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A high sensitivity capacitance torquemeter has been used for a comprehensive investigation of the induced
current densities and dynamic relaxation rates in a XBRO, film with nominal oxygen content varying
betweenx,=6.55 andx,=7.0. The dynamic relaxation rat® does not extrapolate to zero @t=0 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 @4 and the normal-state resistivip;,(0) at low
temperature. Althougl®(0) increases monotonically with,, it is found thatQ(0) is not proportional to
pn(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
YBa,Cuz;0; 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 eneltgy0) at T=0 is obtained by a linear extrapolationTe= 0
K of the T/Q versusT curves. The critical current density at T=0 is determined independently by a linear
extrapolation of the measuredjdrversusT curves. A power-law relatiotJ .(0)x[j.(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
Schnaclet al.[Phys. Rev. B48, 13 178(1993]. Forx,= 6.6 atB,= 0.6 T and forx,= 6.7 atB,= 2.0 T the
calculated temperature dependencejofand U, 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 fluctuationsS0163-18286)04925-9

[. INTRODUCTION L., which is called the correlation length, tunnel indepen-
dently. At high magnetic fields the tunneling object is a col-
Shortly after the discovery of the highs superconductors lectively pinned vortex bundle.
it was observetithat the relaxation rate of the magnetic mo-  On the basis of the prediction of Blattet all® for the
ment does not vanish as the temperature approdché€sK.  creep rate in the single vortex limit, one expects that quan-
This contradicts the linear temperature dependence predictédm creep will be favored in samples with a strong anisot-
by the Anderson-Kim modél.By using a nonlinear depen- ropy, high normal-state resistivity, and a short coherence
dence of the activation enerdy(j) on the current density length. The purpose of this work is to make a quantitative
j, Griessef showed that the relaxation rate approachedest of the dissipative tunneling thedty® by using samples
T=0 K asS~T¥" with n=3/2. However, this does not ex- with a relatively high normal-state resistivity & which can
plain the observation that the relaxation rate becomes almosinambiguously be extrapolated to low temperatures. For an
independent of temperature beldli~=1 K as observed in optimal comparison we chose a single film of
many highT, superconductors, such as YRau;O,,%® YBa,Cu3Oy with various oxygen content. The advantage
Bi,Sr,CaCu,0g and Bi,Sr,Ca,Cu3044 (Refs. 9-1], and  of working with one film is that only the effect of oxygen
Tl ,Ba,Ca; Cu,0g.*5* doping can be investigated since the addition and removing
The low-temperature saturation of the relaxation rate isf oxygen can be done fully reversibly leaving the micro-
indicative of quantum tunneling of vortices. Quantum creepstructure of the sample unchanged. As shall be shown below,
of vortices in highT. superconductors has been studiedthe experimental results cannot be understood within a
theoretically by Blatter and co-worket$® They calculated theory of purely dissipative tunneling. They can, however, be
the quantum creep rate in bulk superconductors by applyingell explained by a theory which incorporates both dissipa-
weak collective pinning theory. At low magnetic fields single tive and Hall drag terms.
vortices are individually pinned by the collective action of  Another purpose of this work is to investigate the relation
many weak pinning centers. Segments of a typical lengtlbetween critical current density, and pinning in samples
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with a variable concentration of weak pinning cent@rsy-  order unity, j. is the critical current for which the energy

gen vacancies The induced current densitigs and relax-  barrier between two vortex configurations vanishes, jans

ation ratesQ measured at sufficiently high temperature the superconducting current induced in the sample by sweep-

where the effects of quantum creep are negligible, are anang the external magnetic field at a certain sweep rate

lyzed by means of the generalized inversion sché®ikS) dB./dt. For js~j. and noting thatx,,, is of the order of

developed by Schnaddt all®in order to determine theue ¢, Eq. (1) becomes

critical current densityj, and the characteristic pinning en-

ergy U.. This method is based on the general assumption )

that the current dependence and the temperature dependence Qp= F @

of the activation energy can be separated. Furthermore, one

exploits the fact that a power law relatels, andj.. With  Together with the Bardeen-Stephen  expression

this method it is possible to calculate the temperature depeny=®,B.,L./p,(0) this leads to

dence ofj., which is in general clearly different from the

measured current density, andU., once the exponemtin e? p,(0)

the power-law relatiotJ [ j.]P is known. The GIS allows D= 24 L—c ©)

also to identify the pinning regimesingle vortex(SV), small

bundle pinning(SB), large bundle pinningLB)] and the  where®, is the flux quantuml_. is the length of the tunnel-

microscopic origin of the pinningdT pinning due to spatial ing flux segment, ang,(0) is the normal-state resistivity at

fluctuations inT or &l pinning due to spatial fluctuations in T=0 K. Note that this result is, except for a numerical factor

the mean free path of the charge carniers close to unity, identical to the result obtained from a collec-
This paper is organized as follows. The theory of quantuntive pinning theory of single vortices derived by Blatter and

creep of vortices, including dissipative tunneling and Hallco-workerst41520

tunneling, is briefly reviewed in Sec. Il. The sample prepa-

ration and oxygen loading procedure is described together e pnlic|*?

with the experimental technique used to measure the current Qp= 7 e_§<1_> . (4)

density sample and its relaxation rate in Sec. Ill. An over- 0

view of the experimental results is given in Sec. IV. TheThe relaxation rate does not depend on the orientation of the

relation between the low-temperature normal-state resistivitynagnetic field and is identical for in-plane and out-of-plane

and the quantum creep rate is discussed in Sec. V A, where@gotion, although the viscous drag coefficients and the elas-

the magnetic-field dependence of the quantum creep rate {fities of the vortex are different for these two types of mo-

discussed in Sec. VB. The pinning properties oftion. Thec-axis correlation length .= e&(jo/j.)Y? is inde-

YBa,CuzO,_are considered in Sec. VI. A power-law rela- pendent of angle and type of motion. Combining this result

tion between the characteristic pinning energy and the critiwith Eq. (4) reproduces Eq.3), which demonstrates that this

cal current density is found experimentally in Sec. VI A. Theformula remains valid in the anisotropic case.

generalized inversion scheme is introduced and applied to

measured data in Sec. VI B. The microscopic origin of pin- B. Hall tunneling
ning is discussed in Sec. VI C. The conclusions are given in - 21 .
Sec. VII. Recently, Feigel'maet al=~ proposed that high- 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-
A. Dissipative quantum tunneling tion describing the vortex motion. Instead of this, they esti-

mate the electron mean free pdtlfrom a linear extrapola-

jon of p,(T=T,) data which gives a low-temperature

Il. THEORY OF QUANTUM CREEP

At low temperatures the flux dynamics in high-super-
conductors is governed by quantum creep of vortices through . . ¢ . . .
the pinning barriers. In contrast to thermally activated quxreS'St'V'% ptn(h('))l; 10 €2 cmd Ie?dlng t.OIh? b70' mt?{ This
motion, this process is not only governed by the height of thdneans that nigr-. superconductors mig € In the super-

pinning barrier but also by the time spent by the vortex Seg_clean limit, satisfying the conditiont>¢(er/A) in which

ment under the barrier during the tunneling procé®8ue to  €F is the Fermi energy andl is the energy gap. In this case,

the coupling between the vortex and its environment, quant-he flux mg"z%n has to be described by the following equation

tum creep is a dissipative process. The influence of the disQf motion:
sipation on the tunneling probability of a particle through a R - . ..
barrier has been evaluated by Caldeira and Letfg&he nv,+ v, XZ=PoljsXZ+Fpin, )
dissipative quantum creep relaxation rafl, can then

readily be evaluatéfi to be wheren anda are the viscous and the Hall drag coefficients,

