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Voltage-current curves obtained from transport measurements on c-axis-oriented thin films of
YBa,Cu;0;_, allow us to determine the temperature, field, and field-orientation dependence of the pin-
ning potential on the basis of the simple Kim-Anderson model for the thermal activation of flux lines. A
strong increase of the pinning potential is found at low temperatures, followed by a field-dependent max-
imum between 60 and 70 K and a decrease towards the transition temperature T.. The results are com-
pared to literature data of the pinning potential Uy(T) obtained from relaxation measurements and dis-
cussed in terms of thermal activation theory and related models for the current dependence of U,. The
analysis of the E -J curves, results on the angular dependence of J&, calculations of the pinning potential
based on the core contribution, and due consideration of the different nature of the flux lines at low and
high temperatures lead to a consistent picture, in which all results are explained in a qualitative way,
without the need of invoking recent models on complex pinning interactions and on new phases of the

. flux-line lattice. It is shown that the pinning potential at low temperatures is of the order of the core
contribution of a small number of pancake vortices and therefore intrinsically limited to small values,
while at higher temperatures the correlation length along the field direction increases, which naturally

leads to higher potentials.

I. INTRODUCTION

In comparison to low-T, materials, the studies of
high-temperature superconductors face a number of addi-
tional difficulties. One of the most debated questions is
the influence of thermal activation on the flux lines,!™3
which are trapped within a pinning potential. In contrast
to conventional superconductors, thermal activation can-
not be neglected in any measurement of the irreversible
properties of a material. Therefore, it is no longer possi-
ble to assess the true critical current density J,. (“J,,”),
which is defined as the point, where the pinning potential
U (J) disappears.* Hence, in order to determine J.(T,B)
or Uy(T,B) a model for the thermal activation as well as
for the nature of the underlying pinning mechanism (i.e.,
a model for its temperature, field, and current depen-
dence) has to be implemented. An additional problem
comes from the pronounced layered structure of most
high-T, materials, which result in a different flux line
structure at low and high temperatures.>® A change of
the dimensionality of pinning with temperature becomes
possible. Fluctuations of the superconducting order pa-
rameter near the phase boundary make it difficult or im-
possible to assess the reversible material properties
(T,,B.,,x,H,), which are needed as input parameters in
any pinning model. It was argued, that due to the small
size of the coherence length £, randomly distributed small
defects can only lead to a relevant pinning mechanism, if
they act on the flux-line lattice in a collective way.”®
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Therefore, a transition from collective to single vortex
pinning has to be considered as well. Even a new phase
of the flux-line lattice (vortex glass state’) has been sug-
gested to occur at lower temperatures in a weak pinning
situation. With regard to thermal activation theory,
these uncertainties lead to one major problem, namely,
the unknown current dependence of the pinning potential
U. In a collective pinning (and also in the vortex glass)
model a divergence of U (J) at small currents is predict-
ed, while for single vortex pinning U(J) is determined
simply by a superposition of the potential gradient due to
the driving force (or the gradient in the flux line density)
with the spatial shape of the pinning potential. This situ-
ation can be approximated satisfactorily by the linear
current dependence of U(J) in the Kim-Anderson mod-
el.!”3 Another unknown factor refers to possible spatial
distributions of pinning potentials of different depth, i.e.,
to a certain sample inhomogeneity, which may lead to a
varying contribution of different sample domains to the
total pinning force, depending on field and temperature.
In summary, the limited number and accuracy of ex-
perimental data face a complex theoretical situation. Of
course one has to favor the simplest and most
comprehensive model for an explanation of the experi-
ment. In this contribution, results from transport mea-
surements on thin films of YBa,Cu;0,_, are evaluated in
two ways: (1) J,"”( 6,T,B) data sets allow us to assess the
state of the flux line lattice (two or three dimensional). (2)
Fits to the E(J) curves with the Kim-Anderson model
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yield U,(T,B). Both kinds of experimental results can be
explained within the framework of single flux-line pin-
ning. A simple phenomenological model based on the
layer structure is suggested.

