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ac flux-profile measurements are used to determine the current density j, the reversible penetration
depth A’ of a pinned flux lattice, and the reversible displacement d, which is the distance flux can move
before being unpinned. Both parameters A’ and d describe the elastic regime of the interaction between
vortices and defects whereas the current corresponds to the maximum elastic or plastic distortion. The
influence of thermal relaxation on these parameters and on ac measurements in general is discussed.
Anomalous features of the flux profiles observed in various low-T, superconductors are correlated with
the saturation of the current based on plastic deformation of the vortex lattice. A comparison with flux
profiles from single-crystalline and melt-textured YBa,Cu;0;_5 shows the same anomalous feature. This
demonstrates the importance of plastic shear also in high-T, superconductors which seems to be present
in the whole magnetic-field regime. Collective pinning and the related peak effect of the current in V,Si
are compared with the fishtail effect in YBa,Cu30,_s single crystals. The different magnetic-field depen-
dences of A’ and d in the region of maximum current point to differences between these observations.
Decreasing current correlated with decreasing A’ in specimens with a fishtail are related to a softening of
the vortex lattice at fields below the maximum current. This anomalous feature is not observed in sam-
ples with a current continuously decreasing with magnetic field.
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I. INTRODUCTION

The current density j that is carried by a superconduc-
tor at tolerable low electric fields E is a crucial parameter
for a variety of possible applications in high-7, materials.
Investigations of the current dependence on the electric
and magnetic field B and temperature T have not yet re-
sulted in a consistent pinning model for j neither in low-
T, (LTSQO), nor in high-T, superconductors (HTSC). One
main problem is the correlation between j and the defect
structure of the material which pins the vortex lattice
and—for the theoretical modeling especially—whether
this interaction leads to elastic or plastic deformation of
the vortex lattice. This information is of basic impor-
tance for any pinning model. A weak discrimination be-
tween both mechanisms may be obtained from the
magnetic-field dependence of j and its saturation
behavior, i.e., about constant current despite increasing
strength of the defect structure as investigated in a
variety of LTSC.!”* Other pinning parameters offer
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more direct information concerning this and other prob-
lems of the pinning phenomenon. One of them—the re-
versible penetration depth A’ describes the characteristic
length within which a distortion of the pinned flux lattice
decays.’ This length becomes smaller with increasing
strength of the pinning interaction and with decreasing
vortex-vortex interaction, opposite to the behavior of j.
Upper and lower limits of this quantity are the sample
size and the London penetration depth, respectively. The
reversible penetration depth can be measured from the ac
response of the superconductor to an ac magnetic field
with sufficiently small amplitude.

The second parameter is the reversible displacement d
which represents the distance of reversible motion of the
vortices within the effective pinning potential.® This
length corresponds to the linear part of the force dis-
placement curve of pinned vortices and reflects approxi-
mately the displacement before vortices become unpinned
or the size of the potential. The reversible displacement
is related to the Labusch parameter a, i.e., the slope of
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the restoring force in the linear regime, and to the equa-
tion

j=Bd /(u\"?) . (1)

The value can be measured from the ac-induced voltage,
from ac transport current,’ or it may be calculated from
Eq. (1) if j and A’ are measured. The ratio d divided by
the mean distance between vortices a is expected to be
about constant as long as the pinning interaction does not
change. In LTSC d /a was found to be in the region be-
tween 0.5 and 0.1. The larger value is expected in the
direct summation limit for elementary pinning forces or
in the case where plastic shear between vortices deter-
mine j whereas the lower value is related to collective
pinning. The value d /a decreases if the elastic interac-
tion between vortices dominates.®” ' A comparison of
these parameters between LTSC and HTSC allows one to
study the influence of properties specific to HTSC as
short coherence length, large anisotropy, and high tem-
peratures on the pinning interaction. Based on results
from LTSC it allows further to check high-7. pinning
models not only by investigating the current.

In this paper we discuss measurements of j and A’ on
NbTi, V;3Si, PbMogSg, and on YBa,Cu;0,_5. In Sec. II
some experimental details about samples and measure-
ments are given. In Sec. III we investigate the influence
of thermally activated relaxation on ac magnetic mea-
surements with respect to the determination of j and A'.
It is shown that the rearrangement of flux caused by the
ac field is not determined by the E (j) characteristics be-
cause the time-dependent electric field at the surface is
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not in equilibrium with the current inside the sample. A
comparison of j, A, and d /a between LTSC and HTSC is
made in Sec. III. Conclusions concerning plastic flow of
the vortex lattice and the relation between the j(B)
“peak effect” in LTSC and the “fishtail” in HTSC are dis-
cussed.

II. EXPERIMENTAL

Magnetic flux-profile measurements were made on
various LTSC and HTSC samples by an ac method after
Rollins et al.!' In the nonlinear E (j) regime this method
allows us to obtain the radial distribution of j and at cer-
tain conditions the reversible penetration depth of a
pinned flux lattice A’ and the corresponding reversible
displacement d. As in all measurements of magnetic mo-
ments the length scale must be known within which the
induced shielding currents flow. In the investigated
nongranular LTSC and HTSC single crystalline and
melt-textured YBa,Cu;0,_g this is the macroscopic sam-
ple size. An ac magnetic field was applied and the change
of flux was detected by a pickup coil. This induced volt-
age which corresponds to reversible and irreversible
motion of vortices was measured as a function of time
with a transient recorder. The measurements were made
at frequencies f between 1 Hz and 1 kHz at magnetic
fields sufficiently below the irreversibility field where ac
losses from flux flow can be neglected. A part of the re-
versible signal results from the region in the sample
where the change of the ac field is too small in order to
unpin the vortex lattice. The irreversible part is due to
the hysteretic losses of the vortices changing the flux gra-

TABLE I. Survey of the measured specimens.