JU is the vortex velocity F,, is the pinning force, and a
hooe unit vector parallel to the vortex. Feigel'ma al?! use the
T @ analogy between vortex motion in a superconductor and non-
dissipative flow in helium-Il to derive the following expres-
where X, is the distance separating the metastable posision for the Hall drag coefficient:
tions of the vortex segment before and after tunnelings
the viscous drag coefficiensy is a numerical parameter of a=mhngl., (6)

Q =A P
b ﬂxﬁopls
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whereng is the density of superconducting electréAsi-

12
nally, they calculate that the saddle-point solution of the Eu- A B
clidean actionSt is given by I ~ 100f
< W
S‘Eﬁ aV @) - 8r _cl"’
—~—V,, &
oo d g = 10¢
whereV, is the correlated volume of the vortex line segment o @
or flux bundle. For a vortex line segment, this volume is € 4r <
approximated by .~ ¢2L .. This leads finally to the follow- £ £
ing expression for the dynamic Hall relaxation rate: o c ¢
Q Ni% L (8) 0 012345 0.01 01 1 10
Ho a2 angé?L, 0g T og T

Note that, in contrast to dissipative quantum creep, the Hall FIG. 1. Dependence of the quantum creep relaxation rate
creep rate doenot depend on the low-temperature normal- Q(0) [in l.mitS of (mnL.&2) 1] on wgr according to Eq.(17)
state resistivity,(0). Measurements of the low-temperature o ived from Stephen'ss tcreatmemef. 54) of vortex tunneling.
relaxation rateQ(0) at various values of the oxygen concen-

trationx, can be used to determine the character of quantum

2
creep, sincep,,(0) increases markedly with decreasixg a(wgT)= whnchlia();T))z (14
wRT
C. Interpolation between dissipative and Hall tunneling and
The approaches to the problem of quantum creep of vor- (wg7)
tices in highT, superconductors given in the previous sec- n(wBr):wﬁnSLclﬁB, (15
tion are limited to the dissipative limit and the superclean +(wg7)

(Hall) limit. A more general approach has recently beenwhere the transport relaxation time is given by
given by Stephett for a parabolic potential of rangg, 7= m/n.e?p,(0). Theenergy separatioh wg between low-

given by lying levels in the vortex core is approximately given by
hwg~heB,/m=#2%/2mé? whereB,, is the upper critical
U(x)=1kL X2, |x|<x field. The quantum relaxation ra® is inversely propor-
C 1 =AcH . . . .
2 tional to the Euclidean action, as outlined above. Together
(99  with Eq. (10) this leads toQ~2(u2)/u2~2(u2)/£2, where
Ulx)— we have used that the range of the pinning potential is ap-
(X)==, |x|>xc. proximately equal tc.
The Euclidean actioSg of the tunneling process is approxi- At sufficiently low temperatures, where the condition
mate|y related to the mean-square quantum f|UCtu€(IIL®I k_BT<th IS Sat|Sf|ed, we find from qul) after Integra-
of the vortex position b tion over the frequency
X2 h 1
SE*ﬁm- (10) Q= ST ngL €2
2 2
For this model the mean-square fluctuatiog) is given by* 1 (Qe—1)H(wp7)"+1
2TwgT (wpT)?+1
h o wcoth Bhw/2 X ,
O e W 1 1
2mkL:Jo (wg—w)“+y +7—Tarctar{(Qc—1)(wBr)}+ ;arctamwBT)
whereg=1/kT and @¢ is a cutoff frequency probably related (16)
to the superconducting gap energy. The paramebgrand ) _
y are given by where Q.= w./wg. The expressions for the viscous drag
coefficient and the Hall coefficient given above have been
akL, used in the derivation of this result. The logarithmic term is
Wo= 21 e (12) only weakly dependent oagr and will be approximated by
a constant, leading to
and
Q(T=0 )—zl 1+1+1 tar wg7)
kL =0,wp7)~ —+ -+ —arctafwg7) |.
y= %, (13) B TNLE | wgT 2 7 B
a“tn a7

wherea and % are the Hall drag and the viscous drag coef-The functionf(wg7) between square brackets in E@7) is
ficients, respectively. As discussed by Kopnin and Saldthaa plotted in Figs. 1a) and ib). From these figures it follows
and Blatteret al,?° & and 7 depend onwgT as that f(wg7) has the interesting property to be essentially
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constant and equal to 1 fasg7>1. In the dissipative limit
wgT<1 we recover Eq(3), whereas in the pure Hall limit
w1, EQ.(17) reduces to Eq(8). 6

Ill. EXPERIMENTAL METHODS
A. Sample preparation
The YB&,Cu30,_ (YBCO) film is prepared usingn 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%n@xture 2 |
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 MgQ100) substrate, with a chan-

P (1s2m)
N

neling minimum vyield smaller than 7%. The layers are 020 40 60 ' 30 ‘ 100

purely c-axis oriented and have narrow rocking curyasl

width at half height(005) <0.3°. Thisin situ prepared film T (K)

has aT.,(R=0) = 89 K and a transition width of 1 K. The

critical current densityl, at an applied fieldd = 0.5 T is FIG. 2. Resistivity measurements for several oxygen contents of

2x 10" A/m?at4.2 K and 4<10° A/m? at 77 K determined  the 450 nm YBaCuzO,_film used in the torque experiments. At

with torque magnetometry. The thickness of the film is 450high oxygen content the extrapolationTe-0 K of the resistivity is

nm which is inferred from the sputtering time and the growthclose to zero, whereas a clear and unambiguous nonzero value is

rate. More details about the preparation and characterizatiopbtained at low oxygen content. The large width of the transition

have been published elsewhéfe. for x,=6.55 is due to inhomogeneities in the oxygen concentration
The oxygen content of the film is adjusted to the desirediue to the large thickness of the sample.

value by using the oxygen pressure-temperatll?gz(—T)

phase diagrarff, In order to reduce the oxygen content in a indicates an inhomogeneous oxygen distribution in the film.

controlled way, the sample is inside a stoichiometric YBCOTNiS i probably due to the rather large thickness, 450 nm, of

ceramic box. Starting in an oxygen atmosphere of 10 Torfh€ film used in this work. o

(1.33 kPa at an annealing temperatuig,{X,), [Tani(X:) The critical terr.1perr:1ture'>|'C at 5% of the t_ranslltlon is

varying between 435 °C fax, = 6.9 and 545 °C fox,, = shown as a function of the oxygen content in Fig. 3. For

n . n

6.65) the film is slowly cooled down(2—3 °C/min, while comparison the plot also cqntains data on two other
the O, pressure is decreased in order to follow the corre-YBa2CUsOx films prc_)duced. with the same mthod. These
sponding oxygen content line in theP&Z—T) phase TC values were qbtalned with a superconducting quantum
diagran?® Finally, the film is quenched to room temperature INterference device(SQUID) magnetometer and an ac
in P(O,)~ 75 mTorr(10 P4 and from a quench temperature _susceptometezr"’. The 'I'_C values obtained from the films are
T4(Xy) Varying betweeiT, = 360 °C forx, = 6.9 andT, = - in good agreement with the data from bulk samples. In con-
444 °C forx,, = 6.65. Before each oxygen content changing

procedure, the film is fully oxydized by annealing it during 100
15-30 min afT=500 °C andP(O,) = 750 Torr(100 kPa. I ® SQUID magnetometer P— M
After four oxygen treatments th&, of the fully oxydized 80| = AC susceptometer s
film has decreased with approximately 1 K, which indicates ¢ DC resistance
that the oxygen depletion process is very reproducible. Fur- | e
thermore, this small decrease ®f demonstrates that the 60 e
quality of the sample is only weakly influenced by the oxy- & : :° .
gen treatments. e 40t o "
B. Oxygen content and the normal-state resistivity 20F ’ .