II. MODELS FOR U (J)

At first, we wish to briefly describe several models for
the current dependence of U, which are used in thermal
activation theory. In general, thermal activation leads to
a hopping of flux lines (or bundles of flux lines) to a
neighboring pinning site. In the presence of a driving
force (applied current or flux density gradient) the net ve-
locity of the flux line movement is given by

- A -U-
v=Xxqw(e /KT — g —U /KTy | (1)

with the attempt frequency wq (10°~10'! s71),!° and the
jump distance x,. The resulting electric field E=B Xv
can be written as!!

EWU,T,B)=p.J.ole VU /KT—=U /KT 2)

where p.(T,B) is defined as the resistivity at the critical
current density J,,. In the case of a saw-tooth potential
shape and for overlapping (dense) pinning centers, Eq. (2)
simplifies to

Uy
KTJ,,

EU,T,B)=2pJ e °“'sinh

, (3)

because UT=U,F AU, with AU=U,J /J,,. Note that a
nonlinear current dependence of U*(J) can be used only
in Eq. (2) and not in Eq. (3). Any smooth periodic poten-
tial leads to the following current dependence

J

1+ =
JcO

m

Ut=U0, , (4)

with u=3/2 for a sinuosidal potential shape.!? Equa-
tions (2) or (3) can be used directly for fitting the E-J data
and, hence, for evaluating Uy(T,B) (cf. Chap. 3).

More often, the thermally activated flux-flow (TAFF)
approximation'® is used. In this case J is small compared
to J,o and Eq. (2) is reduced to

2p. Uy —uy/kr
e
kT ’
i.e., linear resistivity. For measurements of the resistive

transition in a magnetic field the slope of p can be evalu-
ated (in the TAFF regime) as

p(T,B)= (5)

8lmp Uy
“sayr) e Ut T5p
kT2 8U,
+kT U, oT ©6)

where the last two terms can be neglected. In order to
obtain U, from U, some general T dependence of U,
(e.g., ~H?E") (Ref. 14) has to be introduced, which usu-
ally leads to very high Uy(T =0) values (several eV) (Ref.
15). Such high values are, however, in contradiction to

results from relaxation measurements at low tempera-
tures.

Measurements of the time dependence of the magneti-
zation (and therefore of the induced screening currents)
offer another possibility to obtain U,. Since there is some
confusion about the correct formalism in the literature,
the basic equations are given here again (cf. also Hagen
and Griessen'® and Schnack et al.!”). Equation (2) can be
written for dJ/dt in an equivalent way, with different
geometry-dependent prefactors. If backward hopping is
neglected (J <J,y), J (¢) is obtained as

kT
1— <4
Uy "

T+t

T

J(#)=J ) )

with ¢ <<7', '=7/2exp(Uy/kT) and U, independent of
J. 7; is the time elapsed after setting the field, at which
the relaxation measurement is started, and 7 lies between
107 % and 1072 5. Hence, if J(¢) is linear on a logarith-
mic time scale, the normalized relaxation rate S (not to be
confused with R =d InJ /d Int) can be calculated from
Eq. (7)

go__ L di)_ 1 Kl ¢
J(7;) dlnt J(r;) Uy 7;+t’
or
T
U0=1‘S1+kT1n I for 1>, . (8)

Unfortunately, the exact value of 7 is unknown and U,
can be determined only within the uncertainty of the
term kT In(7; /7). The influence of this term is more pro-
nounced at higher temperatures, but it can be shown
from experimental data, that the error bar (determined by
the physically meaningful range of 7) is less than £50%
of U,."* If the experimental procedure is the same for all
temperatures (i.e., 7; unchanged), the shape of Uy(T) can
be extracted. A summary of some results derived with
this method is shown in Fig. 1 for samples of
YBa,Cu;0,_, and at fields of 1 T (a) and 4 T (b). Al-
though there is a considerable scatter of data due to
several experimental difficulties (e.g., correction for rever-
sible magnetization, field overshoot, and temperature in-
stability), a common feature is clearly emerging, namely,
an increase of U, with T at low temperatures and a rapid
decrease near T, (if the correction for M,. has been
made). The values of U, at 4.2 K (1 T) range from 15 to
30 meV, and reach about 150 meV at 77 K, a nearly ten-
fold increase. In other high-7, compounds the few avail-
able data on U,(T) also indicate an increase of Uy with T
[e.g., Bi 2:2:1:2, Tl 2:2:1:2, and TI 1:2:1:2 (Ref. 19), Bi
2:2:2:3 (Ref. 20), T1 2:2:2:3 (Ref. 21), T1 1:2:2:3 (Ref. 22)],
although the mixture of different phases in the Bi and Tl
compounds does not allow a systematic comparison with
YBa,Cu;0,_, at present. In general, the TI compounds
show a behavior, which is very similar to YBa,Cu;0,_,,
while in the Bi compounds the increase of U, seems to be
less pronounced.

