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Vortex pinning by Ni point defects in Bi2Sr2Ca„Cu12xNix…2O81d single crystals

R. Noetzel and K. Westerholt
Ruhr-Universita¨t Bochum, Institut fu¨r Experimentalphysik IV, D-44780 Bochum, Germany

~Received 8 June 1998!

We study the vortex pinning of Bi2Sr2CaCu2O81d ~Bi2212! single crystals doped with up to 2 at. % of Ni
atoms on the Cu position using measurements of the dynamic magnetic relaxation. We find that below an
optimum Ni-doping level of about 1 at. % the thermal activation energy for vortex creep and the critical current
density definitely increase with the Ni concentration. This proves that Ni point defects contribute to the pinning
forces, as expected within the theory of weak collective pinning. At higher Ni concentrations we observe a
strong decrease of the activation energy, probably caused by an overlap of the vortex potentials from neigh-
boring Ni sites. The dynamic behavior of the vortex system at low temperatures and magnetic fields is
dominated by elastic creep of single vortices whereas at higher temperatures and fields plastic creep of vortex
dislocations becomes dominant. The phase with plastic creep grows in the (B,T) plane with increasing strength
of the collective pinning forces.@S0163-1829~98!00146-5#
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I. INTRODUCTION

The physics of vortices in type-II superconductors h
been of central interest since the beginning of high-Tc re-
search. The relevance of vortex physics for technical ap
cations is obvious, but, it is also interesting as far as ba
research is concerned, since a variety of new vortex ph
with different dynamic properties have been predicted a
observed experimentally.1–4

The complexity of the vortex phase diagram in the (B,T)
plane of high-Tc compounds is due to the layered structu
with superconducting CuO2 planes separated by nonsupe
conducting blocks. This strong anisotropy leads to a mo
lation of the superconducting order parameter along thc
axis. The flux lines in an external magnetic field parallel
the c axis of the crystal are a build up of pancakelike sup
current loops.1,5 Depending on the anisotropy, the tempe
ture, and the magnetic field the vortex lines may behave
rigid three-dimensional objects or as stacks of nearly in
pendent two-dimensional objects.5

The second important feature that causes the comple
of vortex physics in high-Tc superconductors is the presen
of a random pinning potential leading to disorder in the v
tex system. The dynamic response of the vortices to an
ternal driving force is determined by a competition betwe
the interaction of the vortices with the pinning potential a
the vortex-vortex interactions. Changing the external m
netic field or the temperature, the dominant interaction a
the coupling strength of pancake vortices in neighbor
CuO2 layers can be varied and consequently many differ
phases or subphases may occur in the (B,T) plane. Ordered
vortex lattices,6 vortex glasses with different sources of sta
disorder,7–9 vortex line liquids,10 and even pancake-vorte
gas phases11 have been discussed in the literature.

The discussion of the microscopic origin of the weak ra
dom pinning potential, existing in all high-Tc superconduct-
ors, even in pure, high-quality single crystals, is still som
what controversial.1,12 It is usually assumed that poin
defects such as oxygen vacancies or interstitial atoms are
main source of this pinning potential.13–15 These point de-
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fects act collectively on the vortices in the sense that man
them contribute to the pinning potential seen by a vor
line. This is the basis for the collective pinning theory, whi
is established as an adequate model for the descriptio
pinning in pure high-Tc superconductors.16,17

Principally the random weak pinning potential can
modified by introducing point defects intentionally and ac
ally this is the idea of the present work, where we want
study the pinning properties of Ni atoms on the Cu posit
in Bi2Sr2CaCu2O81d single crystals. The change of the int
grated pinning forces caused by these additional point
fects is difficult to predict. On the one hand, it is expect
that the pinning force and the critical current density sho
increase with the number of defects1 but, on the other hand
a high defect density enhances the disorder of the vo
lattice and this might be detrimental for the pinning force

Experimentally, magnetic relaxation measurements h
given key information on the pinning properties in high-Tc
superconductors.18 The analysis of magnetic relaxation da
is usually based on the assumption that below the irrev
ibility line vortices move through the sample by thermal a
tivation. The main parameter determining the magnetic
laxation of the system is the effective thermal activati
energy for vortex motionU( j s ,He ,T). Following the theo-
ries for weak collective pinning1,16,17or vortex glasses3,19 U
depends on the induced current densityj s , the external mag-
netic fieldHe , and the temperatureT. In our analysis below
we use the following parametrization for the activatio
energy:20

U~ j s!5
Uc

m F S j c

j s
D m

21G . ~1!