Figure 2 shows the resistivity versus temperature for the r
YBa,CuzOy film with different nominal oxygen contents 0 . ! s : s !
Xn, as used in the torque measurements described below. 6.4 6.6 6.8 7.0
The resistivity of the film is measured with a standard dc Nominal oxygen content x,

four-probe technique using wire bonding contacts. After

each resistance measurement the contacts are removed fromrIG. 3. Oxygen content dependence of the critical temperature
the sample. The film has a sharp transition when it is fullyT, of YBa,Cu30, films. The plot contains data obtained by means
loaded with oxygen, whereas the transitions become broadef a SQUID magnetometeiRef. 29, ac susceptometéRef. 29,

as the oxygen content is lowered. The transition is unusuallynd the resistively determinefl, values of the film used in this
broad if the oxygen content is lowered xq=6.55, which  work.
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600 pn(0)=37,Q cm for fully oxydized YBaCu3;0O-, obtained
I ® (T A by Joneset al. For the presentation of experimental results
5001 ® A (0) (Extrapolation) we shall use,(0)=41u) cm in the remaining part of this
- paper.
400 4
E 300 | ) C. Torque magnetometry
GE * . The capacitance torquemeter used in this work is similar
o< 200 i A . to that used in Ref. 32 and consists of two parallel capacitor
100 b ‘ . plates, connected by phosphorus bronze springs. The base
| N S plate is attached firmly to a revolving sampleholder, while
0 P S R LA the detection plate which carries the sample moves freely. A
65 66 67 68 69 70 torque exerted on this detection plate rotates it over a small
Nominal oxygen content x, angle 86 towards a new equilibrium position. This angular
0.03 deplacement and the corresponding change in capacitance
o Jones etal. B2 B are proportional to the torque, because the springs obey
®  This work 3 Hooke’s law. The torque magnetometer is calibrated by
o002l means of a small coil through which a known current is
T passed.
8 For the conversion of magnetic moment into induced cur-
f rent density it is assumed that a homogeneous current distri-
S 0.01F bution is set up in the sample. This seemingly crude assump-
'rvc tion is justified by magneto-optical experiments of
a Koblischkaet al®® and Schusteet al3* and more recently
0.00 .;-'E‘" . by Koblischkaet al*® Furthermore its validity has also been

o8 70 shown by numerical calculations of Schnaekal® and
Brandt®’ 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 moment:8

1
6.4 6.6
Nominal oxygen content x,

FIG. 4. (a) Oxygen content dependence of the normal-state re
sistivity p,(0) at zero temperature, obtained by extrapolation from
pn(T) measured aT>T.. The normal-state resistivities &t=T,
are shown for comparisorfb) 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 Jenhaek
(Ref. 31 is a guide to the eye.

1
M=a%d(b-ald)js, b=a, (18)

wherea andb are the lengths of the sides of the sampllés

trast to the observation of Osquiguit al?’ the films show the thickness of the sample along theaxis, andj, is the
two distinct plateaus in thd, versusx, curves. TheT,  current density flowing through the entire sample. In the
values of Fig. 3 are in good agreement with values obtainederivation of this equation it has been assumed that the cur-
by Ossandoret al*° who performed an absolute determina- rent flows in theab plane. This is justified by the geometry
tion of the oxygen content by using a thermogravimetric of the sampled<a,b and also becausjé‘b>jg.
analysis system. The experiments were performed in the bofeao7 T

In order to compare the observed quantum creep rate®xford Instruments superconducting NbTi magnet mounted
with the theoretical predictions given in the previous sectionjn a low-loss helium cryostat. Temperature control and sta-
it is necessary to determine the normal-state resistivityilization within 0.1 K is realized by simultaneously regulat-
pn(0) at low temperatures. A linear extrapolationTtes0 K ing the flow of liquid helium through the heat exchanger and
of the measured resistivity leads to a valpg(0)~10 the voltage supplied to a heater coil. In contrast to a conven-
nQ cm for the fully oxydized film. However, it is far from tional flow cryostat the liquid helium necessary for the tem-
certain that this linear extrapolation is valid. Fortunately, thisperature regulation is taken from an internal reservoir which
problem disappears when the nominal oxygen content its also used for cooling the magnet.

lowered. The extrapolation of the,(T) curves toT=0 K In this work the dynamic relaxation rate
becomes less ambiguous, becailigas lowered,p,(T.) is
increased, and the curves develop a clear upward curvature. Q=dInjs/dIn(dB./dt) (19

Resistivity values af =0 K obtained from extrapolations are

shown in Fig. 4a) together with the resistivity,(T;) at is determined from measurements jaf at various sweep
T=T,. The inverse ofp,(0), which is proportional to the ratesdB,/dt of the magnetic field. As shown by Jirsaal>°
electron scattering time is shown as a function of the oxy- and Pt et al*° the dynamic relaxation rat® is closely
gen content in Fig. 4b, together with results obtained byrelated to the conventional relaxation ré&e= —dInM/dInt
Jones et al®! The observed linear variation of our where M is the magnetic moment of the sample. This ob-
[pn(0)]"! data suggests thatp,(0)=41u€ cm for  servation is supported by numerical calculations by Schnack
X,=7.0. Note that this value is in good agreement withet al>®
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FIG. 5. Minor torque hystersis loops measured atl5 K and 0.05 I
Be=2.0 T on YBaCu30, with x,=6.85. The magnetic-field
sweep rates used here @B, /dt= 40 (outer curve, 20, 10, 5, 2.5, 0.00
1.25, and 0.Ginner curve mT/s, respectively. The torque and thus L
the induced current densify increases linearly with B, /dt). 0.15
Minor hysteresis loopgsMHL) have been made around 0.10
central field valueB,=0.6 T, B,=2.0 T, andB,=6.9 T, o h
respectively. The width of the loops has been chosen large 0.05
enough to fully penetrate the sample to make sure thatitis in
the critical state at the field where the width of the hysteresis 0.00 P R T T
loop is measured. MHL'’s have been recorded at sweep rates 0 20 40 60 80
dB./dt = 0.6, 1.25, 2.5, 5, 10, 20, and 40 mT/s. T K]
IV. EXPERIMENTAL RESULTS FIG. 6. Temperature dependence of the dynamic relaxation rate

. S ] Q measured aB.=0.6 T (a), 2.0 T (b), and 6.9 T(c). Each graph
An example of MHL's is shown in Fig. . During these contains the data for the various oxygen contegtsised in this
measurements the temperature was stabilized at 15 K. Thgork. The data forx,=6.55 (filled diamond and x,,=6.6 (open

oxygen content of the YBg;Cug,OXn sample was 6.85 in this triangle overlap.

case. Apart from the steep slopes at the edges of the MHL's,
the torque and also the magnetic moment and the averag@serves that the quantum creep rate increases with increas-
induced current density are only weakly dependent on théng field.

field. This indicates that the sample has reached the critical Furthermore, the width of the hysteresis loops is used to
state during the MHL’s. We checked that a large hysteresigbtainjs. Values ofj obtained aB,=0.6, 2, and 6.9 T, are
loop fromB.=0 T toB,=7 T and back gives the same value shown in Figs. &), 8(b), and &c), respectively. For alk,

for the hysteresis at the same field and sweep rate as used in

the MHL. The hysteresis loops tend to merge with a common g 1¢

curve directly after the reversal of the field sweep direction.

