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Vortex pinning by Ni point defects in Bi,Sr,Ca(Cu;_,Ni,),0g, 5 Single crystals
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We study the vortex pinning of BSr,CaCuyOg., 5 (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 iB fiigglane with increasing strength
of the collective pinning force$S0163-182808)00146-5

[. INTRODUCTION fects act collectively on the vortices in the sense that many of
them contribute to the pinning potential seen by a vortex
The physics of vortices in type-ll superconductors hadine. This is the basis for the collective pinning theory, which
been of central interest since the beginning of highre-  is established as an adequate model for the description of
search. The relevance of vortex physics for technical applipinning in pure highf, superconductor:’
cations is obvious, but, it is also interesting as far as basic Principally the random weak pinning potential can be
research is concerned, since a variety of new vortex phasegodified by introducing point defects intentionally and actu-
with different dynamic properties have been predicted anailly this is the idea of the present work, where we want to
observed experimentalfy:* study the pinning properties of Ni atoms on the Cu position
The complexity of the vortex phase diagram in tiT) in Bi,SrL,CaCyOg, 5 single crystals. The change of the inte-
plane of highT, compounds is due to the layered structuregrated pinning forces caused by these additional point de-
with superconducting CuQplanes separated by nonsuper-fects is difficult to predict. On the one hand, it is expected
conducting blocks. This strong anisotropy leads to a moduthat the pinning force and the critical current density should
lation of the superconducting order parameter alongcthe increase with the number of defettsut, on the other hand,
axis. The flux lines in an external magnetic field parallel toa high defect density enhances the disorder of the vortex
the c axis of the crystal are a build up of pancakelike super-attice and this might be detrimental for the pinning forces.
current loops:® Depending on the anisotropy, the tempera- Experimentally, magnetic relaxation measurements have
ture, and the magnetic field the vortex lines may behave agiven key information on the pinning properties in high-
rigid three-dimensional objects or as stacks of nearly indesuperconductor® The analysis of magnetic relaxation data
pendent two-dimensional objects. is usually based on the assumption that below the irrevers-
The second important feature that causes the complexitipility line vortices move through the sample by thermal ac-
of vortex physics in highF, superconductors is the presencetivation. The main parameter determining the magnetic re-
of a random pinning potential leading to disorder in the vor-laxation of the system is the effective thermal activation
tex system. The dynamic response of the vortices to an exenergy for vortex motiotd(js,He,T). Following the theo-
ternal driving force is determined by a competition betweerries for weak collective pinnirlg®*’ or vortex glasse's® U
the interaction of the vortices with the pinning potential anddepends on the induced current dengitythe external mag-
the vortex-vortex interactions. Changing the external magnetic fieldH,, and the temperaturg In our analysis below
netic field or the temperature, the dominant interaction andve use the following parametrization for the activation
the coupling strength of pancake vortices in neighboringenergy?°
CuG, layers can be varied and consequently many different

phases or subphases may occur in tBeT() plane. Ordered : Ue|(c\*

vortex lattice$ vortex glasses with different sources of static U(js)= “w (E) -1 @
disorder’=° vortex line liquids'® and even pancake-vortex

gas phasés$ have been discussed in the literature. This formula, which has often been used for the analysis

The discussion of the microscopic origin of the weak ran-of magnetic relaxation data in the literattfe??is quite gen-
dom pinning potential, existing in all high; superconduct- eral, since it contains the classical Kim-Anderson métel
ors, even in pure, high-quality single crystals, is still some-for high current densitieg;— j. and also the divergence of
what controversiat!? It is usually assumed that point U in the low-current limit, as expected within collective pin-
defects such as oxygen vacancies or interstitial atoms are thmng theory or vortex glass models. These theories predict a
main source of this pinning potential.*® These point de- definite set of positive numbers for the dynamic exponent,

0163-1829/98/5@2)/151088)/$15.00 PRB 58 15108 ©1998 The American Physical Society



PRB 58 VORTEX PINNING BY Ni POINT DEFECTS IN ... 15109

TABLE |. Data of the BjSr,Ca(Cy_Ni,),Og. s Crystals used for the present study. Columns 1,2,
crystal numbers and Ni concentrations determined from microprobe analysis; columns 3,4, total crystal mass
and the geometical factét (see main text columns 5,6, the transition temperatysesceptibility onsetand
the extrapolated residual resistivity; columns 7,8, param&@ensdU .(T—0) derived by the use of Ed4).

