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PHYSICAL REVIEW B, VOLUME 65, 224501

Order-disorder transition in Bi , ;Sr; CaCu,0g. 5 Single crystals doped with Fe and Pb

K. K. Uprety, J. Horvat, X. L. Wang, M. lonescu, H. K. Liu, and S. X. Dou
Institute for Superconducting and Electronic Materials, University of Wollongong, Wollongong, NSW 2522, Australia

E. H. Brandt
Max-Planck-Institut fu Metallforschung, D-70506 Stuttgart, Germany
(Received 22 August 2001; revised manuscript received 28 December 2001; published 22 May 2002

The magnetic field 4(T) where an order-disorder transition of the vortex lattice in higlsuperconduct-
ors occurs, is investigated by measurements of the magnetiziit{ét) in Bi,;Sr CaCyOg, s (Bi2212)
single crystals doped with iron and lead. Comparative studies are made of the temperature dependences of the
field H,e(T), where the second peak occurs | (H)|, and the fieldsH (T), and Hi;(T) where a
minimum and an inflection point occur at the low-field side of this peak. It is proposedHthéT) lies close
to Hipq. In Biy;Snh Ca o(Cuy—yFe)),05. 5 single crystals with Fe concentratign=0, 0.005, 0.016, and
0.022, a pronounced peak in the derivatjdé/dH]| is observed, whose positidii,;(T) is independent of
temperaturel. We relate this peak to the field(T), which separates a weakly elastically disordered vortex
lattice from a plastically disordered vortex solid. In heavily Pb-doped single Bi2212 crydi{g|éT) decreases
with increasingT. For the same crystals, a minimum in the normalized relaxationS@tg is observed at
Hiq , indicating two different flux-creep mechanisms above and below that field and two different solid vortex
phases. It is argued that the negative slopéigf(T) in heavily-Pb-doped Bi2212 crystals is related to the
enhanced axis conductivity caused by the Pb sitting between the Cafers and causing three-dimensional
vortex lines, while in Fe-doped Bi2212 crystals the Fe ions sit on the,@leDies and thus do not enhance the
coupling between pancake vortices.

DOI: 10.1103/PhysRevB.65.224501 PACS nuniber74.72.Bk, 74.60.Ge

I. INTRODUCTION vortex solid and vortex liquiflor two-dimensiona(2D) pan-
cake gap states have been reported in Bi2212 single
It is well established that the phase diagram of the mixedrystals' The values oHy(T) are reported to change with
state of superconductors is characterized by various vortethe type of defect$?
phases depending on the magnetic field and temperhture. In this paper, we study the effects of Pb and Fe doping on
Due to the large anisotropy, short coherence length, anthe three characteristic fieldsi,q~Hys(T), Hpead T), and
higher operating temperature of high- superconductors H,,,(T) of Bi2212 single crystals. We shall show that
(HTSC's), the melting lines in HTSC materials are observedH(T) is independent of temperature in pure and iron-
well below the upper critical fieldH.,, separating two dis- doped Bi2212 single crystals, whereas in heavily-Pb-doped
tinct vortex phases: the vortex solid phase and vortex liquidsingle crystals we find thad 4(T) decreases with increasing
phasé In the vortex solid phase, the presence of quenchetemperature. The decrease 8f;(T) with increasing tem-
disorder and its interplay with thermal fluctuations appears tgerature in the heavily-Pb-doped Bi2212 single crystals is
cause two distinctly resolved vortex solid phases: a weaklghe main message of this paper. We will also discuss the fact
(elastically disordered quasilatticecalled the Bragg glags that defects positioned in the Cu@lanes do not affect the
and a highly(plastically disordered solid phas@ntangled appearance of the second peak of the hysteresis loop in
solid).2~" A steep change in the magnetization at a fidigh Bi2212 single crystals, whereas defects introduced by de-
on the low-field side of the second peak of the hysteresisreasing the anisotropy in the same crystals strongly change
loop of YBaCu;O,_ 5, where an inflection point occurs, has the appearance of the second peak.
been reported by Gilleet al® The order-disorder transition