The magnetic moment thus becomes independent ong . « 06T

dB./dt, indicating that the sample is evolving from one O 0.08 : . 2'0T

critical state into the other one. % ; '
From Fig. 5 it is clear that the torque hysteresis and thus S 0.06 % 4 69T

the average induced current dengitys reduced by the same @ I

amount whenever the sweep rate is lowered by a factor of 2.G 0.04 - e

This shows thaj varies linearly with IndB,/df) and that the g ' e

relaxation rateQ is only weakly dependent on the sweep £

rate. We have determine@ as a function of temperature and S 0.02F

external field for samples with nominal oxygen contents ©

X,=6.55, x,=6.6, x,=6.7, Xx,=6.85, andx,,=7.0, respec- 0.00 P T S T S

tively. 6.5 6.6 6.7 6.8 6.9 7.0
The dynamic relaxation rate is displayed in Fig$a)6 Nominal oxygen content x_

6(b), and Gc) for B,=0.6, 2, and 6.9 T, respectively, and all

oxygen contents mentioned above. It is clear that the relax- G, 7. Quantum creep ra®(0) of a 450 nm YBaCusO, _film

ation rate does not extrapolate to zerd at0 K, but remains 35 a function of the nominal oxygen contegt and the anpplied
finite. The nonzero extrapolatioQ(0), which is attributed  magnetic field. The quantum creep rate has been obtained by an
to quantum creep, increases with decreasing oxygen contergxtrapolation in Fig. 6 of the measured temperature dependence of
This is shown in more detail in Fig. 7 from which one also the relaxation rat€(T) to T=0 K.
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1012 1012 E
11 A b
10 = B,=06T
10'°
< 10° \ Ns\E 10"}
Z 108 - =< F
g =7.0 [
107 € |
10° ' £ 10"
10" B i F
10
‘\E 10
£ q0° 109 ! ! ! | )
= . \ 65 66 67 68 69 70
— - )
107 =70 Nominal oxygen content x,
10° . FIG. 9. Oxygen content dependence of the critical current den-
1010 C sity js(0) atT=0 K andB,=0.6 T and 2.0 T. Thgs(0) values are
0 determined by a linear extrapolation 16=0 K of the observed
— 10 linear temperature dependence off().
E 108
< . the oxygen content, sind®xL_*. Published values fok,
- 10 £,%9423nd y* indeed show a strong dependence on the oxy-
108 gen content. For clarity, the values af &, and y as a
10° L function of the oxygen content are shown in Figs(all
80 11(b), and 11c), respectively. However, the ratin/£Y?,

which is inversely proportional th., is only very weakly
dependent ox,, as can be seen in Fig. @. Although the
FIG. 8. Temperature dependence of the induced current densityalues found by Ossandat al*® are somewhat higher than
js, measured at a sweep ratiB,/dt=40 mT/s. The applied the values from Gragt al.*? the ratios\/£Y? are in good
magnetic-field iB,= 0.6 T(a), 2.0 T(b), and 6.9 T(c). Each graph agreement with each other. Therefore we take
contains the data for the various oxygen contegtsised in this  \/£Y?=1.2x10? nm*?, independent of the oxygen content.
work. The independence af/ €2 on x,, is confirmed by measure-
ments ofA and ¢ by Daumling** Their data are more scat-
the current density decreases approximately exponentiallfered, but there is no significant changexé¢™? if x, ranges
with temperature, except at low temperatur€s(l0 K) and  from 6.5 to 7.0.
at high temperatures close to the irreversibility line. The de- The increase of the anisotropy paramegewith decreas-
viation at high temperatures is caused by thermal depinnining X, is almost completely compensated by the decrease of
whereas the saturation at low temperatures is due to quantum

TIK]

creep?! Extrapolation of the linear part of thejlversusT 0.10

curve leads tg4(0) which is the current density that would &

be observed in the absence of quantum creep. There is 1y 0.08 L

thermally activated flux motion aT=0 K and therefore @

js(0) is equal to the critical current density defined by the &

condition that the activation energy=U(j,T,B,) for ther- § 0.06|

mal hopping of vortices vanishes foljs=j., i.e.,, g

U(j¢,T,Be)=0. The values foij4(0) are shown in Fig. 9as g 0.04}

a function of the oxygen content f&.,=0.6 and 2.0 T. g
S 0.02+ 6.7
o "85

V. QUANTUM CREEP IN YBa ZCu3Oxn 7.0
A. Quantum creep and the role of the normal-state resistivity 0'000 160 2(')0 360 4(')0 500

Since Eqs(3) and(4) predict thatQ(0) is proportional to
the normal-state resistivity,(0) at low temperatures, we
have plotted in Fig. 1@)(0) versus the normal-state resis-
tivity values shown in Fig. @) with p,(0)=41x0Q cm for
X,= 7.0 as discussed above. We observe @l) increases

Normal state resistivity p,(0) [ucm]

FIG. 10. Quantum creep rat@(0) of a 450 nm YBaCuzOy
film displayed as a function of the low-temperature normal-state
resistivity p,(0) atB,=0.6 T, 2.0 T, and 6.9 T. The corresponding

approximately linearly wittp,,(0), butwith a finite intercept
at low resistivities. At first sight one could try to explain this
by claiming that thec-axis correlation length. . depends on

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 taQ(0)= 0 atp,= 0 () cm.
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600 10 TABLE 1. Coherence length, penetration depth, anisotropy,
* Daumiing etal. . « Daumingetal o critical current density extrapolated =0 K, and correlation

A " * Ossandon et al. «  Ossandon et al.

+ Grayetal. 8t + Grayotal length as a function of the oxygen content.

400}  .,
Xn E(mm) X (nm) y jc (AIm?) L (nm)

& [nm]

A [nm]

200l eo. Y, o ) 7.0 1.60 146 56  2.16 10 2.6
B 2l e 6.85 1.93 160 9.3  9.5% 10 2.3
- o 6.7 2.43 180 15.6  4.4& 10 2.0

64 66 68 70 6.4 66 68 70 6.6 2.80 193 221  3.8% 10%° 1.5
Oxygen content Oxygen content 6.55 3.06 202 26.6 4.4% 109 3.6

. * Daumling et al. D
30 c: - 400 | * Ossandon et al.

essrere - Gryetal on the oxygen content. The values for obtained from Eq.
& 300 | (20) and the experimental data described above are given in
& T e Table I.
2 I From Egs.(3) and(4) and the weak variation df . with
100 | St T oxygen content follows that the quantum creep rate should
) be proportional to the normal-state resistivity in the purely
2 es &8 70 62 o6 68 70 dissipative limit. From Fig. 10 it can be seen that the quan-
Oxygen content Oxygen content tum creep rate increases approximately linearly with the nor-
mal resistivity. However, the quantum creep rate is not pro-
1000 E & ampara s portional to the normal-state resistivity,(0), since there is

e a finite intercept at low resistivitieg.his leads to the impor-
sof L tant conclusion that the vortex system in oxygen-deficient

o YBa,Cuz0, cannot be in a purely dissipative limit since a

Y finite intercept is in contradiction with Eq. (3)

An estimate ofwg7 and thus a determination of the nature
aor - of the vortex motion can be obtained from a comparison of
64 66 68 70 the measured quantum creep ra@€) with the Stephen

Oxygen content interpolation formula in Eq(17). Fromngx\ 2 follows that
the prefactor on the right-hand side of E{.7) varies as
FIG. 11. Oxygen content dependence of the penetration deptl;}2:)\2/§2_ Together with the measured quantum creep rates
\ (a), the coherence length (b), and the anisotropy parameter Q(0)=0.02 atx,=7.0 andQ(0)=0.063 atx,=6.55 and
yz.(M{,T)llzz)‘c/)‘ab (0). The oxygen content dependence of the g "5 T jt follows that the functionf between the square
ratio £\ (d) and the Ginzburg-Landau parameter )\_/5 (_e) . brackets in Eq(17) increases by a factor of 6 upon oxygen
have been calculated from these data. The dotted lines in this figure
; removal. The change abgr upon oxygen removal can be
are a guide to the eye. evaluated from the variation g5,(0) and « with ox
n ygen
content. This leads to the observation thgfr increases by
a factor of 19 when the oxygen content decreases from
Xn,=7.0 to x,=6.55. The values ofwg7(X,=6.55) and
wg7(X,=7.0) can be found by simultaneously solving

20

Anisotropy ¥

k=A/E
.

the current density(0)=j.. Furthermore, the variation of
VInk is approximately 5% and thus not of major importance.
For the evaluation of ., we use that_. is given by®

o 62 § 1/2
4—;2_]_'”'() ~eé(jolj)? (20) f(0p7(X,=6.59)/f(wgm(x,=7.0))=86,
AT Mo )

C

(21)
wherejo,=®/3\3mu\%¢ is the depairing current density. wgT(Xy=7.0)=19X wg7(X,=6.59.