Crystal Xni (at.%) m (mg) Q (AIGen?) T(K) on(un) cm) C Uy (K)

b5-12 pure 7.92 165 85.5 80 13.0 1300
b5-13 pure 0.84 362 85.7 75 21.4 1300
na-10 0.66 2.51 240 82.9 101 17.2 14P0
nb-20 0.87 6.69 169 81.2 118 26.7 1805
nb-12 0.89 1.56 281 79.5 125 15.0 1800
nc-11 1.71 2.68 250 74.2 180 23.5 1900
nd-10 1.80 3.92 119 73.7 340 13.5 1000
e.g.,u=73 for single vortex pinningSVP), u=3 for small-  surements seven crystals containing different Ni

bundle pinning, angk=4 for large-bundle pinning. In vor- concentrations were selected. The parameters characterizing
tex glassesu=3 is expected for a three-dimension@D) these crystals are summarized in Table I.
elastic manifold: Prior to the experiments the samples were subjected to an
Equation(1) contains a logarithmic divergence as a spe-oxygen homogenization treatment by annealing in an atmo-
cial case foru—0 and formally also allows for negative sphere of 90% Ar and 10% at 780 °C for three days. The
values of the exponent. This is physically meaningful in Ni-concentrations given in Table | were determined by quan-
the case of plastic motion of dislocations in a regular vortexitative x-ray wavelength dispersive microprobe analysis. For
lattice?® with the corresponding exponent beipg= —3. Re-  a first characterization of the superconducting properties we
cent publications on the vortex dynamics based on(Ey. measured the ac susceptibility and the resistivity of the crys-
revealed that for strongly anisotropic high-superconduct- tals. The real part of the ac susceptibility for five crystals
ors such as TBaCaCyOg, s plastic vortex dislocation from Table | measured with an ac amplitude of 0.1 Oe at 77
creep is dominant in the magnetic phase diagram below thbz is shown in Fig. 1. The superconducting transition shifts
irreversibility line2? continously towards lower temperatures with a slope of
In the present paper we study the pinning properties ofibout —6 K/at. %. Only for the highest doping level
Bi,Sr,CaCuyOg., 5 single crystals doped with different con- =1.8 at. % Ni a slight broadening of the transiton is ob-
centrations of Ni on the Cu site by using the method ofserved. The residual resistivity extrapolated from the linear
dynamic relaxation. We are mainly interested in the evolu¢(T) curve aboveT. increases by about 15@Q) cm per
tion of the pinning properties and the dynamic behavior ofat. % Ni substitutiof® (see Table )L
the vortex system with increasing degree of Ni substitution. For applying the method of dynamic relaxation we mea-
In a previous publication we have found that Ni doping shiftssured magnetic hysteresis loops by a vibrating sample mag-
the irreversibility line of Bi2212 single crystals to higher netometer(Lake Shore Model 7300at different magnetic-
magnetic fields for doping levels<1 at. %, whereas a fur- field sweep ratesS=dH./dt ranging from 5 Oe/s to 300
ther increase of the Ni concentration causes a strong decrea®e/s. The magnetic field was always orientated parallel to
of the irreversibility fields> However, the correlation be- thec axis of the single crystals, it was generated by a super-
tween the position of the irreversibility line within th&(T)  conducting solenoid. The constant sweep velocity was estab-
plane and the pinning forces is not straightforw#é’Mea-  lished by a motor-driven high-precision potentiometer and
surements of the effective activation energy in the flux creegontrolled by a commercial Hall probe. During a field sweep
regime below the irreversibility line should give more insight the temperature of the sample was stabilized to better than 50

into the pinning properties. mK.

