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Superconducting fluctuation probed by in-plane and out-of-plane conductivities
in Tl 2Ba2CaCuO8¿y single crystals

Heon-Jung Kim, P. Chowdhury, W. N. Kang, Dong-Jin Zang, and Sung-Ik Lee
National Creative Research Initiative Center for Superconductivity and Department of Physics,

Pohang University of Science and Technology, Pohang 790-784, Republic of Korea
~Received 10 November 2002; published 4 April 2003!

Extensive measurements of the in-plane and the out-of-plane zero field resistivities@rab(T,0), rc(T,0)# and
the magnetoresistivities@rab(T,H), rc(T,H)# of high-quality Tl2Ba2CaCu2O81y single crystals were carried
out. The obtained zero field fluctuation conductivities@Dsab(T,0), Dsc(T,0)# and fluctuation-induced mag-
netoconductivities@Dsab(T,H) andDsc(T,H)] were analyzed based on the theory of thermal fluctuations of
the superconducting order parameters, originated from fluctuations of the quasiparticle density of states as well
as the Aslamazov-Lakin and Maki-Thompson contributions. We observed thatDsab(T,H) and the sign change
in Dsc(T,H) nearTc could be described adequately only if the density of states contribution was included.
The important physical parameters, such as the coherence length (j), the in-plane scattering time (t), and the
hopping integral (J), obtained during these analyses are compared with the corresponding parameters for other
high-Tc materials.

DOI: 10.1103/PhysRevB.67.144502 PACS number~s!: 74.25.Fy, 74.40.1k, 74.72.2h
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I. INTRODUCTION

The most unique characteristics in high-Tc superconduct-
ors ~HTSC’s! are their unconventional normal-state prop
ties. Especially, the temperature dependences of both th
plane (rab) and thec-axis resistivities (rc) are known to
behave differently, even when near the optimally dop
state;rab is metallic, andrc is semiconducting near the tran
sition temperature.1–5 The simultaneous appearance of a m
tallic rab and a semiconductingrc over a wide range of
doping concentrations seems to be not well explained wi
the framework of a Landau-Fermi liquid. Anomalous beha
iors in normal-state transport are also observed in the m
netoresistance~MR!. In the ab plane, MR has positive val
ues; Drab(H)/rab(0).0 and violates Kohler’s rule.6

However, in the c direction, it has negative values
Drc(H)/rc(0),0 well aboveTc .3 Several attempts base
on the theory of a modified Landau-Fermi liquid, such
renormalized interlayer hopping,7 interlayer scattering,8,9

phonon-assisted tunneling,10 superconducting fluctuation
theories,11 and a theory that considers the temperatu
dependent suppression of the density of states at F
level,12 have been made to explain these anomalous be
iors. Theories that give non-Fermi-liquid behaviors also
ist: the resonating valence bond theory~RVB! and the in-
plane quasiparticle confinement theory.13–15

The fluctuation conductivity, which is part of the anom
lous normal state transport, is not negligible in HTSC’s. T
conductivity is highly enhanced in HTSC’s because of
high transition temperature, the short coherence length,
the layered structure of these materials. The fluctuation c
ductivity was investigated theoretically in the mean-field
gion by many authors.11,16–21Most of them claimed that the
dominant contribution to the in-plane fluctuation conduct
ity Dsab(T,0) came from the Aslamazov-Lakin~AL !
process16 and that a minor correction came from the Mak
Thompson~MT! process.17,18 The AL process takes into ac
0163-1829/2003/67~14!/144502~7!/$20.00 67 1445
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count the electric-field acceleration of the short-lived sup
conducting pairs that form aboveTc , and the MT process
results from the quasiparticle contributions to the conduc
ity during the breaking and reforming of Cooper pairs.

Several reports have interpreted both the in-plane fluc
tion conductivity Dsab(T,0) and the fluctuation-induced
magnetoconductivityDsab(T,H) based on only the AL pro-
cess or on both the AL and the MT processes.22–25 For in-
stance, in Ref. 26 the experimental results
Dsab(T,0), Dsab(T,H), and the diamagnetism o
Bi 2Sr2CaCu2O8 single crystals were analyzed by usin
only the AL theory. In that analysis, the AL theory was mod
fied by consideringn superconducting layers per unit ce
coupled through various coupling strengthsg j . The authors
insisted that their data were well explained within this mo
fied AL theory but the contributions of the AL term becam
twice larger after the effective number of fluctuating laye
was introduced, which is based on the assumption of eq
coupling strength (g1'g2). However, this assumption is un
reasonable for this system because the distance from
CuO2 plane to the closest one is much smaller than the
tance to the next closest plane. Moreover, althou
Dsab(T,0) could be explained by using this modified A
theory, Dsab(T,H) could not without introducing oxygen
inhomogeneities.