Several explanations of this significant increase of
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Uy(T) can be found in literature. The most tempting one
was introduced by Hagen and Griessen,'® who assumed a
distribution of activation energies to exist within the sam-
ple. However, a relevant contribution of this effect can
be expected only, if large domains (d >>A) with different
average pinning potentials are present. In this case the
magnetization of different domains can be assumed to re-
lax independently and Eq. (6) yields a separate U, for
each domain. If 7;>0, the domains with small U, are
more strongly relaxed than domains with larger U, al-
ready at the beginning of the measurement. With in-
creasing temperature the averaged { U, ), obtained from
Eq. (6), is increasingly weighted by the high-energy side
of the distribution spectrum and, consequently, { U, ) in-
creases. The distributions needed to explain the behavior
displayed in Fig. (1) are quite broad, with a maximum
typically around 20-50 meV and a high-energy tail up to
several hundred meV. No microscopic evidence for such
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FIG. 1. (a) Uy(T) as determined from magnetization relaxa-
tion measurements at an applied field of about 1 T (]|c). The
data were taken from several publications: {,3® 0,%<,% % 4
B2 A2 %,* O (fit results for film P41831/1). (b) Uy(T) at 4
T. Open symbols are data for Hl|c, full symbols for H||ab.
References: @, B and A,*' 0,% and O (fit results for film
P41831/1).

a strong inhomogeneity of the samples has been found
yet. In addition, as will be discussed below, small sample
sizes could limit the possible distribution spectrum in
some cases quite severely.

The second argument, stated very often, is related to
the current dependence of U. It might be expected that
the reduced current density J, /J, is smaller at high than
at low temperatures during the experimental ““time win-
dow” of the measurement, and therefore U.4(J) should
be higher. However, it should be pointed out that the
current dependence was already included in the deriva-
tion of Eq. (6) and the parameter U in this formula de-
pends only on temperature and field. In the case of the
much stronger current dependence in the collective creep
and in the vortex-glass models, U(J) can be written as®**

U =Uy[(Jo/TF—1] . )

Therefore, U diverges for J—0. For the time depen-
dence of the relaxing current Feigel’'man® derived the re-
lation

—1/u

kT , (10)

t
+—1
1 U, n

J()=J, -
0

where again Uy,=U(T,B). Fits to relaxation measure-
ments with this equation lead to an increase of U, with
temperature. Only if U4(J,T,B) is introduced into Eq.
(10) instead of Uy(T,B) can this dependence be
suppressed.?* Again there is no theoretical background
for such a step. We also demonstrate in the following
that this problem can be solved on the basis of our results
on transport measurements on thin films.