This paper is organized as follows: After a short descrip- : -
tion of the samples and the experiments, we introduce the Us 1
method of dynamical relaxation and present the relaxation
measurements of Ni-doped Bi2212 single crystals. The final 02 ]
section gives the conclusions and a summary. .0,4L, 18at%

=
0.6
Il. EXPERIMENT os 17au%
A. Samples and experimental method
1 ]
We used single crystals of the high- system L o 2 s o o

Bi,Sr,CaCyOg, s doped with up to 2 at. % Ni on the Cu
position for the present investigation. In a detailed study we
have shown that single crystals of Bi2212 with a homog- FIG. 1. Real part of the ac susceptibility measured fat
enous Ni distribution can be grown by a modified Bridgman-=77 Hz andh,.=0.1 Oe for Ni-doped Bi2212 single crystals
Stockbarger techniqu@:?° For the magnetic relaxation mea- from Table |.

T(K)
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B. Dynamic relaxation method : T

The dynamic relaxation method was pioneered, to the best 4007

of our knowledge, by Pu&tand further developed by other
groups3=3* Recently it was applied to various high- 200
compound$!?2 The method has often been shown to be
equivalent to conventional relaxation measurements and can
be used to extend the time window down to short relaxation
times in the ms rang&3 which can hardly be reached by
conventional method€ The short relaxation times acces- 2200
sible in dynamic relaxation experiments are favorable in the

case of highf, superconductors since the relaxation in these

M(G)

compounds can be very rafid. A0 et
The flux creep equation can be writter*as 80 -60 -40 -20 0 20 40 60 80
H (kOe)
dM dH, —U(js,He,T) i . . )
——=xo—— —AvoHeexg ——— 2 FIG. 2. Magnetic hysteresis loops of a Bi2212 single crystal
dt dt kT doped with 0.9 at. % N{nb-12 from Table ). The magnetization

curves were measured at 4 K, 10 K, and 18 K and field sweep rates

with the differential susceptibilityy, and the geometrical _
=5,15,45,150,300 Oe(from the outer to the inner of the curyes

factor A only depending on the size and shape of the

crystal® v, is the vortex hopping velocity. During a typical

field sweepyodH./dt>dM/dtecdj /dt is always fulfiled ferent field sweep rates frol®8=5 Oe/s(inner curve to S

in our experiment and thus the left-hand side in the flux=300 Oe/s(outer curve for the sample nb-12, doped with

creep equatiorf2) can be neglected. With the definition of 0.9 at. % Ni. For the sweep raf=45 Oe/s(in the middle

the dynamic relaxation rat® one can write of the five curveswe calculated the induced current density
is=QAM. The geometrical factaf) was estimated for each

3) crystal separately on the basis of the Bean model, consider-
ing a constant field gradient within the sampleThe
Q-values of all crystals are given in Table I. The current

The indexj denotes the dependence of the effective acti-densities as a function of temperature derived from the hys-

vation energy on the normalized current dengityj./j.. teresis loops are shown in the upper panel of Fig. 3. For

For the determination dfJ; two experimental quantities are fields lower thanH,=5 kOe the calculation of4(T) was

needed, the dynamic relaxation ra@eand the induced su- not done, because it cannot be assumed that the flux-profile

perconducting current density, both parameters have to be is of the Bean type. Below the full-penetration figtt in-

determined at the same field sweep rgge teractions of the vortices with the shielding currents in the

For the evaluation of the current dependent activation ensample surface are not negligible and the flux profile may be

ergyU; in Eq. (3) we use the scheme recently worked out fordominated by the crystal geometr§’

high-T. superconductors by Schnack and Gried3starting

with the current dependence of the activation endigy) as 106

given by Eq.(1). With Eq. (3) then follows E

_dmg__kg%dq)l

“dinS jg | djs

105;

T U(THo) ST

= +u(T,He)CT. 4 10%

QTHy kg MR @ 5

< 10}

The paramete€=In(AvoH./xpS contains all factors de- :; 1025

pending on the geometry. One can use the experimental data :
for the determination o€ since for sufficiently low deriva- 1010
tivesdj./dT for T—0 one can extrapolaté@fter quantum S
tunneling corrections(Refs. 21,35