This formula, which has often been used for the analy
of magnetic relaxation data in the literature20–22is quite gen-
eral, since it contains the classical Kim-Anderson mode23

for high current densitiesj s→ j c and also the divergence o
U in the low-current limit, as expected within collective pin
ning theory or vortex glass models. These theories predi
definite set of positive numbers for the dynamic expone
15 108 ©1998 The American Physical Society
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TABLE I. Data of the Bi2Sr2Ca(Cu12xNix)2O81d crystals used for the present study. Columns 1
crystal numbers and Ni concentrations determined from microprobe analysis; columns 3,4, total cryst
and the geometical factorV ~see main text!; columns 5,6, the transition temperature~susceptibility onset! and
the extrapolated residual resistivity; columns 7,8, parametersC andUc(T→0) derived by the use of Eq.~4!.

Crystal xNi (at.%) m (mg) V (A/Gcm2) Tc(K) %n(mV cm) C U0 (K)

b5-12 pure 7.92 165 85.5 80 13.0 130610
b5-13 pure 0.84 362 85.7 75 21.4 130610
na-10 0.66 2.51 240 82.9 101 17.2 140620
nb-20 0.87 6.69 169 81.2 118 26.7 180615
nb-12 0.89 1.56 281 79.5 125 15.0 180610
nc-11 1.71 2.68 250 74.2 180 23.5 100610
nd-10 1.80 3.92 119 73.7 340 13.5 100610
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e.g.,m5 1
7 for single vortex pinning~SVP!, m5 5

2 for small-
bundle pinning, andm5 7

9 for large-bundle pinning. In vor-
tex glassesm5 1

2 is expected for a three-dimensional~3D!
elastic manifold.1

Equation~1! contains a logarithmic divergence as a sp
cial case form→0 and formally also allows for negativ
values of the exponentm. This is physically meaningful in
the case of plastic motion of dislocations in a regular vor
lattice24 with the corresponding exponent beingm52 1

2 . Re-
cent publications on the vortex dynamics based on Eq.~1!
revealed that for strongly anisotropic high-Tc superconduct-
ors such as Tl2Ba2CaCu2O81d plastic vortex dislocation
creep is dominant in the magnetic phase diagram below
irreversibility line.22

In the present paper we study the pinning properties
Bi2Sr2CaCu2O81d single crystals doped with different con
centrations of Ni on the Cu site by using the method
dynamic relaxation. We are mainly interested in the evo
tion of the pinning properties and the dynamic behavior
the vortex system with increasing degree of Ni substituti
In a previous publication we have found that Ni doping sh
the irreversibility line of Bi2212 single crystals to highe
magnetic fields for doping levelsx<1 at. %, whereas a fur
ther increase of the Ni concentration causes a strong decr
of the irreversibility fields.25 However, the correlation be
tween the position of the irreversibility line within the (B,T)
plane and the pinning forces is not straightforward.26,27Mea-
surements of the effective activation energy in the flux cre
regime below the irreversibility line should give more insig
into the pinning properties.

This paper is organized as follows: After a short descr
tion of the samples and the experiments, we introduce
method of dynamical relaxation and present the relaxa
measurements of Ni-doped Bi2212 single crystals. The fi
section gives the conclusions and a summary.

II. EXPERIMENT

A. Samples and experimental method

We used single crystals of the high-Tc system
Bi2Sr2CaCu2O81d doped with up to 2 at. % Ni on the C
position for the present investigation. In a detailed study
have shown that single crystals of Bi2212 with a homo
enous Ni distribution can be grown by a modified Bridgma
Stockbarger technique.28,29 For the magnetic relaxation mea
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surements seven crystals containing different
concentrations were selected. The parameters character
these crystals are summarized in Table I.