III. U,(T,B) DEPENDENCE IN THIN FILMS

Thin films of YBa,Cu;0,_,, fabricated by pulsed
laser deposition on (100) MgO substrates and patterned
for transport measurements by standard photolithogra-
phy and wet chemical etching, were used to obtain the
in-plane critical current density Jc"b( 6,T,B).26~2% Unfor-
tunately, thermal problems caused by the very high
current densities (~2X10'" A/m? at 4.2 K) limit the ex-
perimental window, within which the electric field can be
monitored, to about one decade (E,,~20 uV/cm,
AE .~ 1 pV/cm). Fits to the data were made at all
temperatures and fields on the basis of Eq. (2). The three
fit parameters p (T, B), Uy(T,B), and Jo(T,B) can be re-
duced to two because the sensitivity of U, and J 4 in Eq.
(2) to the exact value of p, is very weak (at low tempera-
tures a variation of p, by two orders of magnitude
changes U, only by several percent). As a reasonable ap-
proximation for p_, linear extrapolation of the normal-
state resistivity is used. The current dependence of U (J)
is introduced through Eq. (4) for p=1 (Kim-Anderson)
and p=3/2 (smooth periodic potential). The values of
U, and J, obtained with u=3/2 were only a few percent
larger than the ones obtained with u=1; the relative field
and temperature dependence remains unchanged. Since
less calculation time is needed for p=1, most fits were
obtained in this way. The quality of the fits was perfect
within the resolution of the measurements. In Fig. 2(a)
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FIG. 2. Temperature dependence of the pinning potential.
(a) Uy for 1, 4,and 8 T (H||c) (P41831/1). Note the shift of the
maximum to lower temperatures with increasing field. The
dashed line (1 T) was obtained using a nonlinear current depen-
dence of U (cf. text). (b) Comparison of Uy(T) for several laser
deposited films at 1 T (H||c). All films show similar results for
Uy, independently of the magnitude of J,. (c) Uy(T) for H||c
(open symbols) and H ||ab (full symbols) (P322/3). At high tem-
peratures the intrinsic pinning mechanism seems to enhance U,
for H||ab.

the resulting temperature dependence of U, is summa-
rized for different applied fields. The solid curves
represent results for u=1, the dashed curve shows the re-
sult for 1 T and u=3/2 for comparison. It will be noted,
that a strong increase of U, with temperature occurs,
similar to the results of relaxation measurements in Fig.
1. At an applied field of 1 T the maximum of U, corre-
sponding to an eightfold increase of its value at 4.2 K,
occurs at 70 K and shifts to about 60 K at a field of 8T.
In Fig. 2(b), results at 1 T are compared for a number of
different films. Although the values of the critical
current density in these films varied by a factor of 10, the
results for the pinning potential are almost the same. De-
viations are mostly due to thermal voltages, which spoil
the fits. The increase of U, though cannot compensate
for the increase of T, i.e., the ratio U,/kT, which is a
measure of the influence of therimal activation, decreases
with temperature. As shown in Fig. 3 this ratio becomes
smaller at higher temperatures and, hence, thermal ac-
tivation becomes more severe. Similarly, the ratio of the
critical current density J,, which is defined by a voltage
criterion of 10 uV/cm, and the fit parameter J,,, which is
defined by U *(J,,)=0, is also decreasing with increasing
temperature (Fig. 4). While the change of J, /J, is
moderate at intermediate temperatures, it quickly ap-
proaches zero near the “irreversibility line,” especially in
higher fields.

In order to explain this pronounced increase of Uy(T),
we wish to consider a distribution of activation energies
at first. This is not an easy task in the case of resistive
measurements, since the pattern of current flow in an in-
homogeneous material can be very complicated.
Griessen?® proposed an approach by assuming that the
different domains in the sample can be considered as a
network of parallel resistors. According to this model
the drop of the electric field across each domain is the
same, and domains with higher pinning energies
somehow “short circuit” domains with small potential
wells, i.e., they carry a higher current density. At higher
temperatures, domains with high pinning energies carry
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FIG. 3. U,/kT for two films at 1 T (H||c). The influence of

thermal activation is enhanced with increasing temperature.
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FIG. 4. J./J at 1 T (two samples) and 3.5 T (one sample)
(H||c). Note the rapid decrease upon approaching the “irrever-
sibility line” for 3.5 T.