Even the combined effect of the AL and the MT process
is insufficient to explain the sign change of the zero-fie
out-of-plane fluctuation conductivity and fluctuation-induc
magnetoconductivity@Dsc(T,0) and Dsc(T,H), respec-
tively# at both underdoped and optimally doped states.27–31

This behavior can be understood only when the contribut
of fluctuations in the quasiparticle density of states~FDOS!
is taken into account.11,21Since this process reduces the to
number of quasiparticles, this contribution is negative
sign. In c-axis charge transport at high temperatures,
FDOS is a dominant process while at low temperatures,
AL contribution is larger than the FDOS contribution. Ther
©2003 The American Physical Society02-1
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fore, competition between the AL and the FDOS proces
results in a change in sign. The presence of the FDOS c
tribution in out-of-plane conductivity requires this contrib
tion to be included even in the in-plane conductivity. In th
sense, the validity of previous results obtained without
FDOS contribution should be carefully reexamined. Inde
in later studies onDsab(T,H) in YBa2Cu3O72d , the FDOS
contribution was treated as an important one.32–34

Among HTSC’s, Tl2Ba2CaCu2O81y ~Tl2212! is very at-
tractive because the structure of Tl2212 is typical for bila
ered HTSC’s. Even though it is an isostructure
Bi2Sr2CaCu2O8, the superlattice of the repeated unit, wi
lattice constant in thea and b directions of about 3.8a and
4.7b, respectively,35,36 which Bi2Sr2CaCu2O8 has, does not
exist in Tl2212. The absence of superlattice and strong fl
tuations in the in-plane and the out-of-plane resistivities d
to the highly anisotropic nature of Tl2212 make Tl2212 ide
for studying the fluctuation conductivity. However, due to
toxicity and high vapor pressure, no serious attempts h
been made to synthesize the high-quality single crystals,
preventing extensive study of the fluctuation conductiv
and the fluctuation-induced magnetoconductivity in this m
terial.

To the best of our knowledge, only one measuremen
Dsab(T,0) in a Tl2212 single crystal exists.37,38 They found
thatrab~T! showed a downward curvature in the normal st
and no peak appeared forrc(T), which might be due to the
inhomogeneous distribution of oxygen inside the samp
Nevertheless, the authors assumed a background linear
temperature forDsab(T,0). This assumption can hardly b
justified except in the range of optimal doping. Moreov
only a qualitative agreement was found between their d
and the AL contribution, and the necessity of other indir
contributions was not justified. A study ofDsab(T,H) in a
Tl2212 thin film also exists. In the thin-film sample, how
ever, the extrinsic property of the grain boundary might
fluence the charge transport.

In this research, to clarify the effects of different cont
butions to the zero-field fluctuation conductivityDs(T,0)
and to the fluctuation induced magnetoconductiv
Ds(T,H) along theab plane and thec axis in the mean-field
region, we measured the in-plane and the out-of-plane re
tivities of high-quality single crystals of Tl2212 withHic up
to 5 T. TheDsab(T,H) and theDsc(T,H) were obtained for
different samples, and these data were analyzed based o
theory of Dorinet al. in the weak-field limit11 that included
the AL, MT, and FDOS processes. We found that the FD
contribution was essential along with the other contributio
to explain the experimental results for both the directions.
obtain theDs(T,0), one should subtract the background
sistivity obtained by fitting the normal-state resistivity. How
ever, this procedure is nontrivial, especially forrc . Thus,
Ds(T,H) which is independent of a background estimati
was analyzed first and thenDs(T,0) was investigated base
on the results ofDs(T,H). Through this procedure, the va
lidity of the normal-state background could be confirmed