Prior to the experiments the samples were subjected t
oxygen homogenization treatment by annealing in an atm
sphere of 90% Ar and 10% O2 at 780 °C for three days. The
Ni-concentrations given in Table I were determined by qu
titative x-ray wavelength dispersive microprobe analysis. F
a first characterization of the superconducting properties
measured the ac susceptibility and the resistivity of the cr
tals. The real part of the ac susceptibility for five crysta
from Table I measured with an ac amplitude of 0.1 Oe at
Hz is shown in Fig. 1. The superconducting transition sh
continously towards lower temperatures with a slope
about 26 K/at. %. Only for the highest doping levelx
51.8 at. % Ni a slight broadening of the transiton is o
served. The residual resistivity extrapolated from the lin
%(T) curve aboveTc increases by about 150mV cm per
at. % Ni substitution29 ~see Table I!.

For applying the method of dynamic relaxation we me
sured magnetic hysteresis loops by a vibrating sample m
netometer~Lake Shore Model 7300! at different magnetic-
field sweep ratesS[dHe /dt ranging from 5 Oe/s to 300
Oe/s. The magnetic field was always orientated paralle
thec axis of the single crystals, it was generated by a sup
conducting solenoid. The constant sweep velocity was es
lished by a motor-driven high-precision potentiometer a
controlled by a commercial Hall probe. During a field swe
the temperature of the sample was stabilized to better tha
mK.

FIG. 1. Real part of the ac susceptibility measured atf
577 Hz andhac50.1 Oe for Ni-doped Bi2212 single crystal
from Table I.
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B. Dynamic relaxation method

The dynamic relaxation method was pioneered, to the b
of our knowledge, by Pust30 and further developed by othe
groups.31–34 Recently it was applied to various high-Tc
compounds.21,22 The method has often been shown to
equivalent to conventional relaxation measurements and
be used to extend the time window down to short relaxat
times in the ms range,32,33 which can hardly be reached b
conventional methods.18 The short relaxation times acce
sible in dynamic relaxation experiments are favorable in
case of high-Tc superconductors since the relaxation in the
compounds can be very rapid.20

The flux creep equation can be written as31

2
dM

dt
5x0

dHe

dt
2Dv0HeexpS 2U~ j s ,He ,T!

kBT D ~2!

with the differential susceptibilityx0 and the geometrica
factor D only depending on the size and shape of
crystal;31 v0 is the vortex hopping velocity. During a typica
field sweepx0dHe /dt@dM/dt}d js /dt is always fulfilled
in our experiment and thus the left-hand side in the fl
creep equation~2! can be neglected. With the definition o
the dynamic relaxation rateQ one can write

Q[
d ln j s

d ln S
52

kBT

j s
S dUj

d js
D 21

. ~3!

The indexj denotes the dependence of the effective a
vation energy on the normalized current densityj 5 j s / j c .
For the determination ofU j two experimental quantities ar
needed, the dynamic relaxation rateQ and the induced su
perconducting current densityj s , both parameters have to b
determined at the same field sweep rateS0 .

For the evaluation of the current dependent activation
ergyU j in Eq. ~3! we use the scheme recently worked out
high-Tc superconductors by Schnack and Griessen35 starting
with the current dependence of the activation energyU( j ) as
given by Eq.~1!. With Eq. ~3! then follows

T

Q~T,He!
5

Uc~T,He!

kB
1m~T,He!CT. ~4!

The parameterC[ ln(Dv0He/x0S) contains all factors de
pending on the geometry. One can use the experimental
for the determination ofC since for sufficiently low deriva-
tives d jc /dT for T→0 one can extrapolate~after quantum
tunneling corrections! ~Refs. 21,35!:

C5 lim
T→0

2
1

Q

d ln j s

d ln T
. ~5!

From Eq. ~4! one can see that in a (T/Q vs T) plot a
straight line is expected ifm(T) is a constant, thus allowing
a direct determination ofUc andm. It has been shown tha
these parameters can be derived by this method for m
high-Tc systems.21,22,35

III. RESULTS AND DISCUSSION

In Fig. 2 we show hysteresis loops measured at five
st
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ferent field sweep rates fromS55 Oe/s~inner curve! to S
5300 Oe/s~outer curve! for the sample nb-12, doped wit
0.9 at. % Ni. For the sweep rateS0545 Oe/s~in the middle
of the five curves! we calculated the induced current dens
j s5VDM . The geometrical factorV was estimated for each
crystal separately on the basis of the Bean model, consi
ing a constant field gradient within the sample.36 The
V-values of all crystals are given in Table I. The curre
densities as a function of temperature derived from the h
teresis loops are shown in the upper panel of Fig. 3.
fields lower thanHe55 kOe the calculation ofj s(T) was
not done, because it cannot be assumed that the flux-pr
is of the Bean type. Below the full-penetration fieldH* in-
teractions of the vortices with the shielding currents in t
sample surface are not negligible and the flux profile may
dominated by the crystal geometry.27,37