most of the current and the observed averaged potential
is increased. Yet it has to be considered that the dimen-
sions of the samples (typically the width of the current
bridge for measurements on thin films) limit the extent of
the possible distribution spectrum. Griessen assumes
that the size of a pinning domain must be at least of the
order of £. To be physically meaningful, however, we be-
lieve that it must be at least of the order of A, since this is
the relevant length, over which the current density can
vary considerably. Any inhomogeneous distribution of
potential depths within A is averaged independently of
temperature. Therefore, a current bridge with a width of
typically 10 um could allow for roughly 100 parallel
domains (A~100 nm). Similarly, variations over the
length of the bridge (100~500 um) are again averaged,
and the number of effective parallel domains is reduced.
In view of this situation it seems doubtful that the ob-
served increase of U, by almost one order of magnitude
can be attributed to a distribution spectrum of pinning
energies. Two further observations are also not in favor
of the distribution model. The first is the similarity of the
size and shape of Uy(T) for different films. Any large in-
homogeneity of pinning energies between different
domains should express itself in varying results for U, in
different parts of the film, especially in view of the small
number of possible parallel domains. The second hint
against the distribution model is provided by the results
on Uy(T), obtained after irradiation of the samples with
fast neutrons up to a fluence of 7X 10> m~2. Almost no
change of J, and no change of U, could be found in the
irradiated samples. This points to an already optimized
defect structure in all regions of the sample prior to irra-
diation. If the low values of activation energies at low
temperatures were due to a majority of domains with
small potentials, at least some increase of U, after the in-
troduction of the several nm-sized neutron defects should
occur and the relevant distribution spectrum should be
chasnged. Relaxation measurements after neutron®® and
ion! irradiation also show only small changes of the
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magnitude of U, at low temperatures, even though J,
was increased dramatically. An especially interesting re-
sult was obtained recently by Hardy et al.? after irradia-
tion of ceramic YBa,Cu;O,_, with 5.3-GeV Pb ions.
The introduced defect tracks enhanced J,, at 6 K by a fac-
tor of 8 (at 1 T), while U, was increased only from 30 to
50 meV. At 77 K, however, U, could be increased from
150 to 540 meV. So even after the introduction of a
specific strongly pinning defect structure, which is ex-
clusively relevant for pinning, the strange increase of U,
with T was actually enhanced. Hardy obtained similar
results for T1 2:2:1:2 and T1 1:2:1:2 single crystals, i.e., a
50% enhancement of U, at 6 K and a threefold increase
at 25 K in both materials after irradiation with Pb ions.'
In Bi 2:2:1:2 single crystals he found small activation en-
ergies prior to irradiation (10-30 meV) and equal
enhancements in the range of 6-25 K (factor of 3-4)
after the irradiation. At higher temperatures the
radiation-induced decrease of T, complicates the inter-
pretation of the results. An equivalent picture was found
by Neumiiller et al.,** who irradiated polycrystalline
melt-textured Bi 2:2:1:2 layers (d ~ 15 pm) with 0.5 GeV
iodine ions. After the introduction of the ion tracks, U,
increased only by a factor of 2 at 10 K (from 35 to 70
meV). One has to bear in mind, however, that an esti-
mate of the core pinning potential of the whole columnar
defect (diameter 5-10 nm and the length equals the
thickness of the sample) results in several eV.

A promising explanation for the strange temperature
dependence of the pinning potential in high-temperature
superconductors can be based on the layered structure of
the superconducting state, and the corresponding flux
line structures, which are different from conventional su-
perconductors.>® Keeping this in mind we first wish to
calculate numerically the core contribution for single
flux-line pinning and different defect sizes, as core pin-
ning is dominant in high-« materials. The layer structure
is taken into account in the following way: (1) The field is
applied parallel to the ¢ axis and the flux line splits up
into a stack of pancake vortices. (2) The relevant area for
core pinning perpendicular to the field is given by a disk
of radius £,, (i.e., the cross section of a pancake vortex)
within the superconducting layer, which is assumed to be
of thickness s=0.4 nm. (3) The interlayer distance d
(which is 0.8 nm) is reduced by the size of
&. (d'=d—§_.). Hence, for £ =d the layer structure is
suppressed and a regular three-dimensional (3D) flux line
is formed. If we now consider the maximum core volume
of one pancake vortex, it will grow in three dimensions
with increasing temperature because £,, as well as £, in-
crease with 7. The shaded areas in Fig. 5 illustrate the
core volume of a stack of several pancakes at two
different temperatures. We now assume, that a cylindri-
cal defect is placed onto the center of a superconducting
layer in such a way that the cylinder axis is parallel to the
c direction. The diameter of the defect is assumed to be
always larger than 2£,, and its height to be equal to a
certain length in ¢ direction, which corresponds to multi-
ples of the superconducting layer thickness s and
represents a “correlation” length L. in the field direction.
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This special defect geometry is chosen because the inter-
section of the defect with the layered pancake structure
can be calculated most easily in this geometry. Similar
results would be obtained for other defect geometries. To
calculate the core pinning energy numerically, we take
o (0)=1 T, £,(0)=15 nm, §£,(0)=0.3 nm,
H/(T)=H,0)1—t2?), and &(T)=£0)/V1—¢, with
t=T/T,. The temperature dependence of U_,, is plot-
ted for different defect sizes (diameter of the defect
>2£,; height: 1.2, 5, 10, 15, or 20 nm) in Fig. 6. The
solid lines, therefore, indicate situations, where one (thick
solid line) or more pancake vortex cores are found within
one defect. In the case of one pancake vortex, a slight in-
crease of U, at low temperatures and a peak at 40 K are
obtained because the increase of the core volume in three
dimensions exceeds the decrease of H, at low tempera-
tures. This effect is by far not large enough to account
for the experimentally observed increase of U,, which has
been included for one typical case (at 1 T) as the dashed
line in Fig. 6. A comparison of the experimental U,(T)