II. EXPERIMENT

The measurements ofrab(T,H) and rc(T,H) were car-
ried out on single crystals of Tl2212 grown by using the fl
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method. Single crystals of Tl2212 were grown from mixtur
of Tl2O3 and a precursor Ba2CaCu2Ox . The details of the
growth procedure are described elsewhere.39–41Crystals with
typical dimensions of 0.530.530.05 mm3 were selected
and annealed in oxygen for 48 h at a temperature of 400
After the annealing process, crystals were examined usin
optical microscope. The crystals showed metallic shin
surfaces. Some of the crystals were further characterized
using x-ray diffraction with four circle goniometers and b
using low-field magnetization. The x-ray diffraction patter
showed very sharp (00l ) peaks characteristic of the 221
structure withc;29.3 Å.41 The low-field magnetization data
showed the onset transition temperature of 106 K, as sh
in the upper inset of Fig. 1~a!. The good quality of these
samples was also confirmed by extensive reversible and
versible magnetization studies.39–41 In the reversible magne
tization study, the nonlocal effect in the relation between
current density and vector field was revealed to be import
and in the irreversible magnetization studies, various vor
phases, and their dynamic properties were identified.

FIG. 1. ~a! Temperature dependence of the in-plane resistiv
rab(T) for various values of the external magnetic field. The upp
inset shows the low-field magnetization of the same crystal and
lower inset shows the zero field measured in-plane resistivity al
with a linearly fitted curve~solid line! at the normal state.~b! Tem-
perature dependence of the out-of-plane resistivityrc(T) for vari-
ous values of the external magnetic field. The inset at the lo
panel~right side! presents the zero field measuredc-axis resistivity
along with the fitted curves; the solid line by using the relationA
1BT1C/T and the dashed line by using the relationA1BT
1C/T exp(D/T). The another inset~top corner! presents the con-
tact configuration forrc measurement.
2-2
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SUPERCONDUCTING FLUCTUATION PROBED BY IN- . . . PHYSICAL REVIEW B 67, 144502 ~2003!
The resistivity was measured in the four-probe configu
tion for rab(T,H) and in the direct cross configuration fo
rc(T,H) as shown in the inset of Fig. 1~b! ~top corner!. In
this cross configuration, when the current and the volt
pads are close to each other, the very large anisotr
(rc /rab'103–104) of Tl2212 gave reliable values forrc
because the planes perpendicular to the current flow coul
regarded as equipotential surfaces.29,42 The contact pads
were made by evaporating gold and then annealed in air
30 min to reduce the contact resistance. The gold wires w
attached to the contact pads by using silver epoxy~EPOTEK
P1011!, and the contact resistance was found to be less
2 V. A current I 5100mA was passed through the curre
leads for both types of measurements. The temperature
pendences ofrab and rc with different magnetic fields ap
plied parallel to thec axis for two different samples ar
shown in Fig. 1. Here, the magnetic fields were applied
using a MagLab2000~Oxford! superconducting system
rab(T,0) follows a linear behavior in temperature well abo
transition temperature. This behavior is characteristics of
timally doped samples. The application of a magnetic fi
reduced the critical transition temperatureTc and broadened
the transition width for both the in-plane and the out-of-pla
resistivities. The main mechanisms for broadening this tr
sition width along theab plane, flux flow motion and ther
mally activated flux-flow have been studied extensively43

Though different mechanism are suggested to explain
broadening of the transition width along thec axis,44,45but it
is still unclear. Thec-axis peak near the transition temper
ture was enhanced by increasing the magnetic fields, and
peak position was shifted towards lower temperatures. T
behavior was also observed in Bi2Sr2CaCu2O8 single
crystals,44,46 in Tl2212 single crystals,42,47 and in oxygen-
reduced YBa2Cu3O72d single crystal.3 However, in opti-
mally doped YBa2Cu3O72d , the out-of-plane resistivity
shows a metallic behavior.27

III. RESULTS AND DISCUSSION

If Ds(T,0) is to be analyzed, the normal-state bac
ground resistivity should be subtracted. Sincerab(T,0) is
linear at high temperatures in the optimal doping state,
usual way is to assume a linear decrease well aboveTc and
then to subtract it from the measured resistivity. Howev
this procedure cannot be justified except when reason
values of the physical parameters are obtained. Furtherm
rc(T,0) in the normal state is still not well understood. Thu
the subtraction of the background resistivity from the m
sured resistivity in the mean-field region can yield arbitra
physical parameters when analyzing the data. To avoid
instead of the zero-field fluctuation conductivity, we an
lyzed the fluctuation-induced magnetoconductiv
Ds(T,H) first:

Ds~T,H !5s~T,H !2s~T,0!51/r~T,H !21/r~T,0!

'2Dr~T,H !/r~T,0!2.