of the2 \8/ortex lattice has been proposed to occur near the fielq Il EXPERIMENTAL PROCEDURES
Hiyq -<° Some authors assume that the order-disorder transi-
tion occurs at the second peak fidtg,e, or the fieldH y, The lead-doped Bi2212 crystals were grown by the self-

where the magnetization has a minimum before the seconfiux method, and the nominal Pb content in the lead-doped
peak rises:* In this paper we shall calH(T) the field  Bi,_,PhSrLCaCyO; crystals was=0.341? The dimension
where the order-disorder transition occurs and assume thaf the Pb-doped single crystal was 0xX1.11
H 4is coincides withH . . X 0.038 mmi. The iron-doped single crystals were prepared
For less anisotropic HTSC materials such as Y123, théy using the floating zone method and the nominal iron con-
order-disorder transition fieldl 5(T) is observed up to the tent in the Bj;Sr; Ca o(Cu,_Fg)),0q single crystals was
critical temperaturél' ., whereas for highly anisotropic ma- y=0, 0.005, 0.016, and 0.023.The dimensions of the
terials such as Bi;Sr; CaCyOg, 5 (Bi2212) single crystals, =0, 0.005, 0.016, and 0.022 single crystals were 1.95
Hgis(T) is reported up tor=40 K1?41Apove 40 K, two ~ X2.10<0.116 mni, 1.3x2.5X0.15 mni, 1.4x2.10
vortex phases are separated by a melting line: the ordered 0.026 mni, and 1.25¢1.90x0.045 mni, respectively.
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The critical temperatures of the crystals were obtained from 4
measurements of the magnetic ac susceptibility, with the fre- Heavily Pb doped
quency and amplitude of the excitation field at 117 Hz and I
0.1 Oe, respectively. Magnetic hysteresis loops and magneti
relaxation measurements were performed using an Oxforc
Instruments vibrating-sample magnetomdi¢gM) with ap-

plied field parallel to the axis of the crystals. In the hyster- ‘@
esis loop measurements, the magnetic fields were changed < 0
a rate of 20 Oe per second, and the data were recorded =
different temperatures. The hysteresis loops obtained fror
the magnetometer were used to calculate the critical curren |
densityJ. using the Bean relation. The equilibrium magne-
tization M¢q was obtained asvl¢q=(M _+M)/2, where

M_ and M, are the branches of the hysteresis loop corre-
sponding to decreasing and increasing applied field, respec ~
tively, andJ.; was assumed to be proportional to the irrevers-
ible partM;;=|M—M,.

In the magnetic relaxation measurements, the crystals FIG. 1. The measured magnetization loops for a heavily-lead-
were first zero-field-cooled from abovE. to the desired doped Bi2212 single crystal at temperatufes20 K, 25 K, 30 K,
temperaturel. A magnetic fieldH larger than the field used 35 K, 40 K, 45 K, 50 K, 55 K, and 60 K.
in the relaxation measurements by several times the field of

full penetration was applied. The field was then lowered t0ypserved. However, in heavily-Pb-doped single crystals, the
the measuring field, and the .magnet|c moment as a fU”Ct'OEriticaI current density was weakly field depend&ht.
of time was measured. This procedure ensured approxi- rigures 3 and 4 show the derivatidét/dH as a function

mately a linear flux profile in the crystals. The relaxation u¢ e applied fieldH for pure (y=0) and heavily-Pb-doped
data were recorded at different fields around the second pe@fngle crystals. The peak idM/dH occurs at a fieldH

of the hysteresis loop. The experimental points of the first_ H.«(T), i.e., at an inflection point of the second peak in
100 s were not included because of uncertainty in the time,, hysteresis loop, which we interpretis.. The inset in
that passed between the establishment of the field and t g. 3 shows the séme results for an iron—sdopgzd:() 016)
measurement of the first experimental point. From our dat%ingle crystalH,4(T) in pure and iron-doped Bi2212 single

we calculated the normalized relaxation rat& N .
" . . crystals is independent of temperat(Fégs. 3 and & How-
=d In|M;,|/d Int. The upper critical fieldH., in pure and 4 P peratd b