L atT,
T,<T,

“LoatT,

FIG. 5. Schematic diagram of a layered superconductor (pa-
rameters for YBa,Cu;0,_,). s denotes the thickness of the su-
perconducting Cu-O layers and d the interlayer distance. d’ is
the effective interlayer distance, i.e., d —€,. The field is applied
parallel to the ¢ axis, and the flux line splits up into pancake
vortices (shaded areas). The pancake cores are assumed to be
cylindrical in shape. The coherence lengths and the corre-
sponding maximum core volumes, which have to be added up to
obtain the pinning potential, are shown for two temperatures
(light and dark shading). d’, and, therefore, the effective spac-
ing of the pancake vortices in different layers, is reduced with
increasing temperature. At higher temperatures the coupling
between pancake vortices and, hence, the correlation length L,
of pinning, is increased. In the presence of a defect a certain
number of pancakes, given by the correlation length, are dis-
placed simultaneously. The observed pinning potential is made
up by the sum of core volumes of these pancake vortices.
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FIG. 6. Numerical calculation of the core pinning potential
for different correlation lengths L. (and consequently for
different numbers of pancake vortices being displaced together)
along the field direction (solid lines). The thick solid line shows
the contribution of the core volume of one pancake vortex. For
comparison the experimental data on P41831/1 at 1 T are
shown as well (dashed line).

with the various calculated curves implies that the ob-
served pinning potential is close to the contribution of a
single pancake vortex at low temperatures, whereas at
higher temperatures a considerably larger pinning
volume (or correlation length L, in the field direction) is
necessary to account for the large pinning potentials (e.g.,
L,=15-20 nm at 77 K, which corresponds to about
12-17 pancake vortices). Hence, at low temperatures in-
dividual pancake vortices are displaced almost indepen-
dently in the presence of a defect, while with increasing
temperature the number of pancake vortices, which are
displaced together is increasing. We therefore propose
that the large change of the correlation (or displacement)
length with temperature must be a direct consequence of
a transition in the flux-line structure from a stack of pan-
cake vortices at low temperatures to a regular flux line at
high temperatures.

Support for this assumption is provided by theory, al-
though most of these considerations are not directly ap-
plicable to YBa,Cu;0,_,. It is known that in layered
and anisotropic systems the tilt modulus c,, is consider-
ably reduced. According to the Lawrence-Doniach (LD)
model (ignoring Jose]i)hson coupling and considering in-
dependent vortices) ¢ " =(d /A, )?ci52.3* Therefore, cyy
is smaller in most high-temperature superconductors
than in an isotropic superconductor by factors of the or-
der of 10°~10°%. Recent calculations on the line tension
and the line energy of a flux line in the case of strong pin-
ning by columnar defects parallel to the ¢ direction
showed that the depinning length was inversely propor-
tional to the anisotropy factor I'.>* Therefore, the dis-
placement length in highly anisotropic materials (espe-
cially Bi 2:2:1:2, Bi 2:2:2:3, and Tl 2:2:2:3) may become
smaller than the layer spacing d and the displacement of
individual pancake vortices may be possible. Measure-
ments of the angular dependence of J. (Ref. 36) in these
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materials and the stronger influence of thermal activation
at high temperatures point in this direction. Consequent-
ly small pinning potentials will result, even at high tem-
peratures and for large defect volumes, because the pin-
ning potential for thermal activation is still determined
only by the contribution of one pancake vortex. Unfor-
tunately, no theory is available, which provides a link be-
tween the LD theory and the regular 3D anisotropic
Ginzburg-Landau theory. Therefore, no detailed predic-
tions about the behavior of a transition from pancake
vortices in weakly coupled superconducting layers with
&, <d to a 3D vortex lattice with £, >d can be made.
Such a transition regime is expected for YBa,Cu,;0,_,,
i.e., a crossover from quasi-2D to 3D flux line behavior.
Detailed calculations of the temperature dependence of
the displacement length are still missing. In general,
however, enhanced coupling between pancake vortices at
higher temperatures must lead to an increase of the de-
pinning length.