0.6
1dinj, g

C:T“Lno_adlﬂT' (5) o o.4§

From Eq.(4) one can see that in a(Q vs T) plot a 0.2¢

straight line is expected | (T) is a constant, thus allowing
a direct determination ofJ. and w. It has been shown that
these parameters can be derived by this method for many T(K)
high-T, systemg122:3

FIG. 3. Induced superconducting current densifyT) (upper
Il. RESULTS AND DISCUSSION pane) and the normalized dynamic relaxation ra@T) (lower
pane) of the Bi2212 crystal with 0.9 at. % Ni derived for the sweep
In Fig. 2 we show hysteresis loops measured at five difrate S;=45 Oe/s and magnetic fields from 5 kOe to 60 kOe.
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FIG. 5. The effective thermal activation energy(H) extrapo-

lated forT—0 for the four crystals from Fig. 4.

T(K)

K, very similar to the value obtained for TI2212 filRut

FIG. 4. (T/Q vs T)-plot for four crystals from Table I. The significantly smaller than U.~300 K, obtained for
external magnetic fields arel.=5,10,20,30,40,50, and 60 kOe YBa2CUsO7_y'ﬁ|mS.21 The numerical values df; for the
from the top curve to the bottom curve. Ni-doped Bi2212 crystals foH,—0 and T—0 are also

listed in Table I.

In the lower panel of Fig. 3 the logarithmic relaxation rate  Consistent with previous results in the literature we find
Q=dInAM/dIn S, defined as the mean slope of the irrevers-for all crystals a slight decrease of, with increasing mag-
ible magnetization ag,=45 Oe/s, is plotted. Whereas the netic field?> Within the collective pinning model a strong
dynamic relaxation rat€) increases rapidly with the mag- increase ofU.(H) is expected for small- or large-bundle
netic field and the temperature, the current dengityle-  pinning, whereadJ (H) should remain constant in the case
creases strongly. Fét.=50 kOe for example, the dynamic of single-vortex pinnind. The slight decrease of the activa-
relaxation rate reacheg3=1 atT~20 K. A relaxation rate tion energy with the external field observed in Fig. 5 may be
of this order of magnitude indicates the vicinity of the irre- a consequence of the variation in the depths of the random
versibility line in the magnetic phase diagram. potential valleys seen by a single vortex. With increasing

For an evaluation of the microscopic parametdgsand  number of vortices in the sample their adjustment to the
w following the scheme based on Eg) we must replot the effective pinning potential gets worse. The measured effec-
Q(T) datain a T/Q vs T) diagram as outlined above. Since tive U, representing the average potential, will be slightly
only thermal activated vortex hopping is considered in Egsreduced then. In any case, only single-vortex pinning allows
(2—(4), we have to subtract the quantum tunneling relax-for the weak field dependence bf,(H) which is observed
ation rateQg,, which can contribute considerably to the re- experimentally. If plastic dislocation creep is dominant, one
laxation rate in the low-temperature rarfgé® We deter-  expect&?2* U U, <H, M2, but the experimental data in
mined the rateQ, by extrapolating th&@(T) curves linearly  Fig. 5 with a linear slope of about 0.3 K/kOe do not fol-
towardsT=0. As shown in a recent detailed study on quan-low this relation. Therefore we conclude that the flux move-
tum tunneling relaxationQ is linear in temperature down to ment at low temperatures is dominated by elastic creep of
the mK regime for Bi2212 single crystal®The fact that the single pinned vortices.