FIG. 2. Magnetic hysteresis loops of a Bi2212 single crys
doped with 0.9 at. % Ni~nb-12 from Table I!. The magnetization
curves were measured at 4 K, 10 K, and 18 K and field sweep r
S55,15,45,150,300 Oe/s~from the outer to the inner of the curves!.

FIG. 3. Induced superconducting current densityj s(T) ~upper
panel! and the normalized dynamic relaxation rateQ(T) ~lower
panel! of the Bi2212 crystal with 0.9 at. % Ni derived for the swee
rateS0545 Oe/s and magnetic fields from 5 kOe to 60 kOe.



te
rs
e
-

c

e-

e
qs
x

e-

n
o

n
N

s
at
tu
ua

t

d

0

nd

g
e
e
-
be
om

ing
the
ec-
tly
ws

ne

e-
of

Ni
.
all
at
12.

hat
g
ys-

ig.
es

for
the

e

PRB 58 15 111VORTEX PINNING BY Ni POINT DEFECTS IN . . .
In the lower panel of Fig. 3 the logarithmic relaxation ra
Q5d ln DM/d ln S, defined as the mean slope of the irreve
ible magnetization atS0545 Oe/s, is plotted. Whereas th
dynamic relaxation rateQ increases rapidly with the mag
netic field and the temperature, the current densityj s de-
creases strongly. ForHe550 kOe for example, the dynami
relaxation rate reachesQ51 at T'20 K. A relaxation rate
of this order of magnitude indicates the vicinity of the irr
versibility line in the magnetic phase diagram.22

For an evaluation of the microscopic parametersUc and
m following the scheme based on Eq.~4! we must replot the
Q(T) data in a (T/Q vs T) diagram as outlined above. Sinc
only thermal activated vortex hopping is considered in E
~2!–~4!, we have to subtract the quantum tunneling rela
ation rateQ0 , which can contribute considerably to the r
laxation rate in the low-temperature range.21,38 We deter-
mined the rateQ0 by extrapolating theQ(T) curves linearly
towardsT50. As shown in a recent detailed study on qua
tum tunneling relaxation,Q is linear in temperature down t
the mK regime for Bi2212 single crystals.38 The fact that the
Q(T) curves in Fig. 3 approach one universal curve forT
→0 shows that the dependence ofQ0 on the magnetic field
is only weak. TheT/Q-curves determined after subtractio
of the quantum tunneling contribution are plotted for four
concentrations and different external fields in Fig. 4.

The prefactorUc(T) in Eq. ~4! is expected to vary weakly
for low temperatures, thus one would expect theT/Q plots to
be straight lines for constantm values. In contrast, all curve
shown in Fig. 4 exhibit a definite nonlinear structure indic
ing that the dynamic exponent changes with the tempera
and the magnetic field. Nevertheless, one can eval
Uc(He) from the low-temperature parts of theT/Q plots by
linear extrapolation towardsT50 with an accuracy of abou
10–20 K. In the pinning modelsUc plays the role of the
energy scale for thermally activated vortex hopping.1,2 The
resultingUc(T50) for theT/Q plots in Fig. 4 are presente
as a function of the external magnetic fieldHe in Fig. 5. For
all crystals we derive an activation energy of the order 1

FIG. 4. (T/Q vs T)-plot for four crystals from Table I. The
external magnetic fields areHe55,10,20,30,40,50, and 60 kO
from the top curve to the bottom curve.
-

.
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K, very similar to the value obtained for Tl2212 films22 but
significantly smaller than Uc'300 K, obtained for
YBa2Cu3O72y-films.21 The numerical values ofUc for the
Ni-doped Bi2212 crystals forHe→0 and T→0 are also
listed in Table I.