Evidence for a pancake structure in YBa,Cu;0,_, has
been derived from measurements of the angular depen-
dence of J? in our films.?"2® It was shown, that J°%(8) at
4.2 K depended only on the field component in the ¢
direction for fields not too close to the ab plane, i.e., only
vortex movements within the ab plane were possible (2D
scaling of J_). With increasing temperature the coupling
between adjacent pancake vortices becomes stronger and
the correlation length along the ¢ axis, and therefore U,
has to increase. The question of why changes of U,
occur at temperatures between 4.2 and 40 K, where the
coherence length £, changes only very little, is still not
quite answered. However, there is evidence from the an-
gular dependence of J, that significant changes in the
coupling between the pancake vortices occur. It was not-
ed?”?8 that small systematic deviations from 2D scaling
already occur at 20 K and that these deviations are so
large at 40 K, that the 2D model fails completely.
Hence, even with the lack of a theoretical basis, there is
strong phenomenological evidence for a considerable
change in the coupling between pancake vortices at low
temperatures (4.2—-40 K). On the high temperature side a
maximum of U, must occur because the strong decrease
of H, near T, starts to dominate and U, decreases. For
temperatures above 60 K and for fields close to the ab
plane, pronounced intrinsic pinning phenomena can be
observed (e.g., a lockin of the flux line into the ab plane)
and the flux-line structure can be assumed to be almost
3D in nature.

If the above model is correct, the small pinning poten-
tial at low temperatures is an intrinsic property of high-
temperature superconductors and cannot be strongly im-
proved by introducing additional large defects. This is
confirmed by various irradiation experiments, especially
with high-energy ions. The introduction of large defects
should have its strongest effect at high temperatures,
where the correlation of the pinned flux line over the
whole defect becomes possible, i.e., an even stronger in-
crease of U, is expected and also observed.’> A similar
effect is expected with respect to the intrinsic pinning
mechanism, defined as the pinning of the 3D flux line by
the interlayer plane. If intrinsic pinning occurs, the large
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correlation length along the flux line should result in
higher pinning potentials, especially in the case, where a
complete lockin of the flux lines into the ab plane occurs.
In order to investigate this influence, fits were made to
the E-J curves for H|lab and the values of Uy(T) com-
pared to the results for H||c [Fig. 2(c)]. It will be noted
that the pinning potentials at 4.2 K are almost the same
for both orientations, while with increasing temperature
the U, values for H||ab become increasingly larger than
those for Hl||c [see also Fig. 1(b)]. This is again in agree-
ment with the above model, because in the 2D regime of
weakly coupled pancakes the pinning potential is always
governed by pancake displacement within the ab plane
(due to crystal imperfections there is always a small inter-
nal ¢ component of the applied field). Thin films with a
more pronounced lockin behavior than observed in the
present samples should show an even stronger enhance-
ment of U, (H||ab).

In principle, changes in the transverse correlation
length R, (perpendicular to the field) also have to be con-
sidered, especially in collective pinning models. It seems
reasonable, however, that collective pinning does not
occur in YBa,Cu;0,_, even at 4.2 K, since the observed
current densities (up to 5X10'" A/m?) are not far from
the pair breaking limit, which can be calculated from ex-
perimental H,, data. With H,,(0) in the range from 30 to
300 mT we obtain an upper limit for J, of 2X 10! to
5%10'2 A/m2 In a collective model, however, the
short-range order of the flux line lattice limits the possi-
ble vortex displacements (and therefore the microscopic
pinning forces) and J,. is always far from its maximum
value. On the contrary, in very clean (defect free) single
crystals, which have become available only very recent-
ly,*” collective pinning effects may have to be considered.