~1!
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In Fig. 2, Dsab(T,H) andDsc(T,H) are presented. The
notable feature of these data is the sign change
2Dsc(T,H) from negative at high temperatures to positi
at low temperatures. This behavior has also been observe
other HTSC’s~Refs. 27–31! and has been explained on th
basis of FDOS contributions.

To explain the experimental data quantitatively, we us
the theory of Dorinet al., which includes the AL, MT, and

FIG. 2. ~a! In-plane fluctuation-induced magnetoconductivi
Dsab(T,H) at 3 and 5 T as functions of the temperature. The so
lines are the calculations from the theory of Dorinet al. The inset
shows the field dependence of the in-plane fluctuation-indu
magnetoconductivity. The solid line in the inset represents the
oretical curve calculated using the parameters obtained in an an
sis of the main graph.~b! Out-of-plane fluctuation-induced magne
toconductivityDsc(T,H) at 5 T as a function of the temperatur
The solid line is the calculation from the theory of Dorinet al., the
dotted line represents the contribution from the AL term and
dashed line the FDOS term. The inset shows the field depend
of the out-of-plane induced magnetoconductivity and the solid l
in the inset represents the theoretical curve calculated using
parameters obtained in an analysis of the main graph.
2-3
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KIM, CHOWDHURY, KANG, ZANG, AND LEE PHYSICAL REVIEW B 67, 144502 ~2003!
FDOS contributions.11 In that theory, the total fluctuation
conductivity is

Ds~T,H !5DsAL~T,H !1DsFDOS~T,H !1DsMT
reg~T,H !

1DsMT
an ~T,H !, ~2!

where DsAL(T,H), DsFDOS(T,H), DsMT
reg(T,H), and

DsMT
an (T,H) result from the AL, the FDOS, the regular MT

and the anomalous MT contributions, respectively. It is to
noted that in this theory, only the orbital contributions we
considered and spin interactions, i.e., the Zeeman eff
were neglected. However, since the Zeeman effect is im
tant for B'c and at reduced temperatures (T2Tc

m f)/Tc
m f

.0.3 for Bic, the Zeeman terms are irrelevant in our case28

For our field strengths, the weak-field limit expressions
valid because the applied field is much smaller than the
per critical field at zero temperature. The details of the
pressions for each contribution in the weak-field limit a
given in Ref. 11. To fit the data, we varied the paramet
r 54hJ2kB

2/vF
2\2, t, tf , b54heB/\, andTc

m f . Here,r is
the anisotropy parameter,J is the effective interlayer energ
in K, vF is the Fermi velocity,t is the quasiparticle scatter
ing time, tf is the pair-breaking lifetime, andTc

mf is the
mean-field temperature. The initial value ofTc

mf was obtained
from the inflection point in thedr(T)/dT curve and was
allowed to vary within a limited range of less than 1 K. Th
solid lines in Fig. 2 represent calculations using the we
field limit expressions for both directions. ForDsc(T,H),
the AL and the DOS contributions are also plotted separa
in Fig. 2~b! but for clarity, the MT contribution was omitted

The theory reproduces bothDsab(T,H) and Dsc(T,H)
fairly well. The AL term dominates at low temperatures, a
the FDOS term dominates at high temperatures. The com
tition between AL and FDOS results in a sign change
Dsc(T,H). The change of sign inDsc(T,H) was also ob-
served in underdoped and optimally doped Bi2Sr2CaCu2O8
~Ref. 29! and optimally doped YBa2Cu3O72d ~Ref. 27!
while it was not observed in overdoped Bi2Sr2CaCu2O8.29

This doping dependence and the tendency toward nega
MR in rc(T) is known to be correlated with the anisotrop
of the material. As the doping content is decreased, the
isotropy increases. Therefore, the tendency of the s
change and the negative MR is enhanced when the num
of hole carriers decreases. The physical parameters for
fitting will be discussed later.