Consistent with previous results in the literature we fi
for all crystals a slight decrease ofUc with increasing mag-
netic field.22 Within the collective pinning model a stron
increase ofUc(H) is expected for small- or large-bundl
pinning, whereasUc(H) should remain constant in the cas
of single-vortex pinning.1 The slight decrease of the activa
tion energy with the external field observed in Fig. 5 may
a consequence of the variation in the depths of the rand
potential valleys seen by a single vortex. With increas
number of vortices in the sample their adjustment to
effective pinning potential gets worse. The measured eff
tive Uc , representing the average potential, will be sligh
reduced then. In any case, only single-vortex pinning allo
for the weak field dependence ofUc(H) which is observed
experimentally. If plastic dislocation creep is dominant, o
expects22,24 Uc}Upl}He

2(1/2) , but the experimental data in
Fig. 5 with a linear slope of about20.3 K/kOe do not fol-
low this relation. Therefore we conclude that the flux mov
ment at low temperatures is dominated by elastic creep
single pinned vortices.

Figure 5 also gives the dependence ofUc on the Ni con-
centration. It is obvious that the substitution of 0.9 at. %
gives a strong enhancement ofUc compared to pure Bi2212
This effect is well reproducible and can be measured in
crystals with similar doping levels. It clearly indicates th
Ni atoms act as pinning centers on the Cu site of Bi22
Figure 5 also reveals that the activation energyUc(He) de-
creases again for higher Ni-doping levels, i.e., it shows t
Ni concentrationsx.1 at. % are detrimental for the pinnin
forces. In order to elaborate on this characteristic more s
tematically, we have plottedUc at He55 kOe for the com-
plete set of Ni-doped Bi2212 samples from Table I in F
6~a!. One sees that additional point defect pinning becom
perceptible at a Ni substitution of aboutx50.5 at. % and
grows towards a doping level ofx'1 at. %, whereUc is
enhanced by a factor of about 1.5 compared to the value
pure Bi2212 single crystals. For higher Ni concentrations
activation energy decreases toUc'100 K at x51.8 at. %,

FIG. 5. The effective thermal activation energyUc(H) extrapo-
lated forT→0 for the four crystals from Fig. 4.
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which is definitely lower thanUc derived for pure Bi2212.
A similar nonmonotonous concentration dependence

served forUc(x) is also present in the shift of the irrever
ibility line.25 For a direct comparison we have plotted t
reduced irreversibility temperaturest irr 5Tirr /Tc derived
from ac-susceptibility measurements for the same exte
field He55 kOe in Fig. 6~b!. The strong correlation be
tweenUc(x) andt irr (x) emphasizes that the interpretation
the irreversibility line forH.5 kOe as a depinning line in
Bi2212 is reasonable. In Fig. 6~c! we also plotted the critica
current densitiesj c(x), details of thej c determination will be
given below. The main result here is that within the expe
mental error barsj c(x) has a concentration dependence ide
tical to Uc(x). Again this is consistent with the theory o
weak collective pinning in high-Tc superconductors.1

It is plausible that a certain density of Ni-point defects
the Cu position in a high-Tc superconductor can increase t
effective pinning forces, since we expect that the superc
ducting pair density at the Ni position is lowered (dTc pin-
ning!. However, the question arises, why a further incre
of the Ni-point defect density beyond the critical dopin
level x>1 at. % leads to the observed strong suppressio
Uc(x) and j c(x) ~Fig. 6!. A possible explanation for this
nonmonotonous concentration dependence is suggested
numerical simulations of pinning potentials due to random
distributed point defects.39 The deformation of the vortex
potential created by a real point defect like a Ni ion on t
Cu position has a certain spatial extension. In the numer
simulation one finds a strong suppression ofj c and Uc set-
ting in when the individual point defect potentials begin
overlap. Depending on the detailed shape of the local p
ning potential, one therefore gets an optimum point def
density. In our experiments we estimatexopt.;1 at. % for Ni
doping in Bi2212, this corresponds to an average Ni-ion d
tance of about 35 Å. However, besides the Ni atoms in
duced intentionally there is a certain density of intrinsic po
defects as oxygen vacancies or other structural defects.