Pb-doped single crystals was obtained from magnetization
measurements by decreasing the temperature from ahove

-2 0
H[kOe]

. S : PN 0.04f // |T=40Ky=0
with a constant applied field parallel to teeaxis**® 1p—>o. y=0.005 e y=0.005
i Tey=0 g/ | y=0.016
o3 _ ! =
lll. EXPERIMENTAL RESULTS g T-aK yhgx = ) \ y=0.022
= :

Figure 1 shows hysteresis loops for a heavily-Pb-doped
Bi2212 single crystal. The second peaks in the heavily-Pb-
doped single crystal are clearly seen at all temperatures up t
T.. This crystal had & .=69 K. The hysteresis loops for g
Bi2212 single crystals with iron contegt=0, 0.005, 0.016, Q 04
and 0.022 at 24 K are shown in Fig. 2. Heyes 0 is a pure <
Bi2212 single crystal. Theg=0, 0.005, 0.016, and 0.022
crystals hadl.=88.5, 82.25, 73, and 65.5 K, respectively.
The insets of Fig. 2 show hysteresis loops of these crystals a
20 K and 40 K. At or below 20 K, the second peaks are not
clearly seen in Bi2212 single crystals with=0, 0.005,
0.016, and 0.022, but above 20 K such peaks appear. Th
zero-field critical current densities a/T,=0.3 for y=0,

0.005, 0.016, and 0.022 single crystals are, respectively, 1. 0-0

X 10" Alem?, 1.7x10" Alem?, 2.5x10" A/cm?, and 3.5 0 2 4 & 8
x10* Alcm?, whereas in heavily-Pb-doped single crystals H [kOel

the zero-field critical current density is 7.910° A/cm? at FIG. 2. The magnetic hysteresis curves for

T/TC:03 Detailed results of the field dependence of thqaiZ.lsrl.gcaﬂ..O(CUlfyFey)208+5 sing|e Crysta]s with Fe concentra-
critical current density in Bi2212 crystals witf=0, 0.005, tion y=0, 0.005, 0.016, and 0.022 @t=24 K. The insets show
0.016, and 0.022 were presented by Upretyl.,'® where a hysteresis loops al=20 K (right) and T=40 K (left) for the
strong field dependence of the critical current density wasame materials.
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FIG. 5. The magnetizatioM as a function of applied fieltH
FIG. 3. The derivativedM/dH as a function of applied mag- measured alT =35 K for a heavily-Pb-doped single Bi2212 crys-
netic field H for Bi, Sk Ca (Cu;—yFg),0s. 5 single crystals tal. The small circles show the decay of the magnetizalifowith
with zero Fe concentratiory&0). The inset showsM/dH vs H  timet (relaxation between 100 and 3600 patT=35 K for this
for y=0.016. crystal. The normalized relaxation rag=|d In M/dInt| is indi-
cated by large open circles. The inset shawH) for pure Bi2212
single crystals measured Bt=24 K. The open and filled circles in
the inset show the decay o (H) with time and the normalized

ever, in heavily Pb doped single crystaktn(T) decreases relaxation rateS(H) for a pure Bi2212 single crystal, respectively.

with temperaturdsee Figs. 4 and)6Figure 3 also shows an
increase ofH,i,(T) with T in pure and iron-doped Bi2212
single crystals. In contrastd,,,(T) in heavily-Pb-doped
Bi2212 single crystals decreases witl{see Fig. 4.