Q(T) curves in Fig. 3 approach one universal curve Tor Figure 5 also gives the dependencellqf on the Ni con-
—0 shows that the dependence@§ on the magnetic field centration. It is obvious that the substitution of 0.9 at. % Ni
is only weak. TheT/Q-curves determined after subtraction gives a strong enhancementlof compared to pure Bi2212.
of the quantum tunneling contribution are plotted for four Ni This effect is well reproducible and can be measured in all
concentrations and different external fields in Fig. 4. crystals with similar doping levels. It clearly indicates that

The prefactotd .(T) in Eqg.(4) is expected to vary weakly Ni atoms act as pinning centers on the Cu site of Bi2212.
for low temperatures, thus one would expectTH® plotsto  Figure 5 also reveals that the activation enethyH,) de-
be straight lines for constapt values. In contrast, all curves creases again for higher Ni-doping levels, i.e., it shows that
shown in Fig. 4 exhibit a definite nonlinear structure indicat-Ni concentrations<>1 at. % are detrimental for the pinning
ing that the dynamic exponent changes with the temperaturierces. In order to elaborate on this characteristic more sys-
and the magnetic field. Nevertheless, one can evaluatematically, we have plotted . atH.,=5 kOe for the com-
U.(He) from the low-temperature parts of tiiéQ plots by  plete set of Ni-doped Bi2212 samples from Table | in Fig.
linear extrapolation towards=0 with an accuracy of about 6(a). One sees that additional point defect pinning becomes
10-20 K. In the pinning modeld). plays the role of the perceptible at a Ni substitution of about=0.5 at.% and
energy scale for thermally activated vortex hoppirigrhe grows towards a doping level of~1 at.%, whereU is
resultingU(T=0) for theT/Q plots in Fig. 4 are presented enhanced by a factor of about 1.5 compared to the value for
as a function of the external magnetic fi¢dd in Fig. 5. For  pure Bi2212 single crystals. For higher Ni concentrations the
all crystals we derive an activation energy of the order 10Qactivation energy decreases th~100 K atx=1.8 at. %,
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FIG. 6. Thermal activation energy.(x) (a), reduced irrevers- FIG. 7. Magnetic phase diagrams for a pure Bi2212 crystal, an

ibility temperaturet; (x)=T, (x)/Tc(x) (b) and critical current  optimally Ni-doped crysta(0.9 at. % and a Ni-overdoped crystal

densityj.(x) (c) at an applied field oH=5 kOe as a function of (1.8 at. %. The empty symbols denote the transition line from elas-

the Ni concentration for all crystals from Table I. The drawn linestic to plastic vortex creepy=0 line). The filled symbols give the

are guides to the eye. irreversibility line as determined from ac-susceptibility measure-
ments in Ref. 25.

which is definitely lower thartd. derived for pure Bi2212.

A similar nonmonotonous concentration dependence obether complication that prohibits a quantitative analysis of
served forU.(x) is also present in the shift of the irrevers- the microscopic pinning parameters is the fact that the dis-
ibility line.?® For a direct comparison we have plotted thetribution of Ni atoms in the crystals may not be uncorrelated.
reduced irreversibility temperatures,, =T, /T, derived It is possible that some tendency towards clustering of Ni
from ac-susceptibility measurements for the same externatoms exists at higher concentrations.
field H,=5 kOe in Fig. &b). The strong correlation be- The second important parameter that can be derived from
tweenU.(x) andt;,, (x) emphasizes that the interpretation of the plots in Fig. 4 is the exponept, characterizing the de-
the irreversibility line forH>5 kOe as a depinning line in pendence of the activation barrier on the normalized current
Bi2212 is reasonable. In Fig(& we also plotted the critical densityjs/j.. For the crystals studied in the present work
current densitieg;(x), details of thg . determination will be  the values for the paramet€ determined following equa-
given below. The main result here is that within the experi-tion (5) are given in Table I. Note that the dependenc&of
mental error barg.(x) has a concentration dependence iden-on both the external fieltH, and the sweep rat8 is weak
tical to U.(x). Again this is consistent with the theory of within the experimental conditions of the present investiga-
weak collective pinning in higf-, superconductors. tion, therefore we regar@ in the analysis of our data as