The inset of Fig. 2 shows the field dependence
Dsab(T5120 K,H) and Dsc(T5115 K,H). This graph
clearly reveals that the sign of2Ds(H) ~or MR! is positive
in the ab plane and negative along thec axis. This anisot-
ropy in MR is not explained within the Fermi liquid theor
Thus Anderson proposed a model that introduced two dif
ent carrier scattering rates far aboveTc ; one scattering rate
dominated the longitudinal transport while the other go
erned the transverse one.48 There was an experimental inve
tigation of the MR of which behaviors were interprete
based on this scenarios.6 However, ascribing the MR to
normal-state properties is difficult in our case. Because
measurements were performed nearTc , the normal-state MR
14450
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should be negligible compared with the fluctuation-induc
magnetoresistivity. This was confirmed in Bi2Sr2CaCu2O8
for which detailed experimental investigations of the M
revealed that the normal-state magnetoresistivity appe
only aboveTc125 K and that below this temperature, flu
tuations dominated the MR.28 The solid lines in the inset o
Fig. 2 are theoretical curves ofDsab(T5120 K,H) and
Dsc(T5115 K,H), which were plotted using the param
eters obtained fromDs(T,H). The different behaviors of
MR in the ab plane and along thec axis are well explained
by using the effects of fluctuations on the conductivity.

Now let us explain the results forDs(T,0). As mentioned
above, for estimatingab-plane background resistivity the re
sistivity above 150 K was fitted by linear functio
rab~0!1AT, as shown by solid line in inset of Fig 1~a!. The
behavior along thec direction, however, was totally differ
ent. The shape ofrc(T) reveals a metallic resistivity at high
temperatures and an insulating one at lower temperatu
These two regions are separated by a minimum value
rc , rc

min . In the normal-state above 150 K,rc(T) could be
fitted by using the equationrc(T)5rc(0)1BT1C/T, as
shown by solid line in inset of Fig 1~b!, where the last term
which was proposed by Anderson and Zou,14 arises due to
the tunneling of electrons between the CuO2 planes. In our
analysis, the background region of 150 K,T,300 K did
not influence the results because the data were restricte
those below 1.3Tc

mf , where the change in the backgroun
region hardly affects the data and the theory of Dorinet al. is
valid.

Ds(T,0) in the ab plane and along thec direction are
shown in Fig. 3. Here, the fluctuation conductivity was d
fined as Ds(T)51/r(T)21/rn(T), where rn(T) is the
normal-state background resistivity. We first compared
in-plane resistivity data with the AL contribution. In thi
analysis, variables werer , Tc

mf , and the interlayer distances.
However, the data could not be described withouts being
anomalously large. Even the possible maximum error of 3
in the magnitude of the resistvity due to the sample geom
cannot explain this large discrepancy betweens' 30 Å ob-
tained in the fitting and the actual values' 15 Å. Moreover,
when only the AL term was used, the data deviated from
theory systematically, especially at high temperatures, s
lar to an earlier report of the Bi2Sr2CaCu2O8 system.49 The
quality of the fitting became better when other indirect co
tributions, the FDOS and the MT terms, were included.

Some experimental reports have proposed that the
plane paraconductivity, even in the region of 0.01,(T
2Tc

mf)/Tc
mf,;1, might be explained by using only the A

process with the proper energy cutoff.50,51 However, since it
will be very difficult to eliminate the effects of backgroun
subtraction in the above temperature range, the validity
those results should be carefully reexamined. Moreover
this scenario, a unified explanation ofDrab(T,0) and
Drc(T,0) is very difficult.

To obtain physical quantities, we included the AL, FDO
and MT contributions. We used the initial values of the va
ables obtained from the previous analysis of the fluctuati
induced magnetoconductivity and restricted them to rem
within a limited range. The results are shown in Fig. 3 w
solid lines. The AL and the FDOS terms were plotted se
rately. The results reproduced the experimental data fa
2-4
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SUPERCONDUCTING FLUCTUATION PROBED BY IN- . . . PHYSICAL REVIEW B 67, 144502 ~2003!
well. Unlike the analysis that only considered the AL cont
bution, Dsab(T,0) was well described withs'14.7 Å. For
Dsc(T,0), it was impossible to explain the data without t
FDOS term. As inDsc(T,H), the FDOS term is dominant a
high temperatures while the AL term is important at lo
temperatures. In the inset of Fig. 3~b!, the calculated values

FIG. 3. ~a! In-plane fluctuation conductivityDsab(T,0) and~b!
out-of-plane fluctuation conductivityDsc(T,0) as functions of the
temperature. The solid line is the calculation from the theory
Dorin et al., and the dotted and dashed lines represent the contr
tions from the FDOS and the AL terms, respectively. The inse
figure ~b! shows the out-of-plane resistivity and the calculatio
The subtraction of the normal-state resistivties is explained in
text.
14450
of rc(T) are presented, along with the experimental da
The calculatedrc(T) simulated the peak nearTc fairly well.
This indicates that the peak in Tl2212 nearTc is due to the
fluctuation conductivity, as originally proposed by Ioff
et al.21 and Dorin et al.11 and as later experimentally con
firmed in Bi2Sr2CaCu2O8.52

