences of the true critical current density
and the activation energy are in good agreement with theo-
retical predictions, showing that in these cases the pinning is
due to fluctuations in the charge carrier mean free path. For
lower oxygen contents and higher magnetic fields the agree-
ment between the results of the inversion and the theoretical
predictions becomes less good. This is possibly explained by
the presence of thermal fluctuations, since in these cases the
activation energy is strongly reduced. We have observed that
the activation energy and the critical current density system-
atically decrease with decreasing oxygen content. This leads
to the conclusion that oxygen vacancies are not the main
source of pinning in YBa2Cu3Oxn

films.
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FIG. 20. Current dependence of the activation energy
U( j ,T50) for xn5 6.6, 6.7, 6.85, and 7.0 atBe50.6 T ~a! and for
xn5 6.7, 6.85, and 7.0 atBe52.0 T. The solid lines are fits to Eq.
~23!, whereas the dotted lines are a guide to the eye. Forxn56.85
and 7.0 theU( j ) values obtained from measurements at the highest
temperatures have been excluded from the fit.
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