However, this equation is only valid in the single vorteX This  leads to wgr(X,=6.55)=0.14+0.01 and
regime. An extensive proof that YB&uU3O, is in the ¢ 7(x,=7.0)=2.6=0.2. Repeating this procedure Bt=
single vortex regime, for all oxygen contents used, even af.6 T andB.= 6.9 T leads within experimental error to the
B.=7 T is given below. Because the critical current densitysame estimates favg7(x,=6.55) andwgr(x,=7.0).

is at most weakly field dependent in the single vortex regime, An upper estimate fokwg7(x,=6.55) follows from the

we have used the current densif) obtained aB.=0.6 T,  observation that the functioh between square brackets in
which is the lowest field value used in the experiment, toEq. (17) increases with a factor of 6 upon oxygen removal.
evaluatelL .. Furthermore, the use of field-dependent valuedJsing the fact thaff (wg7)>1 for all values ofwg7, one

of j.(0) for the evaluation of . would lead to an increase of sees from Fig. 1 that in the extreme case where
L. with increasing field. Together with the fact that accord- wg7(X,=7.0) would be infinite, themg7(x,=6.55) would

ing to Eg. (3) the quantum creep rate is proportional to need to be 0.18 in order to have a factor of 6 between the
(Lo) "t in the single vortex regime, this would predict that values of the functionf. This leads to the condition
Q(0) decreases with increasing field. This is in contradictionwg7(x,=6.55)<0.18.

with the measured data displayed in Fig. 10. This leads fi- This analysis can be performed in a more accurate way by
nally to a correlation length which is only weakly dependentfitting the measured quantum creep rates to the interpolation
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0.06 down tox,= 6.55. In the single vortex limit, the quantum
: A creep rate as well as the critical current density should not
I depend on the average distance between the vortices, since in
0.04 - this case they move independently. However, it is still pos-
= ] . sible that the correlation length of the tunneling vortex seg-
S s ment is field dependent due to a field-dependent anisotropy.
0.02 - o) . " In the Ginzburg-Landau theory the anisotropy is indepen-
dent of field and temperature. This is in contrast with the
0.00 ' L s L behavior of a stack of Josephson coupled superconducting
L B layers for which Daemest al*® have demonstrated that the
0.06 |-* anisotropy increases as the magnetic field increases due to
I the field dependence of theaxis penetration depth.. An
S 0.04 - increase of the anisotropy leads to a shorter correlation
o] - length and consequently to a larger quantum creep rate,
0.02 L o . . which has been observed on bulk and powdered
I © © Bi,»Sr,Ca,Cus0,, compound samples by Moehlecke and
0.00 ! ! . ! Kopelevich® Therefore, the observed increase of the quan-
LA C tum creep rate with increasing field does not necessarily con-
0.08 4 tradict single vortex pinning in three dimensions.
0.06 i In the case of tunneling of two-dimension@D) vortex
s | pancakes the correlation length is equal to the distance be-
3 0.04F A 4 tween the CuO planes which is, of course, inherently field
- A N independent. This leads to a field-independent quantum
0.02 - A creep rate which has been observed in the highly anisotropic
0.00 ! ! . ! materials BpSr,CaCu,0Og (Refs. 10 and 11 and
0.0 0.5 1.0 1.5 2.0 Tl ,Ba,Ca;Cu,04.1213
0g T At high magnetic fields where the vortices for(supey

bundles the quantum creep rate decreases with increasing

FIG. 12. Comparison between measured quantum creep ratd@ld. This is caused by a growth of the flux bundle and

Q(0) and the values a(0) obtained from a fit of the experimen- therefore an increased activation energy and Euclidean ac-
tal data with Eq(17) for B,=0.6 T(a), 2.0 T(b), and 6.9 T(c). The  tion as the field increases. For small bundles the quantum
full symbols correspond to measur€{0) values, while the open Creep rate depends on the magnetic field @g0)
symbols correspond to calculated values. MB;llzexp(— Bg’z) whereas for large bund®s® Q(0)

«B, ¥, This rather strong decrease @{0) with increas-
formula, Eq.(17). The values ofwgr determined from the ing field is in contrast with the results shown in Fig. 10. This
expressions fotg and = given above, which lead to means that the increase of the quantum creep rate cannot be

5 explained by pinning of fluxsupejbundles, neither in the

=, (22) local limit (small bundleg nor in the nonlocal limit(large

2e°ns&°pn(0) bundles. This indicates that in the field regime investigated
are multiplied by a fixed number, which is treated as a fitting!" this work quantum creep occurs in the single vortex limit.
parameter. F_urthermore, the crossover.fleﬂ}j_;tJ §eparat|ng single vortex

The results of this fitting procedure are shown in Fig. 12.P'NNING and_slmall bundle pinning is Sze_termlned by the con-
The closed symbols represent the measured quantum credfion Le=7""ao whereag=(®o/Bg) ™ is the average dis-
rates, whereas the open symbols represent the fitted values@ce between the vortices. Together with=2.5 nm and
is important to note that the fitted values of the creep rate d@= -6 forx,=7.0 this givesBy,~11 T, confirming that for
not  simply  fall on a single  function YBaxCusO; quantum creep takes place in the single vortex
f(wgT) = L(wg7) + 1/2+ L/marctanfgr), due to the vari- limit. However, due to the increase of the anisotropy with
ance ofn&2 with the oxygen content. The values of,r  decreasing oxygen conteiiy, shifts to lower values and for
found by this fitting procedure are consistent with the estiXn=6-55, =26 leads tBg,~0.5 T. This would imply that
mates mentioned above. In summary, we find that oxygenfor YBa;CuzO, with reduced oxygen content, the tunnel-
deficient YBa,Cu3O, with x,= 6.55 is close to the dissi- ing object is not a single vortex segment but a vortex bundle.
pative limit, Whereasnfully oxygenated YB&u505 is in the This is _no'F consis-tent. with the observed weak increase of
intermediate regime between Hall and viscous vortex moQ(0) with increasing field.
tion. This conclusion is further supported by the fact that
guantum creep in YBgCu3;0,/PrBa,Cu;0, multilayer sys-
tems also occurs in this intermediate regitne.

wpT

VI. PINNING PROPERTIES OF YBa ,Cu3Oy_

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

From Fig. 10 it is obvious that the quantum creep ratedependence of the activation energy. This approach, which is
increases slightly with increasing field for oxygen contentscertainly not adequate for the entire temperature range, can

B. Magnetic-field dependence of the quantum creep rate
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TABLE II. Theoretical exponentg andp as a function of the

- . . ) : 1500
pinning regime and dimensionality.
Pinning regime ) )% p p 1000
Dimensionality 3 2 3 2 g'
Single vortex 1/7 1/2 1 F 500
Small bundles 3/2 8/9 -3/2 -1/2
Large bundles 719 1/2 -1/2 0 0
be used to determine values of the characteristic activation 1000
energyU. at low temperature. In a second approach we use 3
the generalized inversion scheme of Schn@s) et al1® to o
determine the temperature dependencéJgfand thetrue ~ 500
critical current density ...
0
A. Current-dependent activation energy
For intermediate temperatures the flux motion in the 400
YBa\2Cu3OXn film is well described in terms of thermally 2 x, = 6.85
activated vortex hopping. The central parameter in this o
theory is the activation energy(j,T,B.) the flux line or E 200
flux bundle has to overcome in order to move from a given
configuration to an adjacent metastable pinning configura- 0 L
tion. The influence of the current densjtyon the activation 60 80

energy has been investigated theoretically by Feigel’'man TIK]