Results of magnetic relaxation measurements for P

at 35 K. Figure 5 also shows the normalized relaxation rate
b§ The minimum inS(H) occurs atH,,;, i.e., at the order-

doped single crystals are presented in Fig. 5. The relaxatioﬂ'sorder transition field. The inset to Fig. 5 shows magnetic

data were recorded at various fields around the second pegﬁlaxatlon for a pure B'22.12 single crystal. The relaxation
was recorded at various fields around the second pedk at

=24 K. Note that the normalized relaxation reBéH) in

10 F 4 Bi(Pb)2212 —n— 20K ] pure Bi2212 exhibits a shqrp minimum ldt.g . .
? —+— 30K Finally, theH-T phase diagram for the purg£0), iron-
—o— 25K doped (=0.016) and heavily-Pb-doped Bi2212 single crys-
s —e—35K _ tals is shown in Fig. 6. A decrease ldf,,(T) with T is seen
_i_ :gi in all these crystals. Figure 6 also shows thit;(T) does

not dependent on temperature, atg,(T) increases withir

for pure and iron-doped single crystals. However, in the
heavily-Pb-doped single crystaf;s(T) and H;,(T) both
decrease witfT (see Fig. 6. The upper critical fieldH;,(T)

] for the pure y=0) and heavily-Pb-doped single crystals are
also presented in Fig. 6.

—v— 50K _|
—e— 55K
—o— 60K

05 |

dM/dH

0.0
IV. DISCUSSION

T The pronounced second peak of the hysteresis MOH)
tro (peak effeckin the heavily-Pb-doped Bi2212 crystals of Fig.
1 reflects the enhanced critical current density, which de-
pends nonmonotonically on the local magnetic fieldThe
0 2 H[kOe] 4 6 second peak appeabelow and abov0 K andpersists up
to T,. A strong peak has been reported in Y123 single crys-
FIG. 4. The derivativadM/dH as a function of applied mag- tals close toT..° Several articles discuss the origin of the
netic fieldH for heavily-Pb-doped single crystals. peak effect in Y123 single crystals with various types of

224501-3
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3 T T T T T T 50 between the pancake vortices must be smaller than the pin-
= Hmax (Pb) —o— Hc2(y=0.000) ning energy of individually pinned pancake vorticésee

o ::;F(Lit;) ¢— He2(Pb) T Blatter et al!) Below 20 K, disordered point defects can be

[ —o— Hmax (y=0.000) — | strong pinning centers, producing a disordered vortex
—v— Hmin (y=0.000) structuré?” The absence of the second peak in the pure
—o— Hinfl (y=0.000) i Bi2212 single crystals may be caused by these strong point

—*— Hmax (y=0.016) pins. Above 20 K, the Larkin correlation length, grows
—x— Hmin (y=0.016) 43
— —+— Hinfl (y=0.016)

no
I

very fast as a result of the thermal depinnffid\t low fields
H<®d,/\? and temperatures between 20 and 40 K, in the
presence of strong point defects the vortices are in the 1D
pinning region, where single vortex lines are pinned
individually.2* Here,\ is the penetration depth amdel, is the
J flux quantum. In this region, the distortion of individual vor-
tices and the proliferation of long-range topological defects
10 in the vortex lattice are proposed as origin of the second
peak?”? Above 40 K, no clear peaks are observed, see also
Khaykovichet al3°
. I 0 The second peaks do not become more pronounced with
20 40 60 80 iron doping in Bi2212 single crystalsee Fig. 2. As with
TIK] pure single crystal, iron-doped Bi2212 single crystals have
FIG. 6. The magnetic phase diagram for the 0, 0.016 and peaks betw.een 20 K and 40 K. In the irqn dPPed single
Pb-doped Bi2212 single crystal. In this figure, the field of the sec-CTystals, point defects are reported to reside in the £uO
ond peakH peaxis denoted byH sy The fieldsH,, andHiy give planes, since iron replaces Cu in the plé‘ﬁﬁhe c-axis con-
the positions of the minimum and inflection poifr peak in the  ductivity is not improved with Fe doping in this crystal, and
derivative dM/dH) occurring at the low-field side of the second thus pancake coupling does not improve either. This further
peak. Also shown is the upper critical field,(T) for pure (¢  supports that the dimensionality of the vorti¢es., pancake
=0) and Pb-doped single crystals. stacks or Abrikosov flux lingsplays a dominant role in the
occurrence of a peak effect.

