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Modification of vortex liquid structure and dynamics of a Bi2Sr2CaCu2O8¿d single crystal
induced by excessive-oxygen doping
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A study has been carried out on the vortex liquid state of Bi2Sr2CaCu2O81d single crystal with excessive-
oxygen doping based on its magnetotransport data. The enhanced disorder and reduced anisotropy due to
excessive oxygen content are shown to give rise to theU;H21 behavior for the activation energy of thermally
assisted flux flow~TAFF!, observed in the Bi-based system. This study has also revealed the existence of high
and low-TAFF regimes supporting a previous report on the existence of a theoretically predicted disentangled
vortex line liquid phase.
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One of the intensively studied features of the vortex m
ter in cuprate superconductors is the vortex dynamics a
ciated with the pinning mechanism of the vortex lines in t
liquid state. This pinning mechanism is known to depe
generally on the pinning energy at the pinning centers c
ated by structural disorder, and the elastic or plastic ene
of the vortex line system related to its degree of anisotro
These effects are embodied in the activation energyU(H,T)
for the hopping motion of the fluxoids, and should thus ch
acterize the magnetoresistive behaviorr(T,H) of the super-
conductor. Theoretical models for vortex liquid have p
dictedU; H2a behavior witha51 for elastic shear1,2 and
a50.5 for plastic flow3 in three-dimensional~3D! vortex
matter, whereas a 2D system is expected to exhibit a dis
U; ln H variation.4,5 Convincing experimental verification
has so far been obtained mainly for samples of low anis
ropy such as YBa2Cu3O72d ~Y-123!.6,7 In the case of
Bi2Sr2CaCu2O81d ~Bi-2212! samples, we are still con
fronted with a rather wide-ranging variation ofa and even
discrepancies between results of fitting experimental dat
U(H) in both the 3D and 2D regimes.8–14 Additionally, the
correlation between high-low thermally assisted flux flo
~TAFF! regimes reported before5,15 and the predicted
entangled-disentangled vortex liquid phases have not b
seriously addressed.

In this experiment, a series of magnetotransport meas
ments were performed on a Bi-2212 crystal, excessiv
doped with oxygen. The enhancement of disorder and red
tion of anisotropy thus induced were studied by their effe
on the characteristic transition of magnetoresistivity cur
and its corresponding melting behavior of the sample. T
field-dependent behavior of the activation energyU was
thereby deduced by a well-known standard procedure. A
tionally, possible correlation of the high- and low-TAFF r
gimes with different vortex line topologies was examin
and discussed in relation with enhanced disorder and red
anisotropy effects. The results of these analyses were s
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marized in a vortex phase diagram of the liquid state, wh
the resulted phase boundaries were fitted with existing th
retical models.

The high quality Bi-2212 single crystal with excessiv
oxygen content has been produced by introducing the o
gen into the material in two steps. First, the growing proc
employing the traveling solvent floating-zone method in
four-mirror furnace of Crystal System Inc. was conducted
a pure oxygen environment with a total pressure of 2.5 a
This process was designed to yield the oxygen-overdo
sample. The detailed description of this part of the proc
was already reported elsewhere.16 Next, the as-grown crysta
was cleaved and then post annealed in pure oxygen a
sphere with a total pressure of 2.1 atm at 400°C for 60 h
produce the sample withTc,on;70 K. In connection with its
relatively low Tc,on compared to samples overdoped wi
oxygen, this sample is considered to be highly overdop
~HO! with oxygen. Therab(T,H) curves were measured us
ing the standard dc four-probe method in the tempera
range of 20–250 K with the magnetic field applied parallel
thec-axis, and varied stepwise from 100 Oe to 40 kOe.16 For
the purpose of more comprehensive correlational study
oxygen doping effects, our previous result from optima
doped~OP! sample17 will also be included in the discussio
within the current context.