Ginzburg- Upper critical
Landau or

Specimen Preparation parameter irreversibility field
NbTi Nb 49 weight % Ti, cold =70 B.,~10.4 T
drawn to 1.1 mm in at 42 K
diameter, area reduction
10%, heat treated at 380°C for 10 h.
V;Si Single crystals, annealed
at 1800°C for 3 weeks,
irradiated with fast
neutrons at different
fluences ®r.
(1) ®t=2X10"2 m? 29.6 B.,~11.6 T
at 11.3 K
(2) &t =2X10" m™2 17.3 B,~56T
at 13.5 K
PbMogSg Polycrystalline bulk ~100 B,~11.6 T
material at 10 K
YBa2CU307_5 ~ 100
(1) Stack of 10 single crystals B, ,~38T
at 77 K
2) Melt-textured bulk B =68 T
[ material with 211 at 77 K
(3) precipitates B ,~59T

at 77 K




dient from one sign to the opposite. Based on the critical
state with a steplike voltage current characteristics a cal-
culation of the flux profile from the measured induced
voltage versus time results in a curve which is not a
straight line through the origin as expected for homo-
geneously distributed pinning centers. The unexpected
flat part at the surface of the profile represents the rever-
sible penetration depth A’ and is caused by the purely re-
versible signal just after the external ac field b (¢) changes
the sign of derivative db /dt. With increasing ac field the
irreversible motion dominates resulting in a straight line
for larger distances from the surface. The gradient of
this part of the flux profile corresponds to the current
density. Accompanying measurements were made on the
same specimens with a vibrating sample magnetometer
(VSM) (Oxford 3001), in order to obtain E (j) characteris-
tics from the normalized creep rate and the time constant
7 which describes the rearrangement of flux after a
change of the electric field E at the surface of the sample.
Both ac flux profile and VSM measurements were made
on cylindrical specimens at which the applied ac and dc
fields were directed parallel to the cylinder axis. For the
investigations of the single crystalline YBa,Cu;0,_5 we
used a stack of ten crystals from the same batch with typ-
ical size 2X2X0.3 mm. The crystals were mechanically
processed into a cylindrical shape of 1.5 mm in diameter.
After this they were measured separately by VSM in or-
der to select samples with a variation of j and of the ir-
reversibility field B, less than 10%. The melt-textured
samples had a cylindrical shape of 2—3 mm along the ¢
axis and about 1 mm? area in the ab plane. Both fields
were aligned along the ¢ axis resulting in induced shield-
ing currents flowing within the ab plane of the crystals.
The LTSC specimens were of cylindrical shape with di-
ameters of 1-2 mm and several mm in length. Table I
gives a survey of the measured specimens.

III. RESULTS AND DISCUSSION

A. Flux profile and reversible penetration depth

In the first part of this section we discuss general prob-
lems of determining pinning parameters from ac magnet-
ic flux-profile measurements. We assume a cylindrically
shaped specimen with radius R, the parameter x corre-
sponds to the distance from the surface. The position
and time dependence of the electric field E (x,t) is deter-
mined by the applied ac magnetic field b (¢) at the surface
and by the penetration depth of the ac field x (¢). If the
maximum penetration depth is much smaller than the ra-
dius: x(T/2)/R <<1 the electric field in the region
0<x <x(2) is approximately obtained from the equation:
E(x,t)=(db/dt)(x(t)—x).

The penetration depth x (2) is given by the electric-field
dependence of the current and its radial distribution
j(x,E). Because the experimental results show a
position-independent current, i.e., no surface barrier or
surface pinning, we discuss in the following only the case
of a homogeneous current density.

We assume first a steplike voltage-current characteris-
tics: E =0 for j < j. where j, is the critical current densi-
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ty without thermally activated depinning. For a power-
like approximation E (j)=E_(j/j, )" this corresponds to
an infinite exponent n. The related voltage in the super-
conducting state induced in the pickup coil is

U, (t)=U,(){1—[1—x(t)/R]*} (2)

with U,.(t)~(db /dt) mR? representing the induced volt-
age in the normal conducting state where the skin
penetration depth is much larger than R.!! From the
measured U, (¢) and U(¢) x(¢)/R can be calculated and
the flux profile B (x /R) is reconstructed plotting B(x (¢))
versus x (¢)/R with ¢ as parameter B(x(¢)) is obtained
from the symmetry of the flux profile: B(0,?)
—B(x(t))=B(x(t))—B(0,0) which can be checked ex-
perimentally by comparing U, (0<:t<T/2) with
U(T/2=t=T). The schematic drawing in Fig. 1 shows
B(x/R) for t=0, t=T/2 and for a time ¢t with
T/4 <t <T /2 (thick line).

This picture must be modified because if flux lines be-
come unpinned by the change of the direction of the
Lorentz force at x (¢) /R they must move a finite distance
in order to become pinned and to build up the critical
state again. This means that the conversion from j, to
—Jj. at x(¢)/R needs a characteristic length which is
given by Campbell’s reversible penetration depth A’. The
corresponding reversible induced signal U, (z) results
from the area around x(¢)/R. In the time interval
0=<t=t,, no irreversible signal is present. The field
b(t,,) is the amplitude at which irreversibility starts.
The corresponding change of the flux profiles is schemati-
cally shown by the dotted lines in Fig. 1. The measurable
induced signal U,(t¢) is the superposition from U (¢) and
U, (t). For 0=t=t,, no irreversible flux movement
occurs, U(t) is zero up to t,,, and the obtained flux
profile using U;(¢) in Eq. (2) shows zero current in this

B(x/R,t)

B(0,T/2) k= Byc+bg
N

=172
AN
N\

{ AN
BIO.)  \=BpcebIHN

Bix ()