Next we discuss the effects of Pb and Fe doping on the
defects’™"**® In heavily-Pb-doped single crystals, Moto- three characteristic field8p,, Hini=Hags, and Hpeg of
hashiet al. have reportect-axis conductivity that was one Bi2212 single crystals. It is well known that the ratio of the
order of magnitude larger than in pure Bi2212 single crys~ortex pinning energy, the vortex elastic energy, and the ther-
tals, due to a significant reduction of anisotropy in the resisma| fluctuation energy may be used to estimate the condi-
tivity (pc/pan)** Winkeler et al. have reported that the Jo- tions for different vortex phases to occur, namely, the vortex
sephson interl_ayer Cogpling energy increases 3.5 times Withuid phase, a weakly disordered quasilattiBeagg glask
heavy Pb doping in Bi2212 single crysté?s_The_ increased  ang a highly disordered solid phantangled or amorphous
coupling energy enhances the layer coupling in the heavilygq)ig) The vortex liquid phase results from the competition

g Syl v s e e e o st gy o v s g e o
lines, similar to the vortex lines in Y123:1° We therefore fal energykT. Similarly, the amorphous vortex solid phase

believe that the strong second peak in the heavily-Pb-dope ay be estimateq fqrm the competition between the elastic
single crystals originates from the enhaneeaxis conduc- energy and the pinning energy of the vortex lattice. The el-
tivity. Two-phase microstructures, i.e., lead-rich and lead.£mentary pinning forces collectively interact with the elastic
poor lamellar plates were also Sl;gge,sted as strong pinninﬁ’rtex lattice. This interaction is characterized by the size of
centers in heavily-Pb-doped single crys&i& which may ~ the correlation volumeV/ ~(4m/3)RIL within which the
cause a pronounced second peak. order of the vortex lattice is established and the pinning

The second peak in the hysteresis loop of pure and ironforces are correlated. Here the Larkin lengthsandR, are
doped Bi2212 single crystals is absent below 2(sKe Fig. the longitudinal and transverse sizes of the ellipsoid-shaped
2). In pure Bi2212 single crystals below 20 K the pancakecorrelation volume.

H[kOe]

0
@
{Q
=
I
0

12

—_

vortices are suggested to ledividually pinned since the In this paper we interpreted the inflection polihty in the
Larkin correlation length along thec axis L.~(r,/  magnetization curves|l i <|Him|<|Hmal) as the field
I')(Jp/d)Y?~12,...,16 A isclose to the layer spacing  Hgs that separates the weakly disordered vortex lattice from

=15 A2*?*Here, T is the anisotropy parametel, is the  the strongly disordered entangled vortex lattice. In pure
depairing current density af=0, andr,~¢ (see Blatter Bi2212 single crystals, we observét}s~420 Oe indepen-
et al and Refs. 24—26 These vortices are said to be in the dent of temperature up =40 K (see Figs. 3 and)6An
“0D pinning region.” order-disorder transition fielt j~380 Oe, independent of
An additional condition for each pancake vortex to betemperature, was obtained in Hall probe measurenfénts.
individually pinned is that the interplannar interaction energyWe suggest that the pronounced peakdi/dH]| in Fig. 3,