Depicted in Figs. 1~a! and 1~b! are therab(T) curves of
the OP and HO samples, respectively, in the low magn
fields up to 1 kOe. The first feature to be noted from t
curves is the clear sign of first-order melting transition
H5100 Oe and 200 Oe exhibited by the OP sample as in
cated by the arrow heads. Meanwhile, no sign of suc
sharp drop ofrab(T) is found in the HO sample in the entir
range of magnetic field applied in this experiment~the
higher-field data are not shown here!. Instead, a change o
slope signifying a more gradual transition leads to a ‘‘sho
der’’ structure marked by the dotted line in Fig. 1~b!. This is
supposed to be indicative of the disorder effect introduced
©2003 The American Physical Society03-1
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excessive-oxygen doping. A second feature to be pointed
is the significant reduction of magnetic-induced transitio
broadening (DT) due to the enhanced pinning effect in th
dissipative region. Applying the formula2 DT;Hb to the
data, we obtained a good fit withb51.16 and 0.52 for the
OP and HO samples, respectively. These results shoul
viewed as an evidence of enhanced pinning effect in
resistive regime arising from an enlarged number of pinn
centers created by increased disorder, combined w
strengthened interlayer coupling associated with reduced
isotropy.

In order to proceed further with the dynamical aspects
vortex matter in the dissipative region, we shall invoke t
TAFF model which is generally expressed in the well-kno
Arrhenius form:18 r(T,H)5roexp@2U(T,H)/kBT#. The acti-
vation energyU(T,H) is given by one of its most commonl
adopted expression8 U(T,H)5UH@12(T/Tc)#, where UH
is the magnetic-field-dependent activation energy. This s
cific model further yields the more explicit form for th
TAFF resistivity: r(T,H)5roexp@2UH(1/T21/Tc)#. The
Boltzmann constant (kB) in this expression is already in
cluded in UH , and U(T,H) is consequently expressed
terms of kelvin. The lnr vs 1/T plots of the OP and HO
samples atH5200 Oe are presented in Fig. 2. It is clear
seen from Fig. 2~a! that the thermal activation mechanis
governs the flux motion in the range between the melt
transition temperature (Tm) and a temperature nearTc ,
where the curve begins to deviate from the linear behav
This result demonstrates that vortex dynamics in the resis
region of the OP sample is dominated by the TAFF pheno
enon, confirming some previous reports on the sa
samples.8,11,14 In the vicinity of Tc , the flux motion no
longer obeys the thermally assisted hopping behavior as
entering a free~unpinned! flow regime. The flux flow~FF!

FIG. 1. In-plane resistive transition curves measured on the~a!
OP and~b! HO samples in low magnetic fields applied paral
along thec axis. Arrow heads in~a! indicate sharp melting transi
tion and the dotted line in~b! marks the ‘‘shoulder’’ structures a
explained in the text.
01250
ut
l

be
e
g
th
n-

f
e

e-

g

r.
e
-
e

is

resistivity (rFF) in this region is determined according to th
classical Bardeen-Stephen model,19 rFF5rNH/Hc2, where
rN is the normal-state resistivity taken atT slightly above
Tc,on andHc2 the upper critical field. The result is plotted i
Fig. 2~a! as dotted line, indicating the onsets of the FF
gime.

Looking further at the lnrab-1/T curve of the HO sample
shown in Fig. 2~b!, two distinct TAFF regimes manifes
themselves on the curve which are obviously separated aTcr
(;55 K), namely, the crossing temperature where
change of slope occurs on the curve. The TAFF regime
lower resistivity corresponding to higher slope or lowe
temperature regime is denoted by~TAFF! L . This regime
spans the temperature range fromTcr to the irreversible tem-
peratureTirr , obtained from resistivity data by applying th
commonly adopted criterion12,20 of rab(Tirr )51024rN . The
TAFF regime of higher resistivities, denoted by~TAFF! H ,
appears to exist betweenTcr and the temperature approac
ing Tc , where the FF regime begins to set in. The existe
of these two TAFF regimes has previously been reported
Y-123 ~Ref. 5!, Y-124 ~Ref. 15! samples, an artificial layered
MoGe/Ge system,21 and our oxygen-overdoped~Bi,Pb!-2212
crystal.22 It is interesting in this connection to recall furthe
our earlier work concerning the dynamical state associa
with the disentangled vortex liquid.16,22 We have noted in
that work that the highest-temperature end of the (TAFFL
regime atTcr nearly coincided with the temperatureTE of
our c-axis resistivity data,rc(T), for which rc(TE)50, and
hence marking the disappearance of dissipation for long
dinal current flow. It was then suggested that the coincide
of Tcr andTE may be viewed as a sign of crossover from t
entangled vortex liquid atT.Tcr to the disentangled vortex
liquid at T,Tcr , which was predicted theoretically on th
basis of 2D boson model.23