B0, trey) Py
7
B(0,0) L’: Bpc-by
g

x/R

. N
0 x(t)/R x(T/2)/R

FIG. 1. Schematic drawing of the flux-profile magnetic field
B vs distance x from the surface normalized by the sample ra-
dius R. The applied field is the stationary field By, plus the ac
field b(¢). The thick line represents the flux profile for increas-
ing b (z) at the time ¢. The momentary penetration depth of the
ac field is given by x (¢). The dashed and the dashed-dotted line
correspond to the profiles at t =0 and ¢ =T /2, respectively.
The dotted lines represent the changes if the response of the
elastic regime of the interaction is considered.
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B(x/R)-B(0,0)

x/R
x(T/2)/R

0 “—
0 X/R

FIG. 2. Calculated flux profile (thick line) with consideration
of the elastic response from the reversible flux movement within
A'. The current density j, is assumed to be independent from x
and to follow steplike E (j) characteristics at j =j,.

time interval. This corresponding flat part in Fig. 2 is
equal to A'/R. With increasing penetration depth U,(t)
dominates in comparison to U, (¢) and the flux profile
approaches towards the result from the pure irreversible
flux motion (dashed line in Fig. 2). A more realistic case
must assume irreversible flux motion also for fields below
b(t,,) for reasons which are discussed below. In this
case the slope of db/d(x/R) for 0=x <A’ is not zero
and it does not become infinite at x =A'.

The next step is to consider thermally activated relaxa-
tion of the pinned flux lattice. This influence on the flux-
profile measurement may be divided into two parts: finite
exponent n which changes U; and an additional voltage
Uy, from flux movement. The first part is due to the
finite steepness of the voltage-current characteristics
which results in a current density j smaller than j, for the
same electric field at a constant position x. The time
structure of the applied ac field itself becomes important
because it determines E and results in a time-dependent
current density. The dashed line in Fig. 3 represents as
before n =00 from Fig. 1, whereas the thick line corre-
sponds to a flux profile with a finite n. At t =0 and
t=T/2 db/dt becomes zero and the penetration depth
x(t)/R increases in comparison to the unrelaxed case.
Zero db/dt does not mean j =0 because as discussed
below E (j) of the flux profile is not in an equilibrium
state like in a free transient decay of a magnetic moment
from an induced shielding current. Besides, in the ap-
proximate calculation of x (¢)/R in the case of a finite
steepness of E (j), a second problem arises from the cal-

B(x/R)-B(0,0)

bo

0L x/R

FIG. 3. Schematic drawing of a calculated flux profile (thick
line) with the same assumptions as in Fig. 2 but replacing the
steplike E (j) characteristics by a E (j) with finite steepness.
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culation of B(x(¢)) because the flux profile becomes
asymmetric with respect to B(x (¢)).

The second part that influences the flux-profile mea-
surement results from relaxation of the flux profile. The
flux front decays and induces a signal U, (¢) which does
not follow the time structure of the applied ac field.
Especially U, becomes a maximum at t =0 or t =7 /2
where the region of the decay extends from the surface
up to the maximum penetration depth. The signal Uy,
has opposite sign as U; and U, and causes a shift Az of
the time between U, (0)=0 and U;(A¢)=0. The related
flux profile from measured U,=U,, +U;+Uy, is
schematically shown in Fig. 4. The finite field at the sur-
face results from using Eq. 2 for U; 20 at ¢t > At and cor-
responds to [B(0,At)—B(0,0]/2. This value reflects
therefore an indirect measure of thermally activated flux
movement. The phase shift Az and the signal Uy, (z =0)
which can be measured were related by Kerchner'? to
thermally activated flux creep based on the Anderson-
Kim!® model. Using Eq. (17) and (23) of Ref. 12 we cal-
culated from the measured U,,(t =0) and At the normal-
ized creep rate S and compared these data with those ob-
tained from a free transient decay of the shielding current
measured with a vibrating sample magnetometer
S(VSM)=j "Xdj/d Int). Figure 5 shows S(U,,) values
from Uy, (t =0) which are one order of magnitude small-
er than S(VSM) from the time-dependent decay of j.
This difference cannot be related to the different electric
fields used for the measurements [ E =~0.04 uV/cm (VSM)
and E=1 u/cm (flux profile)]. It demonstrates that the
flux-profile decays much slower than expected from a free
transient decay. The flux profile between x(¢) and
x (T /2) is not in equilibrium with the electric field at the
surface. The redistribution of flux towards this equilibri-
um state is governed by the time constant 7.'* In the
time region 0 =t =< r redistribution of flux dominates and
the decay of j is much slower than in the equilibrium
state for ¢ >>7. Because the ac measurements were done
in the time regime ¢ <7 we expect lower influence of re-
laxation in accordance with S(VSM)> S(Uy,) from Fig.
5. This was further proved from a comparison between
the 7 values measured with a VSM and the characteristic
time T=f ! of the ac field. The inset of Fig. 6 shows
how 7 is obtained from a measurement of the magnetic
moment m vs t for E=2X107° uV/cm. Figure 6 shows

B{x/R)-B(0,0)

bo

 x/R

FIG. 4. Schematic drawing of a calculated flux profile (thick
line) with the same assumptions as in Fig. 3 but taken into ac-
count an induced signal from thermally activated flux move-
ment.
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FIG. 5. Normalized creep rate S =j ~'(dj/d Int) vs B from
measurements with a vibrating sample magnetometer S(VSM)
and from the measured voltage U,. The value S(U-yy,) is relat-
ed to flux creep of the ac-induced flux profile. The measure-
ments are made at 77 K.