FIG. 6. Thermal activation energyUc(x) ~a!, reduced irrevers-
ibility temperaturet irr (x)5Tirr (x)/Tc(x) ~b! and critical current
density j c(x) ~c! at an applied field ofH55 kOe as a function of
the Ni concentration for all crystals from Table I. The drawn lin
are guides to the eye.
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other complication that prohibits a quantitative analysis
the microscopic pinning parameters is the fact that the
tribution of Ni atoms in the crystals may not be uncorrelate
It is possible that some tendency towards clustering of
atoms exists at higher concentrations.

The second important parameter that can be derived f
the plots in Fig. 4 is the exponentm, characterizing the de
pendence of the activation barrier on the normalized curr
density j s / j c . For the crystals studied in the present wo
the values for the parameterC determined following equa-
tion ~5! are given in Table I. Note that the dependence oC
on both the external fieldHe and the sweep rateS is weak
within the experimental conditions of the present investig
tion, therefore we regardC in the analysis of our data a
constant. FrommC, determining the slope of theT/Q(T)
plot @see Eq.~4!#, the dynamic exponent can be derived.
small positive exponentm50.1 . . .0.2, as predicted in the
collective pinning theory or in vortex glass models, is fou
for fields He,40 kOe at low temperatures. Within the e
perimental error bars this value coincides with the expon
for single-vortex pinning~SVP! m5 1

7 . This result shows tha
the vortices in Bi2212 at low fields and temperatures are w
desrcibed by the SVP theory.

Above about 10 K the slope in theT/Q(T) plots becomes
negative. Within a narrow temperature interval the dynam
exponent drops to a valuem'20.3•••20.4. This effect was
also reported recently for other high-Tc superconductors.22,24

As discussed above, a negative exponentm indicates a phase
with dislocation-mediated plastic vortex creep. Them values
obtained experimentally in this regime are close to the th
retical exponentm52 1

2 , which is expected within a mode
based on diffusion of dislocations in atomic solids.24 For
He>40 kOe the phase with plastic creep has displaced
SVP phase completely and even at very low temperaturem
remains negative.

To sum up the results obtained from the calculation ofm,

FIG. 7. Magnetic phase diagrams for a pure Bi2212 crystal,
optimally Ni-doped crystal~0.9 at. %! and a Ni-overdoped crysta
~1.8 at. %!. The empty symbols denote the transition line from ela
tic to plastic vortex creep (m50 line!. The filled symbols give the
irreversibility line as determined from ac-susceptibility measu
ments in Ref. 25.
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we have plotted the dynamic phase diagrams for pure, o
mally Ni-doped and Ni-overdoped Bi2212 crystals in Fig.
We can distinguish three regimes within the (H,T) plane. At
low temperatures and magnetic fields there is the elastic
gime, where the collective pinning of single vortices det
mines the dynamic behavior, followed by the plastic pha
characterized by a dynamic exponent of the orderm'2 1

2 .
For the definition of the transition line~open symbols! we
have chosen the intersection withm(T)50. The third vortex

FIG. 8. Measured superconducting current densityj s(T) at S0

545 Oe/s~open symbols! and calculated critical current densitie
j c(T) ~filled symbols!. The current densities are plotted for a pu
Bi2212 crystal~a! and crystals doped with 0.9 at. % Ni~b! and 1.8
at. % Ni ~c!. The external magnetic fields areH55 kOe andH
560 kOe. The drawn lines represent fits with the empirical re
tion j 5 j 0expP3(T) ~see main text!.
ti-
.

e-
-
,

phase above the irreversibility lineHirr (T) ~filled symbols!
is interpreted as the vortex liquid.Hirr (T) presented in Fig. 7
was derived from the ac-susceptibility loss peak measure
hac50.1 Oe andf 577 Hz. The influence of the Ni-poin
defect concentration on the vortex dynamics becomes o
ous by comparing the three diagrams in Fig. 7.Hirr (T) for
He>5 kOe is largest at the optimum Ni concentrationx
50.9 at. % and decreases strongly atx51.8 at. %. Interest-
ingly, the plastic-elastic transition temperatures shift in t
opposite direction, i.e., the transition temperatures are low
at the optimum degree of Ni substitution. Thus the optimu
doping leads to a strong broadening of the plastic reg
within the vortex phase diagram of Bi2212.

We finally calculate the critical current densityj c from
the above results. By combining Eqs.~1! and~2! one gets the
relation

j c5 j sS mC
kBT

Uc
11D 2m

. ~6!