FIG. 2. The rab ~in logarithmic scale!—1/T curves in H
5200 Oe of the~a! OP and~b! HO samples. The dashed and dott
lines are the best fits of the TAFF and FF models, respectively.
points indicated byTm , Tcr , andTirr are described in the text.
3-2
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For further analysis, we present in Fig. 3 in logarithm
scales the field-dependent activation energyUH deduced
from the lnrab-1/T curves measured in the range of magne
field considered in this study. TheUH vs H curve of the OP
sample in Fig. 3~a! shows an upward curvature with a cle
break atH;500 Oe. This breakpoint can be interpreted a
dimensional crossover field of the vortex line solid,H2D .12

The best fits with the data points, marked by the solid line
Fig. 3~a!, yield the relationships ofUH514 133/H0.45 and
UH51432284 ln(H), respectively, for H,H2D and H
.H2D , delineating a dimensional boundary in good agr
ment with theoretical predictions.4,5 This result is in dire con-
trast to the data reported by Miuet al.12 on the Bi-2212 thin
film, showing a power-lawU(H) curve with a fitted value of
a50.5 in U;H2a for H.H2D . Meanwhile, Fig. 3~b! dis-
plays similar qualitative behaviors in both resistive regio
for the HO sample, sharing the same features exhibited
the OP sample regarding the functional relationships ofUH
2H, and the appearance of a breakpoint aroundH2D . It is
found from the best fits on these data, the relationsUH
5874 800/H0.96 and UH5859258 ln(H) for (TAFF)L re-
gime, corresponding toH,H2D andH.H2D , respectively.
Similarly, UH5119 991/H0.73 and UH5898272 ln(H) for
(TAFF)H regime. Obviously, the activation energyUH de-
pends less sensitively onH in the HO sample, which is con
sistent with the lowering of anisotropy and hence an incre
of H2D as a result of excessive-oxygen doping and hence
expected decrease in anisotropy. The significance of th
observations will be further elaborated below.

It is well known that the collective pinning model1,2 pre-
dicts the characteristic relationU;1/H for Hc1!H!Hc2 in
the TAFF regime characterized by elastic shear. This 1H
dependence is typical to the less anisotropic systems suc
Y-123 films and crystals with the reported values ofa
50.8421.0.6,7,24Looking back at the result obtained for th

FIG. 3. The TAFF activation energy as function of magne
field (UH) of the ~a! OP and~b! HO samples. The best fits of th
theoretical curves are represented by the solid lines.
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HO sample atH,H2D , one notices thata'1 in the
(TAFF)L regime. Again, the considerably reduced anis
ropy, together with the enhanced disorder of the HO crys
is likely to be responsible for this observation. To the best
our knowledge, no report on the Bi-based superconduc
has so far been addressed to this doping indu
(1/H)-dependent behavior. As regards to the (TAFF)H re-
gime, it is useful to recall the plastic flow model proposed
Geshkenbeinet al.3 The predicted expression ofUpl

;1/H0.5 has generally been verified in more anisotropic m
terials such as polycrystalline Tl-based film25 and a quasi-
two-dimensional multilayer sample of MoGe/Ge.21 A rela-
tively broader range ofa between 0.16 and 0.70 was foun
among the anisotropic Bi-2212 polycrystals,9 thin-films,12,26

as well as single crystals.8,11,13,14,27Our result ofa50.45
obtained from the OP sample is certainly well within the b
park of the theoretically predicted value. However, the va
a50.73 of the HO sample in the (TAFF)H regime is some-
what higher than that expected for pure plastic flow. T
deviation may be attributed to the elastic contribution aris
from the reduced anisotropy caused by the excessive-oxy
doping. In spite of the quantitative difference ina, both the
TAFF regime of the OP crystal and the (TAFF)H regime of
the HO crystal are likely to be assosciated with the entang
vortex liquid phase as implied in our previous studies.13,16,22