7(B) for E=0.2 uV/cm based on the proved relation
7=K(dm /d Int)/E with K representing a geometry fac-
tor.!* The dashed line which corresponds to 7/2 for a
frequency of 100 Hz (E =0.2 uV/cm) is clearly below 7.
This holds for all frequencies because the ratio 7/7 is in-
dependent of E, i.e., a change from ¢ <7 to ¢t > 7 can only
be realized by a variation of dm /d Int with magnetic field
or temperature. At 77 K this occurs for B >3 T where
dm /d Int and therefore 7 becomes sufficiently small. In
this case Uy, from relaxation results predominantly from
the time regime ¢ > 7, in accordance with Fig. 5 where
S (Uyy,) becomes comparable to S(VSM) at higher mag-
netic fields. In the vicinity of the irreversibility line
where the current approaches zero, naturally the region
7<<t is reached and both S values should be the same.

0.08 T g T y T
L |
. 0.32 W
0.06 |- - Eo2s
-
. 0.24 T
» 2 4 6 8 10
T 004r . In((s))
| -
-
- -

0.02 | . E
YBa,Cu,0,(1)
_______________________________________________ .

0.00 - L L — L
0 1 2 3 4

B(T)

FIG. 6. Time constant 7 vs B at 77 K for an electric field of
E =0.2 uV/cm. The dashed line indicates half the time period
of the frequency f =100 Hz which is equivalent to 0.2 uV/cm
at the sample surface. The inset shows a measurement of mag-
netic moment vs Intat T=77K,B=1T, E=2X10"" uV/cm
from which 7 is obtained.
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But if ac measurements are made in the time region ¢ <,
as in this work, the related creep rates do not correspond
to those from magnetization measurements made at
t>>T.

Both contributions from relaxation influence the deter-
mination of j and A’ differently. The error of the j value
is small if the gradient of the flux profile is taken from its
steepest part at about ¢t =7 /4 where E approaches its
maximum and U; dominates. In this case also sinusoidal
and triangular ac fields result in very similar j values for
the same ac amplitude and frequency. The frequency
dependence may be used for the determination of E (j)
characteristics as shown in Fig. 7. The influence from re-
laxation on A’, however, is much more severe because this
parameter is obtained from the time region of pro-
nounced thermal flux movement. The time dependence
of the corresponding signal Uy, (¢) cannot be calculated
and therefore no analytical separation between U, (%)
and Uy, (2) is possible at the present stage. Also the fre-
quency or E dependence of A', as shown in Fig. 7, does
not allow to account for the relaxation influence. This
A'(E) relation is governed by the E dependence of j, d,
and Uy, from which only j(E) can be measured. The
measurements shown in Fig. 7 give approximately
j~EY3, M~E 713, and therefore j~A'"!. This result
contradicts Eq. (2) and demonstrates the importance of
the unknown E dependence of d and Uy,. It should be
mentioned again that only Uy, (¢ =0,E) can be measured
but not its time dependence. For this reason we used an
indirect method to recognize the influence of relaxation
on A'. We compared flux profiles from a sinusoidal—and
from a triangular applied ac field obtained with the same
frequency and amplitude, this means with the same
current. The measured Uy, at ¢t =0, shown in Fig. 8, re-
veals large differences demonstrating different relaxation
rates in both measurements. Therefore different A’ values
obtained from sinusoidal or triangular ac fields are ex-
pected if Up,(t =0) from relaxation does not become

1000 T T 100
YBa,Cu,0,(1) .

500 o 50

o - E

& . <

a

5 ] =

2 . o — <
x - a ‘{

100 . 4 10
0.001 0.01 0.1 1
E(10®Vv/em)

FIG. 7. Current density j and reversible penetration depth A’
vs electric field E obtained from a variation of the frequency be-
tween f =1 Hz and 1 kHz but constant ac amplitude. The mea-
surements, shown for 77 K, 3 T, are not consistent with j ~A?
which points to the influence of d (E) and Uy (t,E). Measure-
ments at lower B fields come closer to j~A'? in agreement with
steeper E (j) characteristics.
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FIG. 8. Voltage Urpy, at the time were the derivative of the
applied ac field is zero vs B at 77 K. The values are normalized
with the amplitude of the voltage in the normal conducting
state U,.. The measurements are made with a triangular (tr)
and a sinusoidal (sin) applied ac field with the same frequency
and amplitude. The insets show U,;(t) at T=77 K, B=1.7T
and U, (¢) for a sinusoidal applied ac field. On the time scale
the arrows indicate =0 and ¢t =7/2. The right inset is an
amplification of the area around ¢=0 from which
Uy, = U;(t =0) is obtained.

negligible. Figure 9 shows the ratio A’ obtained from a
triangular ac signal divided by the value from a
sinusoidal signal. This ratio is about 1.1 and remains
constant in the magnetic-field regime up to 2 T where the
exponent 7 is still above 5. At higher fields the ratio in-
creases because relaxation becomes more pronounced and
influences the determination of A’. For this reason we re-
strict our discussion on A’ to the B, T region with n >5
where the influence of relaxation is still a small perturba-
tion. The A’ values become larger if relaxation increases
especially with increasing Uy, (z =0). For a triangular ac
field Uy, (¢t =0) is always larger (Fig. 8) because the con-

- r . . . . 30
16k YBa,Cu,;0,(1)
o [ ]
c 14} o * 1%°
-® .
Z : c
-E T et
< 12 o ° 'c.o'. 410
[ ] ° )
e © .... ....U ¢ o
1.0}e R o o .
1 N 1 . 0
0 1 2 3 4

B(T)

FIG. 9. Ratio of the reversible penetration depths from a tri-
angular and from a sinusoidal applied ac field A, /Ay, vs B at 77
K (filled circles). The open squares show the exponent n of the
voltage-current characteristics E ~ j".

stant db/dt prevents a smooth approach towards the
equilibrium state at ¢t =0,7/2 as in the case for a
sinusoidal field with db/dt approaching zero. The n
values in Fig. 9 were obtained from a power-law approxi-
mation of the E (j) characteristics.