It is plausible that a certain density of Ni-point defects onconstant. FromuC, determining the slope of th&/Q(T)
the Cu position in a higf-, superconductor can increase the plot [see Eq.(4)], the dynamic exponent can be derived. A
effective pinning forces, since we expect that the superconsmall positive exponentt=0.1...0.2, as predicted in the
ducting pair density at the Ni position is loweredT(, pin-  collective pinning theory or in vortex glass models, is found
ning). However, the question arises, why a further increaséor fields H,<<40 kOe at low temperatures. Within the ex-
of the Ni-point defect density beyond the critical doping perimental error bars this value coincides with the exponent
level x=1 at. % leads to the observed strong suppression dbr single-vortex pinningSVP) w= 3. This result shows that
U.(x) and j.(x) (Fig. 6). A possible explanation for this the vortices in Bi2212 at low fields and temperatures are well
nonmonotonous concentration dependence is suggested fratasrcibed by the SVP theory.
numerical simulations of pinning potentials due to randomly Above about 10 K the slope in tHEQ(T) plots becomes
distributed point defect® The deformation of the vortex negative. Within a narrow temperature interval the dynamic
potential created by a real point defect like a Ni ion on theexponent drops to a valye~ —0.3- - - —0.4. This effect was
Cu position has a certain spatial extension. In the numericadlso reported recently for other high-superconductors?*
simulation one finds a strong suppressionjoindU, set-  As discussed above, a negative exponeimtdicates a phase
ting in when the individual point defect potentials begin towith dislocation-mediated plastic vortex creep. The&alues
overlap. Depending on the detailed shape of the local pinebtained experimentally in this regime are close to the theo-
ning potential, one therefore gets an optimum point defectetical exponenj.=—3, which is expected within a model
density. In our experiments we estimatg, ~1 at. % for Ni  based on diffusion of dislocations in atomic solfdsFor
doping in Bi2212, this corresponds to an average Ni-ion disH.=40 kOe the phase with plastic creep has displaced the
tance of about 35 A. However, besides the Ni atoms introSVP phase completely and even at very low temperatures
duced intentionally there is a certain density of intrinsic pointremains negative.
defects as oxygen vacancies or other structural defects. An- To sum up the results obtained from the calculatiop.of
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FIG. 8. Measured superconducting current dengifif) at Sy
=45 Oel/s(open symbolsand calculated critical current densities

j<(T) (filled symbolg. The current densities are plotted for a pure

Bi2212 crystal(a) and crystals doped with 0.9 at. % Kb) and 1.8
at. % Ni (c). The external magnetic fields até=5 kOe andH ] ! : o
=60 kOe. The drawn lines represent fits with the empirical rela-Bi2212 single crystals based on a collective pinning model

tion j = j,expPs(T) (see main tejt

15113

phase above the irreversibility ling;, (T) (filled symbol3
is interpreted as the vortex liquitl;,, (T) presented in Fig. 7
was derived from the ac-susceptibility loss peak measured at
h,c=0.1 Oe andf=77 Hz. The influence of the Ni-point
defect concentration on the vortex dynamics becomes obvi-
ous by comparing the three diagrams in FigHz, (T) for
H.=5 kOe is largest at the optimum Ni concentratign
=0.9 at. % and decreases stronglyxat1.8 at. %. Interest-
ingly, the plastic-elastic transition temperatures shift in the
opposite direction, i.e., the transition temperatures are lowest
at the optimum degree of Ni substitution. Thus the optimum
doping leads to a strong broadening of the plastic regime
within the vortex phase diagram of Bi2212.

We finally calculate the critical current density from
the above results. By combining Eq%) and(2) one gets the
relation

keT | "
+
o, *

(6)

jc:js<ﬂc

In Figs. 8a)—8(c) the resulting critical current densities
(filled symbols for three characteristic Ni concentrations are
presented and compared to the measured current densities
js(T) (open symbols One should note the large differences
between the current densitieg(T) and j.(T). At T
=20 K the critical current densitj, is about a factor of 50
larger thanj, even forT~2 K the ratio is of the order 1.5.
This means that the flux profiles, even in dynamic relaxation
measurements using relatively high field sweep rates, are
usually far away from the critical state. The decayjgfT)
in Fig. 8 can empirically be fitted bj,(T) ~ j gexpPs(T) with
P5(T) being a polynomial of the third order. The exponential
temperature dependence of the critical current deng{fl)
is due to thermal fluctuations of vortices within the potential
valleys and has been predicted theoretically for regions in the
vicinity of the irreversibility lineH;,, (T).