Finally we wish to discuss the field dependence of U,
(Fig. 7), which was evaluated for some films at higher
temperatures, where the experimental errors due to
thermal voltages are small. A strong decrease of U, at
low fields ( <1 T) and an almost linear decrease at higher
fields was found at temperatures between 60 and 90 K. A

0.3 T T T T T T T T T

Uo(eV)

00 gy
B(T)

FIG. 7. Field dependence of U, at high temperatures. A
linear extrapolation to zero leads to an estimate of B,,.

o+
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linear extrapolation of Uy to zero may allow one to deter-
mine B,,. In the high-field regime near B,,, the elementa-
ry pinning force and the pinning potential for strong pin-
ning of individual vortices are proportional to the magni-
tude of the order parameter, which in turn varies as
(1—B/B,;). Therefore, according to this Ginzburg-
Landau argument a linear decrease of U, near B, is ex-
pected. Linear extrapolation of our data (Fig. 7) leads to
a slope of —1 T/K (H,||c), which is clearly smaller than
the result deduced from magnetization measurements on
single crystals (~ —2 T/K). Higher disorder and lower
T, values in the thin films may explain this difference.
However, the currently available data are not sufficiently
accurate for a more detailed analysis of this aspect (too
noisy at these high fields and temperatures). Further ex-
perimental work with improved voltage resolution will be
needed to assess the field dependence of U, at high mag-
netic fields and to check for the viability of the proposed
method to determine B,,.

IV. SUMMARY

It has been shown in the present contribution that the
strange behavior of Uy(T), i.e., its strong increase with
temperature, in YBa,Cu;0,_, and in other high-
temperature superconductors can be considered as an in-
trinsic property of the flux-line lattice, which is caused by
the influence of the layer structure on the superconduct-
ing state. If one considers a flux line as consisting of a
stack of weakly coupled pancake vortices at low tempera-
tures, the correlation volume for pinning can be assumed
to be of the order of one pancake vortex (or a small num-
ber of pancake vortices.) This is supported by the small
magnitude of the observed pinning potential, as deter-

mined from relaxation measurements and also from fits to
the E-J curves of transport measurements on thin films.
Calculations of the core-pinning potential lead to a simi-
lar value, when the contributions of one or two pancake
vortices are taken at 4.2 K. This picture is also in agree-
ment with results on the angular dependence of J2,
which shows 2D scaling at this temperature. At higher
temperatures the coupling between pancake vortices
seems to be steadily enhanced, even in the range from 4.2
to 40 K, where the coherence length changes only very
little. The strong increase of the pinning potential by al-
most one order of magnitude is attributed to a strong en-
largement of the correlation length for pinning along the
field (c) direction. This assumption is again in agreement
with the J,.(0) data, which show quickly increasing devia-
tions from 2D scaling with increasing temperature. In
the temperature range from 60 K to T,, a 3D picture of
the flux line structure is more appropriate to explain the
intrinsic pinning phenomena near H||ab and the higher
values of the pinning potential. Other models for the
description of this special behavior, like the assumption
of a distribution of activation energies in an inhomogene-
ous material or a collective pinning picture, are not able
to account for all of the observed features in a
comprehensive way.
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FIG. 5. Schematic diagram of a layered superconductor (pa-
rameters for YBa,Cu;0,_,). s denotes the thickness of the su-
perconducting Cu-O layers and d the interlayer distance. d' is
the effective interlayer distance, i.e., d —&.. The field is applied
parallel to the ¢ axis, and the flux line splits up into pancake
vortices (shaded areas). The pancake cores are assumed to be
cylindrical in shape. The coherence lengths and the corre-
sponding maximum core volumes, which have to be added up to
obtain the pinning potential, are shown for two temperatures
(light and dark shading). d’, and, therefore, the effective spac-
ing of the pancake vortices in different layers, is reduced with
increasing temperature. At higher temperatures the coupling
between pancake vortices and, hence, the correlation length L,
of pinning, is increased. In the presence of a defect a certain
number of pancakes, given by the correlation length, are dis-
placed simultaneously. The observed pinning potential is made
up by the sum of core volumes of these pancake vortices.