As the field increases beyond the 3D-2D crossover line,
vortices gradually lose their coherence along the field dir
tion and thereby entering a quasi-2D liquid phase charac
ized by U; ln(H) dependence of the activation energy. A
shown in Fig. 3~b!, for both the high- and low-TAFF re-
gimes, a clear break occurs between two distinct curves
resenting theH-dependent behaviors of the activation ener
in the 3D and 2D regions. Even more interesting, the bre
points for the two cases virtually coincide at a fie
;3000 Oe, which is none other than theH2D value of the
sample.

Plotted further in Fig. 4 is the border between the so
and liquid phases which is represented by the irreversib

FIG. 4. Vortex phase diagram of the HO sample construc
from magnetotransport data. The solid lines are results of the
fits with theoretical models discussed in the text. The onset of
regime and upper critical field (Hc2) estimated from the data ar
shown, respectively, by the dashed and dotted lines.
3-3
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line ~IL !, Hirr (T), determined from the values ofTirr for
eachH in Fig. 2~b!. The IL in this case replaces the meltin
line, Hm(T), which is nonexistent in the HO sample. It
found that two different expressions are needed to fit
Hirr (T) data, each of them is only valid for eitherH,H2D
or H.H2D as indicated in Fig. 4 by the solid lines. It wa
reported in our previous work16 that the best fits of these da
were achieved by the expressionsHirr (T)510 880(1
2T/Tc)

2 Oe and Hirr (T)5186 exp(91.3/T) Oe, respec-
tively, for H,H2D andH.H2D . The former expression is
based on the 3D melting transition model,28,29 whereas the
latter is deduced from the model of Josephson-coupled
ered superconductor describing a quasi-2D vortex meltin30

The melting process in the 3D vortex structure is domina
by the thermal fluctuation effect29,31 as indicated byn52 in
the (12T/Tc)

n dependence ofHirr . In the liquid state, one
comes across successively the disentangled and enta
vortex liquid phases which are separated by the cu
Hcr(T)52.93105(1/T21/Tc) Oe resulted from the best fi
of those data forH,H2D . The vortex decoupling occur
slightly aboveH2D and both disentangled and entangled l
uid phases transform into the quasi-2D vortex liquid a
higher magnetic field. At higher temperature below t
Hc2(T) line, the pinned vortex line liquid becomes unpinn
and enters the FF regime.

Compared with the vortex phase diagram for our O
sample, which is practically the same as those reported
other researchers and not shown here, one readily obse
the large differences affected by excessive-oxygen dop
These are accompanied by roughly one order of magnit
difference in the value ofH2D , associated with correspond
ingly large change in the degree of anisotropy (g2). Another
major feature arising from the excessive-oxygen doping
the appearance of disentangled vortex liquid phase sep
o-
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ing the entangled liquid phase from the solid vortex pha
and bounded from above byH2D . Although its existence
was predicted theoretically23 and indicated previously in a
Pb-substituted Bi-2212 overdoped with oxygen,22 the experi-
mental evidence for this liquid phase has so far evaded
perimental observation in the Bi-based system with low
oxygen-doping levels.

In conclusion, we have presented in this report interest
effects induced by excessive-oxygen doping in Bi-22
single crystal. The existence of two different liquid phas
associated with the low- and high-TAFF regimes, and th
respective correlations with the entangled and disentan
vortex line liquid phases are clearly demonstrated, confi
ing a previous observation of longitudinal coherency in t
disentangled phase. The excessive-oxygen doping has
been shown to yield the first evidence ofU;H2a with a
'1 in the Bi-based system. These results which are sum
rized by the vortex liquid phase diagram clearly reveal
roles of strong disorder and reduced anisotropy induced
excessive-oxygen doping of the crystal.
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