It is remarkable that the transistion from elastic to plastic
vortex creep in phase diagrams in Fig. 7 can clearly be in-
dentified as a shoulder in thig(T) curves in Fig. 8. The
temperatures of this anomaly shown in the upper panels of
Figs. 8a)—8(c) coincide well with the corresponding transi-
tion temperatures plotted in Fig. 7. Fét,=60 kOe the
plastic-elastic transition is absent, consequently the corre-
spondingj.(T) curves in the lower panels of Figsa—8(c)
are smooth.

IV. SUMMARY AND CONCLUSIONS
The analysis of the dynamic relaxation of Ni-doped

clearly demonstrates that up to a Ni concentration of about 1
at. % the pinning forces can be enhanced. At low tempera-

we have plotted the dynamic phase diagrams for pure, opttures the dynamical behavior can be described well by
mally Ni-doped and Ni-overdoped Bi2212 crystals in Fig. 7.single-vortex pinning with an effective pinning energy
We can distinguish three regimes within the,T) plane. At
low temperatures and magnetic fields there is the elastic rewith increasing magnetic field. The effective pinning energy
gime, where the collective pinning of single vortices deter-can be enhanced up td.~ 180 K for optimum doping at a
mines the dynamic behavior, followed by the plastic phaseNi concentration ofk~1 at. %. Whereas experimentally the
characterized by a dynamic exponent of the order— 3.
For the definition of the transition linéopen symbolswe
have chosen the intersection wiji{T) =0. The third vortex

U.(H.=0)=130 K for pure Bi2212 decreasing slightly

proof of point defect pinning by oxygen vacancies in
YBa,Cu;0;_, and BpSr,CaCuQ, s single crystal$ or
by defects created by electron bombardment in Bi2212
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sample$! was not very clear, our results strongly suggest thalso reflected in the temperature dependence of the critical
additional pinning by the Ni-point defects. current densitie$;(T) where the changing sign @f leads to
An increase of the density of Ni-point defects beyond thea shoulder in the (T) curves. This shoulder reminds us of
optimum concentration leads to a strong suppression of ththe second magnetization peakjifH) curves, observed in
parameters characterizing the strength of the pinning. IBi2212 single crystals at low magnetic fields, which has also
agreement with the results on the shift of the irreversibilitybeen discussed as a change of the vortex dynafhfés.
line?® one gets a nonmonotonous behavior Wf(x) and The elastic-plastic transition line in théB(T) plane is
i<(x). A possible explanation for this effect is the compen-correlated with the nonmonotonous concentration depen-
sation of the positivéJ . enhancement from point defect pin- dence ofU. andj. but shifts in the opposite direction, i.e.,
ning by an overlap of the individual defect potentials. Thisan increasindJ. corresponds to a decrease of the transition
conclusion is supported by numerical computer simulationgemperature. One thus can conclude that a stronger pinning
of point defect pinning?® suppresses the elastic vortex phase within the magnetic
Above the single-vortex pinning regime in the magneticphase diagram. A similar result was also obtained for elec-
phase diagram the dynamic behavior of vortices in pure antton irradiated Bi2212 single crystdlSlt is consistent with
Ni-doped Bi2212 can be explained by plastic motion of vor-the idea that stronger pinning enhances the activation energy
tex dislocations. This seems to be typical for highsuper-  for elastic vortex motion but affects the plastic motion of
conductors and was recently also reported in YBaCuQlislocations to a much smaller extent.
crystal$* and TI2212 thin film$2 The transition from elastic
to plastic creep is characterized by a change of the dynamic
exponentu within a narrow temperature interval from a
positive to a negative value. The authors wish to thank the DFG for financial support
The crossover from elastic to plastic vortex dynamics isof the present work.
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