Flux profiles in HTSC investigated so far do not show
the shape as expected from Fig. 4. The signal in the re-
gion 0=x <A’ is not completely reversible which results
in a finite slope of db/d(x/R) for x <A’ and in a less
pronounced change of the slope at x =A’. As an example
flux profiles from a single crystal YBa,Cu;0, (1) at 77 K
are shown in Fig. 10. The arrow indicates the A’ value
determined from an extrapolation of b(x) to b =0 in the
region of maximum slope db/d(x/R). But also LTSC
show only in certain B and T regions the predicted flux
profiles. In all investigations made in well characterized
homogeneous low-T, specimens the shape of the flux
profiles change continuously with increasing B or T from
the expected shape to a shape very similar as in
YBa,Cu;0,_;5. Figures 11(a)-11(c) demonstrate this for
NbTi, for fast neutron-irradiated V;Si and for PbMoSs.
Flux profiles at the lowest reduced field shown in Figs.
11(a)~11(c) correspond to the expected shape, in contrast
to the larger reduced fields at which the anomalous
behavior becomes more pronounced with increasing field.
As mentioned above the unusual feature is the nonzero
slope of db/d (x /R) in the region 0=x <A’. In the fol-
lowing we discuss possible explanations for the deviation
from the expected shape of the flux profile.

(1) Relaxation as a first possibility can be rejected as
being the main reason based on the comparison between
Figs. 8 and 9 and the corresponding discussion above:
different relaxation rates between triangular and
sinusoidal applied ac field do not result in different A’
values or different slopes for 0<x <A’.

2 B
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FIG. 10. Flux profiles B(x/R) at 77 K measured at different
reduced fields B/B;, with an ac amplitude of =5 mT and a
frequency of 312 Hz. The distance x from the surface is nor-
malized with the radius R of the sample and with the penetra-
tion at b =2 mT. For clarity the surface (x /R)=0 is shifted for
B /B;;,=0.35 and 0.2 to different positions on the abscissa. The
value b =0 corresponds to the stationary field B. The inset
shows the volume pinning force reduced with its maximum
value versus reduced field B /B,,,.
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from the surface is normalized with the radius R of the sample
and with the penetration at a certain applied ac field.
(x /R)eq=1 does not correspond to the maximum penetration
of the ac field. The insets give the volume pinning force reduced
with its maximum value versus reduced field.
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(2) An inhomogeneous surface layer with a lower j
than the bulk value offers a straightforward explanation.
But it can be excluded for the LTSC in Figs. 11(a)-11(c)
as well as for the studied YBa,Cu;0,_g specimens. In all
these investigations A’ values vary as a function of Bor T
by more than one order in magnitude. This would re-
quire a variation of the thickness of the hypothetical sur-
face layer in quite the same way which makes this possi-
bility very doubtful. Further the obtained j, A’, and d
values are consistent with Eq. (1), i.e., j~A’~2 is roughly
fulfilled which also makes a correlation between A’ and an
inhomogeneous region at the surface very improbable.

(3) A third possibility may result from a granular
behavior of the current. In this case decoupling between
the quite different inter- and intragrain current densities
causes a change of the slope db /d (x /R) if the intergrain
screening capability is exhausted. The lower intergrain
current, from the surface up to the field where the inter-
grain screening is saturated may also lead to a misinter-
pretation of A’. But the same arguments used for the dis-
cussion of the surface layer are also suitable for an ex-
clusion of this possibility. Further magnetic and trans-
port current measurements of the studied HTSC speci-
mens rejected directly a decoupling.!!

(4) An increase of the reversible signal, more than ex-
pected from the measured current density was observed
in the geometry B|ja,b in melt-textured YBa,Cu;0,_s. '3
These larger A’ values were related to the presence of
internal surfaces from cracks. However, it was demon-
strated that this explanation is not applicable for the
geometry B|jc in the present investigated melt-textured
YBa,Cu;0;, specimens.

(5) A distribution of the elementary pinning forces may
lead to a depinning of flux lines at pinning sites with a
lower force. This results in an irreversible flux movement
at distances below the average A’ values. But also, this
possibility becomes questionable from the observation
that distorted flux profiles in LTSC are only observed in a
certain field region as discussed in detail below.

(6) An irreversible behavior of a part of the flux lattice
within the region of global reversible motion!® may result
from plastic deformation of the flux lattice if locally the
shear force becomes smaller than the pinning force.

Weakly interacting pointlike defects in the presence of
stronger pinning centers in HTSC and the large
Ginzburg-Landau parameter « favoring the presence of
flux-lattice defects and decrease the shear force of the flux
lattice in comparison to the pinning force. Both support
the last explanation as the dominating reason for the
unexpected flux profiles. This holds also for the low-T,
specimens where a transition from an elastic distorted
flux lattice to a plastic distortion were proved by history
effects and found just in the region below the maximum
volume pinning force where the flux profiles changed
their shape. In PbMogS; with « similar to YBa,Cu;0,_s,
even at very low fields the flux profiles do not become
regular [Fig. 11(c)] comparable to the HTSC. Further
one expects a less pronounced dependence of the current
on the properties of the defect structure if the Lorentz
force is balanced by the shear force of the flux lattice.
Such a saturationlike behavior, related to plastic defor-
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mation, is observed in the LTSC of Figs.
11(a)-11(c). 4192021 The influence of saturation is re-
stricted to the higher-field region where the shear
modulus of the flux lattice and the related shear force de-
crease faster with B than the pinning force. Below the
maximum of the volume pinning force F,=B-j the de-
pinning process determines the current which results in a
normal flux profile. The insets in Figs. 11(a)-11(c) show
the reduced volume pinning force vs reduced field for the
three LTSC specimens. Above the maximum of F, at
which the defect structure is of lower influence due to
plastic deformation, the flux profile starts to deviate from
the ideal shape. Transferring this correlation between
plastic deformation and unusual flux profile to the HTSC,
it indicates that in the YBa,Cu;0,_; specimens plastic
deformation of the flux lattice is present in the whole B
and T area similar as in PbMo4Sg. This mechanism may
not dominate but besides the depinning it influences the
behavior of the current. This is also in accordance with
the absence of history effects in YBa,Cu;0,_5 and
PbMo,S; wires because there is no change from plastic to
elastic distortion of the flux lattice. Further the satura-
tion of j in HTSC correlated with plastic deformation
was partly observed and discussed.??™ %