Uc

u@j)=— (23
M

et al*' for the case of vortice®r vortex bundlespinned by
the collective action of rando_mly distributed Weak pinning FIG. 13. Temperature dependence BfQ in an oxygen-
centers. They folloyved a scaling ap_proach to obtain the sizgicient YBaCus0, film measured aB,= 0.6 T (a), 2.0 T (b),
O.f the t“'f‘”e"”g OpJeCt' Together with the frge-e'ner'giy func'and 6.9 T(c) at varionus values of the nominal oxygen content
tional, this leads finally to a power-law relatidh(j)oj ™ #.
SinceU(j) should vanish foj =j it is now general practice wherek is Boltzmann’s constant. In Fig. TR Q is displayed
to use the following interpolation relation: as a function of temperature for all oxygen contents consid-
ered in this work aB,=0.6, 2.0, and 6.9 T. The deviations
ic>“ 1 at low and high temperatures are due to quantum creep and
j thermal depinning, respectively. The crossover from quan-
tum creep to thermally activated creep takes plade=ab K,
This equation contains the linédu= —1) and the logarith- which is in agreement with values reported in the
mic current dependent®( = 0) as special cases. The value [iterature®6:12
of the exponentu is determined by the pinning regime |t is, in principle, possible to use the slopeC in the
(single vortex, small bundles, or large bundlesd the di- T/Q(T) graphs to identify the pinning regime. For this a
mensionality of the system. Theoretical values @fare  value forC is required to evaluatg. As shown belowC can
given in the left-hand part of Table II. be determined by means of the GIS. The valuegp afeter-
Using the fact that during a sweep of the applied magneti¢nined from the slopeg.C of the T/Q(T) graphs and the
field the activation enerdy is given by values ofC found by means of the GI&ee Sec. VI Bare
U(js,T,Be)=CkT, where for a disk-shaped sample jisted in Table IIl. Note that the values found fRf= 6.85
C=1In(2v,Be/R(dB,/dt)) in which v, is an attempt veloc-  are in good agreement wifa=0.95 atB,=1 T, reported by
ity and R is the radius of the sample, one can evaluate theyssandoret al>°
ratio j¢/j. using Eq.(23) leading to

TABLE lll. Experimentally determined values @ and w.

| KT 200Be o 24)  x B.(T) C from uC from U(j)

Is=lc U, n RAB,/dt (24 n e Iz M e i
_ _ _ _ 7.0 0.6 12 1.17 1.33
From .thIS equation the dynamic rela_xatlon rate; g 2.0 13 1.52 1.34
Q=_dInJS/dIn_(dB?/dt) can _be calculated by taking _the nor- ¢ g5 0.6 17 0.87 0.74
mahz:_ad derivative o1j.S with respect to InﬂBe/dt): IZlgnaIIy, 6.85 20 15 0.95 0.89
by using the expression f& given above, one fin 6.7 0.6 22 0.33 0.38
T U 6.7 2.0 24 0.27 0.28
o TCJFMCT' (25) 68 0.6 18 0.34 0.32
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300 3.0
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Nominal oxygen content x Log(j, [A/m2])

FIG. 14. Oxygen content and field dependence of the character- F|G. 15. Power-law dependence bf, on the critical current
istic pinning energyJ . determined by linear extrapolation To= 0 density j. determined atB = 0.6 T (squaresandB = 2.0 T
K of the T/Q values shown in the previous figure. (circles. The numbers indicate the oxygen concentration. The open
) symbols represent data obtained on samples directly after the
According to these values one would conclude that forquench from the annealing temperature to room temperature.
X,=6.85 andx,=7.0 our sample is in a regime intermediate
between  single vortex «=1/7) and small ‘bundles T. At B=6.9 T one finds the valup=0.29. These values

(u=3/2). The following experimental results are, however, N : Lo .
in favor of the single vortex regime. To discuss this point WeImply that belowB=2 T the system is certainly in the single

note that a rather general relation betweép and j, has vortex regime where each vortex is pinned by the collective
been derived by Schnadit al'® and Wenet al5 Focr ex. action of random weak pinning centers since in this case
ample, for a collectively pinned single vortex theory predicts p=1/2 in contrast to p=-3/2 and
Uc~]jPoL.& where the correlation Iengthcocj;llz in the P=—1/2for small and largésupejbundles, respectively. At
high fields the system is gradually switching from the single

3D regime. This means that,>j2'. In the 2D regime.; is , )
given by the thickness of the layers and consequedtly VOrtex regime to the bundle regime apddecreasesf=

«j.. The pinning barrier for a flux bundle is in the collective 0.29 atBe=6.9 1. . o )

pinning theory given by ~jBeVgr , whereVg is the vol- From tbe data displayed in Fig. 15 one can obtain for the
ume of the flux bundle and, is the range of the potential. A prefactorC in the power-law relatiorld .= Cj ¢ the value
scaling approach has been used to obtain the volume of the=(5.5+0.8)x 1027 J m/AY2. Combination of the relation
flux bundle?’ This leads finally to a power-law relation be- U ~j ®,L.& with the estimatel .~ e&(jo/j.)Y? derived

tweenU, and j, in the regime of flux bundle¥. One can previously leads directly t€~0.25D 322/ y\ ul?. How-

generally write ever, before applying this relation to experimental results it
. is important to realize that it is not an exact relation as it is

p
Ue(MLie(MI". (26) derived from a dimensional estimate. This point is further

The values for the exponeptare displayed in the right-hand illustrated by calculating the prefact@ in a different way.
side of Table II. Although both exponentsandp are used This is done in the next section whekg, and j. are ex-
to relate pinning energies to current densities, their physicgbressed in terms of the pinning paramegerElimination of
origin is very different. The exponent describes the rela- this parameter gives fina"f:m0_65[)8/253/2/7)\M(1)/2_ This

tion between the activation energy and the current densityag; gtfers from the previously obtained expression@or
when other parameters such as temperature, external flelgy a factor of 2.6.

and oxygen concentration are kept constant. THi§) rela- Using the values = 146 nm,é= 1.6 nm, andy= 5.6 for

tion is partially scanned during a relaxation experiment. Th : i —16x10°2%7
exponentp states thatJ, and j. do not change indepen- efu"y oxydized  YBaCusO,,  gives C=16x10

dently if the external parametefsandB, or the disorder in J m/AY2. Application of the second equation f@ gives
the sample are varied. C=4.3x10"% m/Al’z, which is in good agreement with
Extrapolation of the linear part of th&/Q curves to the experimentally observed value. However, the ratio
T=0 K gives the values of the characteristic pinning energyé>7 ¥\ is not independent of the oxygen content but de-
U., which are shown as a function of oxygen content and-reases with a factor of 2.5 when the oxygen content is de-
magnetic field in Fig. 14. Becaus#, andj. are determined creased from 7.0 to 6.55. A decreasiGgwould lead to a
independently it is possible to map, as a function of, by ~ downward curvature in th&(j;) diagram, which is not
varying the oxygen concentration and the oxygen ordering opbserved here. Considering the uncertainty in the theoreti-
the sample. Data obtained at the same magnetic field can loally obtainedC and the experimental values §fand\, we
used for checking Eq26). This is displayed in Fig. 15 from conclude that the agreement with the experimental value is
which one obtainp=0.51 atB=0.6 T,p=0.48 atB=2.0  satisfactory.
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B. The generalized inversion scheme 25

A more accurate way to determine the pinning regime and / 8l-pinning 3D = p=l
the dimensionality of the system is by using the generalized o gl o ° p=i2
inversion scheméGIS) developed by Schnacit al® This dkpinning 2D * P = 01/2
is a method to calculate the true critical current density and“g I £ Z S;:3/2
the activation energy from a set of induced current densities<€ = | OISR e experiment
(js) and dynamic relaxation rate€] measured as a func- = w
tion of temperature at a fixed external field. It also gives g 100 n;
information about the exponept leading to a determination .-
of the pinning regime and dimensionality. 0.5