224501-4
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which corresponds to the steepest change of the magnetizaur crystals were of approximately the same rectangular
tion (inflection poin} on the low-field side of the second shape. Therefore, the effects of these barriers should not pro-
peak, may be interpreted &k;s. This definition ofHys has  duce two opposite temperature dependences, gf in pure
also been used with Y123 single crystal$he minimum  or iron-doped Bi2212 single crystals and in heavily-Pb-
observed in the normalized relaxation reBéH) of pure  doped single crystals.
Bi2212 crystals in Fig. 5 also indicates two different flux  According to theories, the order-disorder transition field
creep processes in the two solid regimes: one decreasing apg,(T) can both increase or decrease with increasing tem-
one increasing with increasinig. This minimum occurs at peratureT. In Refs. 3 and 4, partly confirmed by Ref. 26, it is
the same field abling - AboveT=40 K, the vortex lattice in  gpown that in the single-vortex pinning regifire., usually
pure Bi2212 single crystals undergoes a first order meltingy; not too largeH (see Ref. 26 for a detailed calculation of
transition, where a_negative slope of the mel_ting line sepagyig regime and of the bundle pinning regihene finds an
rates the vortex solid phaslel from the vortex Ilqunz lea_se. increasingH(T) for &1 pinning (caused by spatial varia-
. I?ecently, Avrahamet al. have ot_)served a mel_tlng tions of the electron mean free patiwhile for 5T pinning
line” below T=40 K in pure Bi2212 single crystals using a (caused by spatial variations of the transition temperatur
shaking techniqui that reduces the pinning-caused irrevers- y sp . ) temperature
T.) one has decreasindy(T). Namely, forél pinning the

ibility by applying a small ac magnetic fiefaerpendicularto ' . :
the applied dc field. They observed a positive slope of théemperature erendence IS contamed—l%(T)ocg(T) and
for 6T, pinning one hasH y(T)<&(T) °, where &(T)

“melting line” at about T=40 K and a temperature- ) 11/ i J
independent “melting line” extending to temperatures below ™= &§(0)[(1+t9)/(1—t9)]" (t=T/T, is the superconducting

40 K, coinciding with the temperature-independent secon@oherence length in theb plane.

magnetization peak field. The authors inferred that a first- We have used both these functions to fit our experimental
order transition between ordered and disordered vortegata ofHpyin, Hinn, andHyea. Pure Bi2212 single crystals
phases occurs in this experiment below 40 K. However, thén Fig. 6 (curvesy=0) allow us to fitH;(T) by both these
second peak disappears below 20 K. This might mean thaquations, with the choice df44(0)=420 Oe. This indif-

the first-order transition also disappears at 20 K, implyingference is due to the small/T. values, where the fitted
thatT=20 K is a critical point. But this is unlikely, because curves show almost no temperature dependence. The more
the order-disorder transition involves a change in the symstrongly T-dependent ,,i,(T) andH,(T) do not allow a
metry of the vortex structurésee also the discussion in Ref. fit by either of these formulas. A similar behavior was ob-
26). It is also possible that in Bi2212 the layers decouple aserved in an iron-doped Bi2212 single crystalrvesy

this temperature, which again can mean @Bong pinning  =0.016 in Fig. § with fitted Hs(0)=180 Oe. With the

and thus may be the reason for the dissappearance of tieavily-Pb-doped single crystal in Fig. 6, only th&_ pin-
second peak. There are indeed numerous reports showimjng formula fits our data, witld 45(0)=520 Oe.

that OD pinning sets in below 20 K in Bi2212 single A complete discussion of the competing effectd @ndB
crystalst?* and of various material parameters on the various phases of