B. Comparison of pinning parameters
between low- and high-T, superconductors

In this section we investigate pinning parameters and
their relation to pinning models especially to the origin of
the fishtail in YBa,Cu;0;_5. A general discussion of this
phenomenon and the influence of the oxygen content is
given in Ref. 24. The measurements on YBa,Cu;0,_;
are made with 30 Hz whereas 11.6 Hz were used for in-
vestigating V;Si. The variation of the electric fields from
the different frequencies and sample sizes is of negligible
influence on the results due to the sufficiently large steep-
ness of the E (j) characteristics. Figure 12 shows A'(B)
determined from the flux profiles and the ratio reversible
displacement divided by the mean flux distance d/a ob-

10 T T T T 0.05

YBa,Cu,0,(2)

-1 0.04

0.03

d/a

0.02

0.01

0 1 2 3 4 5 0.00

B(T)

FIG. 12. Reversible penetration depth A’, reversible displace-
ment d divided by the flux distance a and the current density j
vs magnetic field B at 77 K. jis given on a linear scale between
0 and 1.4 X 10° A/cm?, the scale is not shown for clarity.
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tained from Eq. (1). The measurements of Fig. 12 are
made on a melt-textured sample YBa,Cu,0, (2), showing
a continuously decreasing current density with B. The
reversible penetration depth is in the region of some um,
one order in magnitude larger than the London penetra-
tion depth. The A’ values obtained from the flux profile
are slightly overestimated mainly due to the influence of
plastic deformation and relaxation as mentioned above.
This means that d or d /a values calculated from Eq. (1)
represent an upper limit. The d /a ratios at higher B are
below 0.02 which corresponds to absolute d values of
some nm, comparable to the coherence length. These
very small reversible displacements in comparison to the
flux distance point to core pinning interaction of dense,
point-defect-like pinning centers. This is not in contrad-
iction to plastic deformation of the flux lattice because
this mechanism is not expected to be dominant
but occurs locally and is only visible at flux-lattice
movements below A’. Similar small displacements
were observed in melt-textured and thin films of
YBa,Cu;0,_5.7'"?’"? The magnetic-field, and temper-
ature dependence of A’ in YBa,Cu;0, (2) behave normal-
ly as expected from all observations in LTSC: both A’ and
J show opposite behavior—decreasing j (B, T) is correlat-
ed with increasing A'(B, T') and vice versa.

In the following we summarize briefly measurements of
j» A/, and d on V,;Si made as a function of B, T and pin-
ning center density N. Results and discussion of these in-
vestigations which are partly published in Refs. 9, 20, and
21 shall be used for a comparison with the HTSC speci-
mens. The V;Si crystals irradiated with fast neutrons
show below a certain magnetic-field and defect concen-
tration a satisfying agreement with the collective-pinning
theory of Larkin and Ovchinnikov.’® The weakly in-
teracting pointlike pinning centers cause elastic deforma-
tion in the flux lattice which is accompanied by low
currents and a slowly decreasing d /a with B similar to
that in Fig. 12. However, a smooth variation of d /a is
not expected if the pinning mechanism changes as for in-
stance in the region where single-vortex pinning becomes
influenced by vortex-vortex interaction and in the transi-
tion region from elastic to plastic deformation of the flux
lattice. Above this transition area d/a approaches
higher values and decreases further with B towards B,,.
Such a typical behavior is shown in Fig. 13 for V,Si (2)
with a j vs B peak. The regime of single-vortex interac-
tion with a constant slope of the restoring force per flux
line vs displacement d(j¢y)/du is probably observed
below 0.5 T. The transition to the regime where plastic
flow becomes important occurs from 4.3 to 4.6 T. The
peak effect of the current at about 4.7 T is correlated with
a minimum of A’ and a maximum of d/a. Below the
peak all three pinning parameters are roughly consistent
with a collective-pinning interaction. The field area
above the maximum current shows large d /a values up
to 0.4 but it is not in accordance with a direct summation
model or with a model based on pure plastic deformation
of the flux lattice. This follows for instance from the ex-
ponent m of the relation j ~N™ which becomes a func-
tion of B and decreases from m =2 to m <0.1 if B ap-
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FIG. 13. Reversible penetration depth A’, reversible displace-
ment d divided by the flux distance a and the current density j
vs magnetic field B at 13.5 K. j is given on a linear scale be-
tween 0 and 900 A/cm?, the scale is not shown for clarity.

proaches B_,. The field area at which the transition be-
tween the two mechanisms takes place shifts with in-
creasing defect density to zero field. This naturally ex-
plains the decrease of the peak position to lower fields,
further, the height of the peak increases and the shape of
the peak broadens. Above a certain N the transition area
has vanished and the current density decreases continu-
ously with magnetic field. Figure 14 shows the corre-
sponding measurements of the crystal V,Si (1) after an in-
crease of the defect density by a factor of 10°. In contrast
to the crystal V;Si (2) with the lower defect density the
d /a values increase with B and reach 0.5 at the broad
maximum in the higher-field area. The exponent m de-
creases from about 1 at low B to 0.1 at 0.9B,,. This satu-
rationlike behavior which becomes pronounced with B is
correlated with the change of the flux profile [Fig. 11(b)]
both caused by a more dominating influence of plastic de-
formation.