In contrast to the well-known inversion method of Maley
et al>? the GIS takes the temperature dependended oénd 0.0
j ¢ into account, without assuming an explicit analytic expres- . L L . : . : :
sion describing the temperature dependencé pfand .. 0 20 40 60 80 100
The starting point of the GIS is the assumption that the tem- T [K]
perature and current dependence of the activation energy can
be separated in the form FIG. 16. Temperature dependence of thee critical current

density j. obtained by means of the generalized inversion scheme
U(js,T;Be)=9(T;Be) X f(J), (27) (GIS), usingp = —3/2,—1/2, 0, 1/2, and 1, from data obtained for

o ) o o the YBa,Cu30,_film at B,=0.6 T andx, = 7.0. The closed sym-
where J=]s/jc(T) in which j¢ is the true critical current 5 represent the measured induced current defsitythe solid
density for which the activation energy vanishes. During ajnes give the theoretical predictions based on a model of single
sweep of the applied magnetic field the activation energy igortices pinned by spatial fluctuations of the charge carrier mean
given by'® free path in three and two dimensions.

U(j,T;Be)=CKT. (28) g(T) U (T)x[[o(T)IPXG(T), (30)

The parameteC can be estimated from the measured datawhere the explicit temperature dependence of the activation
since at low temperatureg and j, are nearly temperature energy is given by the thermal functig®(T) and B, has

independent, leading to been dropped in order to simplify the notation since we con-
sider only data at a given fixed fieR},. This function can be

. 1 dinjg derived from the temperature dependence of the prefactor in
C_TI'TO_ Q dinT" 29 the power-law relation betweet), and j.. Therefore,

G(T) depends on the pinning regini8V, SB, LB) and the
It is important to realize that this relation is only valid in the dimensionality of the vortices in the samplsee Ref. 51
regime of thermally activated flux motion. Direct application Following the method outlined by Schnaekal '° this leads
of this relation to measured data would lead to an underestfO
mate ofC, becausealinjs/dinT=(T/jJ)(djs/dT) becomes zero
in the low-temperature limit, whil&€ remains finite due to d =
guantum creep. As discussed in the previous section, for the 15(0)
extrapolation ofQ down to low temperatures, we use the
linear temperature dependenceTdf) which extrapolates to (31)
a finite value atT=0 K. The extrapolation of s is more  5ng
difficult. It might be tempting to use a linear extrapolation of
Injs, since the data displayed in Fig. 8 suggest tha{ die- N ex;{ JTpCQ(T)+(dInjs/dInT)+(1/p)(dInG/dInT)

i) TCQ(T)(1—dInG/dInT) + (dinj/dInT) dT
& fo 1+pCQT) T

creases linearly with temperature. However, as discussed r&! 1+pCQT)

cently by Wenet al,*! it follows from collective pinning

theory that Ijs doesnot vary linearly with temperature. The ar } (32)
slope dinjs/dT is nearly constant at intermediate tempera- T

tures, but increases sharply belew 10 K. Unfortunately,

this behavior is fully masked by quantum creep. Therefore it Until now, p has been treated as a free parameter. How-
follows that extrapolation of the linear temperature depenever, from the dicussion in the previous section, leading to
dence of I, leads to an underestimation b@bth j; and the power-law relation which defings it follows that only
dinj/dT and atT=0 K and consequently by application of the valuesp = —3/2, —1/2, 0, 1/2, and 1 are physically
Eq. (29) on experimental data as outlined above, to an unmeaningful. In the analysis of the experimental data we have
derestimation ofC. In this work C has been determined by only used these values pf The results of the GIS put more
using the fact that at low temperatuiigéT) andg(T) are to  restrictions orp. This is obvious from an inspection of Fig.

first order independent of the temperature. 16 where the calculated values fpf are shown together
A second relation betweed. and j. is provided by the with the measureg values. Thg values are calculated for
power-law relation discussed in the previous section. The = —3/2,—1/2, 0, 1/2, and 1, respectively. In this example

functiong(T) can be associated willl; leading to B.=0.6 T andx,=7.0. A choice ofp<0 leads tojs>,
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o5 t=T/T.. From the fact that the correlation length varies as
A = p=1 (1—1t) Y2 for temperatures close 6, we infer §,%¢ and
e p=1/2 S &3,

2.0} v . & p=0 In the case of 3D single vortex pinning, Blattet al?°
= I o L v op=-12 showed that all quantities characterizing the collectively
= 15t s ° p=-32 pinned vortex line can be expressed in terms of the disorder
E . YA parameterd as
~% LROY A
D 1.0 8l-pinning 3D L 25571/364/3
n ¢ ’
= _—1R2.:341/3.2/3
Lt L U.= BZE° 6 %€””, 33
% 0.5 Sl-pinning 2D c= Mo B (33

0.0 . . . | . | ) . jC:j052/3672/3,

0 20 40 60 80 100

wheree is the mass anisotropy rati@,=®,/2y/27\ ¢ and
T [K] jo=4B./36uo\ is the depairing current density. Note that
the definition of the disorder parameter used here is different
FIG. 17. Normalized temperature dependence of the activatiofrom the more widespread disorder parametedefined by

energy obtained from the same dataset as the previous figure. Agaiyl: §2 n; &2 wheref ;, is the force exerted on a single flux

_ _ oy pin - pl i .
the valuep = —3/2,—-1/2, 0, 1/2, and 1 have been used. The soI|d|Ire by a weak pinning center and is the density of these

and the dashed line give the theoretical prediction based on a modﬁ nning centers. The last two expresssions of @8) can be

of single vortmes_ pinned by spatial _fluctuz_itlons of the (?harge carrleused to derive a-independent power-law relation between
mean free path in three and two dimensions, respectively. U, andj,:
[ c-

above a certain temperature. This would lead to the conclu- 35536 " 2

sion that the sample is in the flux-flow regime. This is in UC=(—.1/§)jC (T,Be)=G(T)js". (34

contradiction with the nearly linear dependence jgfon Holo

In(dB./dt) observed at all temperatur@s<T;,. The corre- The temperature dependencejpfand U, is found as fol-

sponding g(T) values are shown in Fig. 17. Choosing lows. As a first step, in the case of 3D single vortex pinning,

p=<0 leads to a rapid divergence of the functig(). This  the thermal functionG(T) defined by Eq.(30) can be de-

is physically not acceptable since @t=T. one expects rived from the temperature dependence of the prefactor in

U(T.)=0 and thugy(T,)=0. the power-law relation betweds; andj. in Eq. (34). Com-
Our choice ofp is thus limited top=1/2, corresponding parison of Eqs.(30) and (34) leads straightforwardly to

to 3D single vortex pinning and= 1, corresponding to 2D G(T)=B2¢%j, 2. Together ~with B.x(1—t?), ¢

single vortex pinning. From Figs. 16 and 17 itis clear that inoc[ (1+t%)/(1—t?)]*2, and Ao(1—-t*)~"Y? and using

both cases the temperature dependencg,Of) and U (T) G(0)=1 one finds

is in good agreement with the theoretical predictions given

by the (3D) and (2D) lines. Therefore, in this case it is not Gsu(t)=(1—-t2) M1 +12)% (35

possible to determine the dimensionality of the vortex syS—piq rejation does not depend on the microscopic origin of

tem by means of the GIS onlalthough the slightly better  inning The derivation 06(t) proceeds in a similar way in

agreement fop=1/2 suggets that the 3D single vortex re- yq case of pinning of small and large superbunéiee Ref.
gime is more appropriateHowever, in the previous section '
it has been shown tha; varies asjg wherep= 0.51 at With Eq. (33) it is possible to calculati.(t)/j(0) once a