As with pure Bi2212 single crystal$]y in iron-doped the flux-line lattice with pinning is given in Ref. 26. In that
Bi2212 single crystals was observed to ineependenpf  work, two Lindemann criteria are applied to both thermal
temperature. The values ¢fy for single crystals withy ~ and pinning-caused fluctuations of 3D superconductors, de-
=0.005, 0.016, and 0.022 were, respectively, around 350 Odining the melting and order-disorder transitions, respec-
185 Oe, and 170 O¢see Figs. 3 and 6 for the=y0.016 tively. In this casg3D andB=H) the various boundaries in
crysta). However, in heavily-Pb-doped single crystatg;;  theh-t plane h=H/H,, t=T/T,) that separate the bundle-
was found todecreasawith increasing temperatuisee Fig.  pinning from the single-vortex-pinning regime, the elasti-
6). In our previous papéfwe have proposed that vortices in cally from the plastically disordered flux-line lattices, and the
heavily-Pb-doped single crystals are of 3D nature because sblid from the melted flux-line phases depend only on two
the presence of large Josephson coupling between the 2&pmbinations of the material parameters, namely, the Gin-
pancake vortices in adjacent layers. The obseivatkpen-  zburg number Gidetermining the thermal fluctuationand
dence ofHg(T) in Pb-doped single crystals thus comesthe combinatioré(T)/[T'L (T)]=¢./L.. HereL(T) is the
from its 3D behavior. Baziljevichet all® for heavily-Pb-  Larkin pinning length(a correlation length along the flux
doped Bi2212 report three regimes in the temperature depefines) and &.(T) is the superconducting coherence length
dence of the onset fielt ,: (i) Hyy initially decreases along thec axis (for this 3D theory to applyé.= &/I" should
with T; (ii) Hmi, then increases witli up to a maximum(iii ) not be smaller than the spacing of the CuO lay€Fhis ratio
H min finally decreases again. These authors interpretgd — é./L. may be written af gg(t), wheregy(t) is a function
as the order-disorder transition fi¢fd. normalized to gy(0)=1 and D=¢.(0)/L(0)

The peak fieldH ¢4 in all the crystals is observed to ~[].(0)/] 0(0)]*?is a material parameter, wheyg0) is the
decrease with increasing temperat(see Fig. 6. The mini-  critical current density in the single-vortex-pinning regime at
mum field H,;, in the pure and iron-doped Bi2212 single T=0 andjy(0) is the depairing current dt=0. If pinning
crystals is observed to increase with increasing temperaturdy spatially varyingT¢(r) is assumed, one hag(t)=(1
whereas in heavily-Pb-doped single crystals, it is observed te-t?) ~ 6, Heavily-Pbh-doped Bi2212 crystals have a reduced
decreasésee Fig. 6. The geometric and surface barriers areanisotropy and thus possibly may be described by this 3D
reported to dominate vortex pinning at low fieffs3* Al theory?®

224501-5



K. K. UPRETY et al. PHYSICAL REVIEW B 65 224501

V. CONCLUSIONS Hgis Was found to be field independent. In all crystals, the
Magnetization measurements have been performed iﬁecond peaks were observed to decrease with increasing tem-

heavily-Pb-doped Bi2212 single crystals and in single crysPerature. The field of the minimurfr(T), in crystals with
tals with iron contenty=0, 0.005, 0.016 and 0.022. In Y=0. 0.005, 0.016, and 0.022 was found to increase with

heavily-Pb-doped Bi2212 single crystals, strong second’Cr€asing temperature, but in heavily-lead-doped single

peaks up to the critical temperatufe have been observed, Crystals it decreased.
whereas in Bi2212 crystals witg=0, 0.005, 0.016, and
0.022, no peaks were observed above 40 K. We observed a
decrease of the order-disorder transition figlgy(T) (taken

from the inflection point preceding this peakith increasing The authors acknowledge the support of the Australian
temperature in heavily-Pb-doped single crystals. This fieldResearch Council. E.H.B. wishes to acknowledge the hospi-
separates two solid regimes: a weakly disordered quastality of the Institute for Superconducting and Electronic Ma-
lattice from a highly disordered solid phase. The minimumterials, University of Wollongong, Australia, where part of
observed in the field-dependent normalized relaxation ratéhis work was performed, and financial support from the
S(H) clearly shows two different flux creep processes aboveAustralian Research Council, IREX Program. We thank G.
and belowH s, indicating two different solid phases. In D. Gu for providing us with pure and iron-doped Bi2212
Bi2212 single crystals witty=0, 0.005, 0.016, and 0.022, single crystals and M. J. Qin for helpful discussions.
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