A rough comparison between V;Si (2) in the field re-
gion below the j(B) peak and YBa,Cu;0; (2) points to
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FIG. 14. Reversible penetration depth A’, reversible displace-
ment d divided by the flux distance a and the current density j

vs magnetic field B at 11.3 K. j is given on a linear scale be-
tween 0 and 8.5 X 10° A /cm?, the scale is not shown for clarity.
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collective pinning also in the HTSC. But relaxation mea-
surements show that collective creep®' with a negative
curvature in logE vs logj is only present in the region of
about constant S (Ref. 32) up to B~2 T. This indicates
that the low d/a values are not necessarily correlated
with a collective-pinning interaction. These differences
between LTSC and HTSC become even more pronounced
if the single-crystal YBa,Cu;0, (1) is compared with V,Si
(2). This HTSC sample has a maximum current at rela-
tively low field. The fishtail effect which is observed in
single crystals with dominating point-defect disorder
shows the maximum current typical at B /B, ~0.3. The
about-constant reduced peak position is observed even in
quite differently prepared YBa,Cu;0,_5 single crystals.
If one expects the same mechanism as for the peak in
V3Si (2) it requires an about-constant defect concentra-
tion in the HTSC samples with fishtail. This assumption
is less probable and becomes even more doubtful from
measurements of crystals with quite different oxygen con-
tent, i.e., different concentration of oxygen vacancies,
which also show the maximum of the current at the same
value B/B,,.%

In YBa,Cu;0, (1) (Fig. 15) the expected relation be-
tween j and A’ is observed down to 0.5 T, i.e., dj /dB has
an opposite sign as dA'/dB. However, below 0.5 T this
relation has changed, a decreasing current is accom-
panied by a decreasing A'. The anomalous correlation be-
tween A’ and j leads to the unusual maxima d /a at 0.5 T.
This pecularity becomes less pronounced with decreasing
temperature. Figure 16(a) shows that the maximum of A’
vanishes at about 50 K whereas the fishtail is still ob-
served at this temperature [Fig. 16(b)]. But the anoma-
lous increase of A’ in spite of increasing j is present at all
temperatures. An influence of the self-field for this
phenomenon can be excluded because the self-field is
smaller than the value at which d/a becomes a max-
imum.

The peak of d /a in Fig. 15 is further not in agreement
with a change from elastic to plastic deformation in the
flux lattice as in V;Si (2) because d /a above the peak ap-
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FIG. 15. Reversible penetration depth A’, reversible displace-
ment d divided by the flux distance a and the current density j
vs magnetic field B at 77 K. jis given on a linear scale between
0 and 1.75X 10* A/cm?, the scale is not shown for clarity.
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proaches again very small values and the anomalous
shape of the flux profiles in YBa,Cu;0; (1) is present in
the whole field regime (Fig. 10). Further the peak does
not correlate with the maximum current as in V,Si (2).
From these observations we conclude that the fishtail in
HTSC may have a somewhat different origin than the
peak effect in LTSC. From a comparison between
YBa,Cu;0; (1) and YBa,Cu;0, (2), we suggest that the
anomalous correlation between A' and j and the corre-
sponding d/a peak is related to the increase of the
current with B. Because this happens at very low fields,
where small vortex-vortex interaction is expected, single-
vortex pinning or easy flux shear may be involved. In the
second case the current is limited by plastic deformation
between vortices if the pinning force becomes larger than
the shear force between vortices. This may occur either
at large fields approaching B, or the melting point B;,,
where the elastic moduli decrease or at low fields where
vortex-vortex interaction vanishes due to large intervor-
tex distance. A further requirement for a shear limited
current is that not all vortices are pinned with the same
strength. Such a distribution is always present for dense
randomly spaced point pins which interact collectively
with vortices. For this reason the current at low fields
where vortex-vortex interaction is negligible may be
determined by the shear force and not by a single collec-
tive interaction. With increasing field the stronger

vortex-vortex interaction increases the shear force and
the current. This behavior relates the increase of the
current with B at low fields to an overcome of the soften-
ing of the vortice lattice. The mechanism should occur
for weakly interacting defects of high density as in single
crystals with impurities or oxygen vacancies. However, a
shear limited current is not expected for strongly in-
teracting pins as long as the system does not become di-
lute, i.e., the distance between flux lines is larger than the
spacing between pins. In this field region the current is
high and related to a direct summation of the individual
interaction forces. At higher fields the system becomes
dilute and j may be shear limited or in the presence of
point defects it may be related to this current. The tran-
sition region between both is indicated by a pronounced
decrease of j with B. This behavior corresponds to the
melt-textured sample YBa,Cu;0, (2) prepared with 211
precipitates of low concentration. In the dilute case the
211 pinning centers are occupied by flux lines already at
very low B. Increasing field results in a pronounced de-
crease of the current which is then determined by the
background pinning of weakly interacting point pinning
centers. Such a defect structure of strong widely spaced
pins is further in accordance with increasing d /a if B de-
creases towards the region of single-vortex interaction.