B.= 0.6 T andp=0.48 atB.= 2 T. Therefore, we conclude thegretical model fo has been chosen. In the casesdt,
that the system is in the single vortex regime and that vortininning one finds

ces behave as 3D objects, despite their sheaakis correla-
tion length. je(t)

j(_o):(l_t2)7/6(l+t2)5/6 (36)

C. Microscopic origin of pinning and
In the framework of collective pinning theory, the pinning

potential is due to weak short-range disorder. In type-Il su- g(t)=(1-t)¥(1+1%)*%, (37)

perconductors, this disorder arises from spatial fluctuationn the case ofsl pinning one finds similarly

of the critical temperature and/or the mean free path. These

two types of pinning are calledT, pinning andsl pinning, Je(t)

respectively. Blatteret al?® use the expansion of the i.(0)

Gor’kov equations neal; in the clean limit to relate the

Ginzburg-Landau parametessandm to microscopic quan-

tities. These are used to determine the dimensionless pinning g(t)=(1—t% (39)

parameterss, and &, for 6T, and 8§l pinning, respectively. '

This leads to a temperature dependence of the pinning pdr other cases, the evaluation of the temperature dependence

rameter given bys,x(1—t)"Y2 and 8,c(1—t)%¥? with  of j. andU. proceeds in a similar way. Until recently it

:(l_t2)5/2(1+t2)—1/2 (38)

and
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FIG. 18. Critical current density. calculated with the GIS,
using p = 1/2, from data obtained at the YBEu30, film at
B.= 0.6 T andx,=6.6 () andB,= 2.0 T andx,=6.7 (b). The
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FIG. 19. Temperature dependence of the normalized activation
energy, calculated with the GIS, usipg= 1/2, from data obtained
for the YB&,CuzO, film at B;= 0.6 T andx,=6.6 (a) andB.=

valuep= 0.5 corresponds to 3D single vortex pinning. The full line 2.0 T andx,>6.7 (b). The full line corresponds tél pinning and
corresponds to pinning due to spatial fluctuations in the charge cathe dashed line t&T, pinning. Note that the theoretical functions

rier mean free pathd pinning and the dashed line to pinning due
to spatial variations in the critical temperatur@T( pinning).

was not clear which pinning mechanismT{, pinning or

Sl pinning was the dominant one. The GIS is a very pow-

erful tool to obtainj.(t)/j.(0) andg(t), because it does not

make any assumption about the type of pinning. The onl

parameter which has to be specified is the expopefirom
the discussion above it is clear that YR2u3Oy is in the
3D single vortex state, correspondingpe 1/2, leaving no
other possibilities.

The GIS has been applied to the valuesjg¢fT) and
Q(T) measured at various nominal oxygen concentration
The parameteC in Eq. (28) has been obtained from the
requirement that the temperature dependendg ahdU. is
weak at low temperatures. The values @ffound in this

S.

given by the solid and the dashed line are fully determined by the
value of T, and do not contain fit parameters.

The current densitys(T) measured at a temperatufecor-
responds to a current densify=j.(0)X[js(T)/j(T)] at
T=0 K. According to Eq. (28 the activation energy
yU[jS(T),T] at a temperaturé is given byU(j)=CKkT. The
corresponding activation enerdy(j.,0) is then evaluated
from U[j4(T),T]=9(T)XU(j0). Measurements gf, and
U(js,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, T=0) curves for x,=6.6, 6.7, 6.85, and 7.0 at
B.=0.6 T andx,=6.7, 6.85, and 7.0 8,=2.0 T are shown
in Figs. 2@a) and 2@b), respectively. The presentation in

way, which are diplayed in Table Ill, are systematically double logarithmic coordinates clearly shows thigf) can-

slightly higher than the values & obtained by application
of Eqg. (29). The temperature dependencejpfat B,= 0.6
and 2.0 T is shown in Figs. 18 and 18b), respectively.
The corresponding temperature dependence ofs shown
in Fig. 19a) (B,= 0.6 T) and Fig. 19b) (B,= 2.0 T). Only
the results fox,= 6.6 atB,= 0.6 T andx,,= 6.7 atB.= 2.0
T are shown.

The current dependence of the activation energy-ad
can be calculated from the temperature dependence
is/jc andg, shown in Figs. 18 and 19 in the following way.

not be written adJ«j~# with a single valued, i.e., current
independent exponeni which is different from the expo-
nentu defined by Eq(23). The solid lines are fits to E¢23)
which takes the conditiotd(j.) =0 into account. Fok,=
6.85 and 7.0 théJ(j) values obtained at high temperatures
whereT/Q decreases with increasing temperat(see Fig.
13) have been excluded from the fitting procedure. In con-
trast to van der Beekt al>> who usedJ«j * instead of Eq.
®23) we find thatU(j) can be satisfactorily described by a
single, current independent value pf The values ofu,
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VII. CONCLUSIONS

A In this work the induced current density and dynamic
relaxation rateQ of an YBa,Cu3Oy 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 aT= 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
I oxygen content is decreased. However, the quantum creep
10’ P "““'9 S DUCTEE rate is not proportional to the normal-state resistivity which
10 10 10 10 is predicted by collective pinning theory. This behavior can-
jLAM? ] not be explained by taking the influence of the correlation
10* E lengthL. into account, since this is only weakly dependent
: o 'y B on the oxygen content. The weak variation @{0) with
I e a pn(0) indicates that quantum creep occurs in a transition
1%k g ‘ regime between dissipative tunneling and Hall tunneling.
i 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-
10°F ® x,=70 creasing oxygen content. The weak increase&¢®) with
[ @ x,=6.85 magnetic field indicates that quantum creep is certainly not
A x =67 involving vortex bundles.
go! Lol e An independent determination §f and the characteristic
108 10° 1010 10" 1012 pinning energyU. shows that the system remains in the
[ A2 single vortex limit at higher temperatures, where the vortices
move due to thermal activation over the energy barriers. This
FIG. 20. Current dependence of the activation energ);'s shown .in more detail by calcqlating the true critical cur-
U(j,T=0) for x,= 6.6, 6.7, 6.85, and 7.0 &= 0.6 T (a) and for rent den3|ty and_ the thermal activation energy by means of
x,= 6.7, 6.85, and 7.0 B,=2.0 T. The solid lines are fits to Eq. the generalized inversion scheme. This procedure diverges if
(23), whereas the dotted lines are a guide to the eyexfer6.85 ~ ON€ assumes pinning of vortésupejbundles. Forx,=6.6

and 7.0 theU(j) values obtained from measurements at the highes@t Be= 0.6 T and forx,=6.7 atB.= 2.0 T the calculated
temperatures have been excluded from the fit. 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
displayed in Table IIl are in good agreement with the valuedower oxygen contents and higher magnetic fields the agree-
of u previously determined from the slopeC of T/Q ver-  ment between the results of the inversion and the theoretical
susT. predictions becomes less good. This is possibly explained by
From Figs. 18 and 19 it is clear th@t(T)/j.(0) and the presence of thermal fluctuations, since in these cases the
g(T) are in remarkably good agreement with the theoreticahctivation energy is strongly reduced. We have observed that
predictions based upofl pinning. The agreement between the activation energy and the critical current density system-
the theoretical predictions Eq&8) and (39) and the calcu- atically decrease with decreasing oxygen content. This leads
lated values of .(T)/j.(0) andg(T) gradually breaks down to the conclusion that oxygen vacancies are not the main
at lower oxygen contents and higher magnetic fields. In thesgource of pinning in YBaCu3zOy films.
casedJ.(0) is lower than~60 K and the effect of thermal
fluctuations whenT approachesT;, is not negligible any
more. The predictions fo6T; pinning are in total disagree-
ment with the observations. This result has also been ob-

U(j,T=0) [ K]
SN

=0) [K]

Ui T
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