The physical quantities obtained from bothDs(T,H)
and Ds(T,0) are summarized in Table I. As far as w
know, this is the first complete set of variables abo
jab , jc , t, tf , and J in Tl2212. Thus, we had to
compare these results with those of other HTSC
The t(100 K) in Tl2212 is similar tot(100 K)510250
fs in Bi2Sr2CaCu2O8, (Tl,Hg)2Ba2Ca2Cu3O101d , and
(Hg,Cu)Ba2CuO41d ,28–31,52but is larger thant(100K)53
25 fs in YBa2Cu3O72d .27,32–34 tf(100 K) is larger
than t(100 K), which was assumed by Dorinet al.11

The values of J were reported for Bi2Sr2CaCu2O8
(J 5 4.52 43 K), (Tl,Hg)2 Ba2 Ca2 Cu3 O101d (J 5 4 K),
(Hg,Cu)Ba2CuO41d(J540 K), and YBa2Cu3O72d(J5205
2225 K). From these values, the value ofJ for Tl2212
should be more similar to those for Bi2Sr2CaCu2O8 and
(Tl,Hg)2Ba2Ca2Cu3O101d than to those for YBa2Cu3O72d
even though the scattering of these values in one compo
suggests thatJ depends on the doping state of the samp
This conclusion is fairly reasonable because the anisotr
of Bi2Sr2CaCu2O8 is known to be larger than that o
YBa2Cu3O72d but similar to that of Tl2212. The structure o
Tl2212, which is similar to that of Bi2Sr2CaCu2O8, also sup-
ports this conclusion. The value ofvF in Tl2212 is '3
3107 cm/s, and this is also similar to the value reported
Bi2Sr2CaCu2O8,28 but smaller than other reporte
values29–31,52 for Bi2Sr2CaCu2O8. According to Dorin
et al.,11 the effective interlayer tunneling rate is of the ord
kB

2J2t/\2. In Tl2212,kB
2J2t/\2!tf

21,t21, which suggests
that the tunneling to neighboring layers is an incoher
event. FromTc

mf , t, tf , andJ, we could calculate the co
herence lengthsjab andjc . The values ofjab andjc were
1261 and 1.060.2 Å, respectively. The value ofjab is in
good agreement with the value of 14.3 Å obtained from
reversible magnetization study.39

Finally, we will mention the out-of-plane normal-state r
sistivity. In the analysis ofDsc(T,0), we assumed a tem
perature dependence ofrc(0)1BT1C/T, and the physical
parameters so obtained were consistent with those in
analysis ofDsc(T,H). This implies that the functional de
pendence of the out-of-plane normal-state resistivity w
well described as suggested by Andersonet al.14 A proposed
activation-type formula rc(T)5A1BT1(C/T)exp(D/T)3

with D'400 K, could fit rc(T) down to the peak region
whereD was interpreted as the pseudogap. This implies t
if this formula is correct, the fluctuation effects are negligib
in rc(T) but understanding this behavior is very difficu

f
u-
f
.
e

TABLE I. Physical parameters obtained from the analysis ofDs(T,0) andDs(T,H).

Tc
mf ~K! jab ~Å! jc ~Å! t~100 K! ~fs! tf~100 K! ~fs! vF (107 cm/s) J ~K!

Dsab 10760.5 1161 1.060.2 1563 2065 6.2
Dsc 11061 1261 0.7 2064 3065 361 '
2-5
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Moreover, the fitted value ofD is too high for the optimally
doped samples when compared with the transition temp
ture of underdoped Bi2Sr2CaCu2O8 single crystals with com-
parable values ofD.53

IV. CONCLUSIONS

We investigated the in-plane and the out-of-plane ze
field fluctuation conductivity and fluctuation-induced magn
J

e

S
i,

T.

e

rg

v.

.

14450
a-

-
-

toconductivity of Tl2212 single crystals and analyzed tho
data based on a theory of fluctuation conductivity that
cluded AL, MT, and FDOS contributions. This theor
successfully explained not only the excess conductivity
also the positive in-plane magnetoresistance and nega
out-of-plane magnetoresistance with reasonable values o
physical parameters. Furthermore, the peak in thec-axis re-
sistivity was well described by the same effects as in ot
HTSC’s.
.
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