In single crystals of YBa,Cu,0,_; with a pronounced
fishtail the current decreases down to very low external
fields. The increase of j at very low fields [Fig. 16(b)], is
related to larger scale defects. An increase of the 211
concentration depresses the j(B) fishtail as well as the

125 M T ' . 0.10 specific correlation between j, A’, and d. Figure 17 shows
measurements on a melt-textured specimen YBa,Cu,0,
10.0+ 0.08 (3) with a plateaulike j (B) dependence. The maximum of
. A d /a at about 3 T corresponds as usual in most samples to
£ 75F 0.06 the maximum of the volume pinning force whereas the
< g roughly constant d /a below 1 T reminds on the possible
= sol 10.04 softening in this area. As shown in Table II, sample 3
shows the fishtail behavior and the j(B) dependence at
2ol 0.02 low fields between YBa,Cu;0, (1) and YBa,Cu;0, (2).
v
YBa,Cu;0,(3)
0.0 . . " 1 0.00 TABLE II. Comparison of data for the three different sam-
0 1 2 3 4 5 ples of YBa,Cu;0;_s.
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FIG. 17. Reversible penetration depth A’, reversible displace- 3 2 . .
ment d divided by the flux distance @ and the current density j g; ZZ§ 185 2222 ;lzh;;ﬁtaﬂ
vs magnetic field B at 77 K. j is given on a linear scale between 3) 1:9X 10* A/cm? Plateau

0 and 2.2 X 10* A/cm?, the scale is not shown for clarity.
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FIG. 18. Current density j vs magnetic field B at 77 K for
different melt-textured YBa,Cu;0;_5 and for a YBa,Cu;0,_;
single crystal (different from sample 1) with an irreversibility
field similar to other samples.

The suppression of the fishtail effect from the high
currents at low B is also demonstrated in Fig. 18 which
shows j(B) of different samples with about the same ir-
reversibility field. The depression of the j(B) maximum
by large scale defects may result from two possibilities.
The presence of defects as for instance 211 precipitates
may decrease the density of point pinning centers by
enhanced diffusion and segregation. In this case the
fishtail vanishes because the necessary defect structure is
absent. The second possibility is related to the larger dis-
order of the flux lattice in the low-field region caused by
the softening. The larger scale defects may already pro-
duce a disorder in the lattice which prevents a further
softening or melting as from the high-density point-defect
structure in single crystals.

A final remark is addressed to the Labusch parameter
a which is the slope of the force displacement curve in
the linear elastic regime. A comparison of the values in
Fig. 19 between the three YBa,Cu;0,_5 samples at 77 K
suffers from different irreversibility fields and different
currents. The a values of sample 2 are in the low-field re-
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FIG. 19. Labusch parameter a calculated from the relation
B?/(uo\'?) vs magnetic field B at 77 K. The a values for sample
(2) should be multiplied by a factor of 10.
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gion about one order in magnitude higher than that one
of sample 3 with similar B, but by a factor of 3 to 5
lower j. At fields above 3 T where the currents become
about equal also a of both samples approaches the same
values. The field and temperature dependence of a and
of B-j is very similar in sample 1, which points to the
same interaction mechanism in the entire range of field
and temperature. Whereas in samples 2 and 3, this coin-
cidence is not observed. The different dependences of a
and B-j on B especially pronounced in sample 2 may be
related to different pinning centers dominating at low and
high fields, respectively.

IV. SUMMARY

An ac technique is used to measure flux profiles in vari-
ous low-T, superconductors and single crystalline and
melt-textured YBa,Cu;0,_; for the geometry field paral-
lel to the c axis of the crystals. The current density j and
the reversible displacement A’ which describes the elastic
limit of the interaction between vortices and pinning
structure were determined from the flux profile.

The influence of thermally activated flux movement on
these parameters is discussed. From the measured in-
duced voltage at the time where the slope of the applied
ac field becomes zero, the relaxation rate is calculated.
These values are one order of magnitude smaller than re-
laxation rates obtained from a transient decay of an in-
duced current from VSM measurements. This difference
demonstrates that the thermally activated flux motion in
an ac experiment is not in equilibrium with the electric
field at the sample surface. The measured time constant
which describes the rearrangement of flux towards this
equilibrium state is much larger than the period of the ac
field. This observation means that the equilibrium
voltage-current characteristics E (j) do not determine the
influence of relaxation on ac measurements made
sufficiently below the irreversibility field.

The induced voltage from thermally activated flux
motion was observed to be quite different between a
sinusoidal and a triangular applied ac field. The influence
of relaxation on the determination of A’ was obtained
from a comparison between results from both measure-
ments. This influence caused an error of A’ below 20% if
the slope of log E vs logj is above 5. Flux profiles at dis-
tances from the surface below A’ are expected to have
zero slope (j =0) because only reversible flux motion
should occur in the elastic limit of low driving forces.
But the low-T, specimens show a finite slope in the
magnetic-field region at which the current becomes near-
ly independent from the pinning interaction due to plas-
tic deformation of the vortex lattice. Flux profiles in
YBa,Cu;0,_5 revealed the same anomalous feature, but
at all magnetic fields, which points to local plastic shear
in the region of global reversible flux motion.

A general comparison of A’ between YBa,Cu;0,_s and
LTSC at similar current densities and reduced tempera-
tures shows much smaller A’ values in the HTSC. Conse-
quently the ratio reversible displacement divided by the
mean flux distance, d/a, approaches values down to
0.005 whereas in LTSC d/a=~0.1 represents the lower
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limit. This much smaller elastic regime of reversible flux
motion results from the dominating interaction with
pointlike pinning centers in HTSC. Only YBa,Cu;0,_
samples with 211 precipitates show larger d /a values at
low magnetic fields. The current in samples without such
larger scale pinning centers is determined by point de-
fects as in single crystals with a fishtail effect. This max-
imum current at intermediate magnetic fields is correlat-
ed with an anomalous behavior of A’ at fields below the
maximum. In all LTSC samples with and without a j(B)
peak effect and in YBa,Cu;0,_5 without a fishtail a de-
creasing current is accompanied by increasing A’ values
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as expected from vortex-vortex interaction. But in the
fishtail sample below the maximum current, both the re-
versible displacement and the current decrease with de-
creasing field. This correlation indicates a softening of
the vortex lattice and a shear limited current.
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