In Figs. 8~a!–8~c! the resulting critical current densitie
~filled symbols! for three characteristic Ni concentrations a
presented and compared to the measured current den
j s(T) ~open symbols!. One should note the large difference
between the current densitiesj s(T) and j c(T). At T
520 K the critical current densityj c is about a factor of 50
larger thanj s , even forT'2 K the ratio is of the order 1.5
This means that the flux profiles, even in dynamic relaxat
measurements using relatively high field sweep rates,
usually far away from the critical state. The decay ofj c(T)
in Fig. 8 can empirically be fitted byj c(T)' j 0expP3(T) with
P3(T) being a polynomial of the third order. The exponent
temperature dependence of the critical current densityj c(T)
is due to thermal fluctuations of vortices within the potent
valleys and has been predicted theoretically for regions in
vicinity of the irreversibility lineHirr (T).40

It is remarkable that the transistion from elastic to plas
vortex creep in phase diagrams in Fig. 7 can clearly be
dentified as a shoulder in thej c(T) curves in Fig. 8. The
temperatures of this anomaly shown in the upper panel
Figs. 8~a!–8~c! coincide well with the corresponding trans
tion temperatures plotted in Fig. 7. ForHe560 kOe the
plastic-elastic transition is absent, consequently the co
spondingj c(T) curves in the lower panels of Figs. 8~a!–8~c!
are smooth.

IV. SUMMARY AND CONCLUSIONS

The analysis of the dynamic relaxation of Ni-dope
Bi2212 single crystals based on a collective pinning mo
clearly demonstrates that up to a Ni concentration of abo
at. % the pinning forces can be enhanced. At low tempe
tures the dynamical behavior can be described well
single-vortex pinning with an effective pinning energ
Uc(He50)'130 K for pure Bi2212 decreasing slightl
with increasing magnetic field. The effective pinning ener
can be enhanced up toUc' 180 K for optimum doping at a
Ni concentration ofx'1 at. %. Whereas experimentally th
proof of point defect pinning by oxygen vacancies
YBa2Cu3O72y and Bi2Sr2CaCuO81d single crystals13,14 or
by defects created by electron bombardment in Bi22

-
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samples41 was not very clear, our results strongly suggest
additional pinning by the Ni-point defects.

An increase of the density of Ni-point defects beyond
optimum concentration leads to a strong suppression of
parameters characterizing the strength of the pinning.
agreement with the results on the shift of the irreversibi
line25 one gets a nonmonotonous behavior ofUc(x) and
j c(x). A possible explanation for this effect is the compe
sation of the positiveUc enhancement from point defect pin
ning by an overlap of the individual defect potentials. Th
conclusion is supported by numerical computer simulati
of point defect pinning.39

Above the single-vortex pinning regime in the magne
phase diagram the dynamic behavior of vortices in pure
Ni-doped Bi2212 can be explained by plastic motion of v
tex dislocations. This seems to be typical for high-Tc super-
conductors and was recently also reported in YBaC
crystals24 and Tl2212 thin films.22 The transition from elastic
to plastic creep is characterized by a change of the dyna
exponentm within a narrow temperature interval from
positive to a negative value.

The crossover from elastic to plastic vortex dynamics
n,
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it-
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k
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l,

, H
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d.
e

e
e

In

-

s

d
-

ic

s

also reflected in the temperature dependence of the cri
current densitiesj c(T) where the changing sign ofm leads to
a shoulder in thej c(T) curves. This shoulder reminds us o
the second magnetization peak inj c(H) curves, observed in
Bi2212 single crystals at low magnetic fields, which has a
been discussed as a change of the vortex dynamics.24,42

The elastic-plastic transition line in the (B,T) plane is
correlated with the nonmonotonous concentration dep
dence ofUc and j c but shifts in the opposite direction, i.e
an increasingUc corresponds to a decrease of the transit
temperature. One thus can conclude that a stronger pin
suppresses the elastic vortex phase within the magn
phase diagram. A similar result was also obtained for el
tron irradiated Bi2212 single crystals.41 It is consistent with
the idea that stronger pinning enhances the activation en
for elastic vortex motion but affects the plastic motion
dislocations to a much smaller extent.
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