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Relevance of the scheme of regularization of the density-of-state fluctuation contribution
in an arbitrary magnetic field
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The problem of the regularization of the fluctuations induced renormalization of the one-electron density of
states~DOS! has been recently clarified. So far, only the weak-field limit was considered because of the field
dependence of the cutoff in the DOS expression. Recently, theoretical results@A. I Buzdin and A. A. Varla-
mov, Phys. Rev. B58, 14 195 ~1998!# have proposed a scheme of regularization of the problem allowing
numerical calculations for an arbitrary magnetic field. By comparing magnetoconductivity measurements under
a strong magnetic field and the theoretical predictions, the robustness of the expression for the DOS contribu-
tion obtained as a convergent series independent of cutoff is shown. Such an analysis allows us to calculate the
zero-field contribution of the fluctuations to the measured resistivity. The great influence of this effect on both
the magnitude and the temperature dependence of the resistivity aboveTc is demonstrated.
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Among the various scenarios proposed to elucidate
unusual behaviors ofc -axis temperature dependence, optic
conductivity, c-axis magnetoresistance, nuclear magne
resonance~NMR! spin-relaxation rate nearTc , tunneling
conductance and any other normal-state anomalies
HTSC’s in the metallic part of the phase diagram, interp
tation in terms of a pseudogap originating from the fluctu
tions induced renormalization of the one-electron density
states at the Fermi level found excellent agreement with
perimental results.1 Other proposals have been made to e
plain the occurrence of a pseudogap, featuring spin cha
separation, charge confinement, and a van Hove scenari2–6

However, since there exists no theoretical formalism for
latters, a quantitative analysis cannot be achieved. Su
formalism is available for the theory of the fluctuation reno
malization of the density of states~DOS!. This has been
initially proposed by Dorinet al.7 to describe experimenta
results concerning magnetotransport measurements. In
ticular, the prediction of a sign change in thec-axis magne-
toresistivity ~MR! is very interesting and matches perfec
experimental results in numerous papers.8–14 Nevertheless,
as emphasized recently by Buzdin and Varlamov,15 the field
dependence of the cutoff parameter in the DOS contribu
to conductivity prevents any numerical analysis for an ar
trary magnetic field. Thus to make this model convinci
and to perform numerical calculation, Dorinet al.7 had to
distinguish asymptotic regions of relevant field strength:
weak-field region (h!e) and the strong-field one (e!h),
PRB 620163-1829/2000/62~14!/9721~5!/$15.00
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wheree andh are the reduced temperature and field, resp
tively. Buzdin and Varlamov15 have proposed a scheme
regularization of the DOS contribution in order to obta
expressions valid for any field strengths. It is shown in t
latter paper that the usual weak-field asymptotic express
derived from the this new scheme is similar to the res
initially proposed by Dorin. As pointed out in the following
the proposed expressions are very suitable for numerical
culations in the case ofc-axis MR for anisotropic supercon
ductors.

Underdoped Bi-2212 single crystals are good candida
for studying the change of sign in the MR because of
strong semiconducting behavior of the out-of-plane resis
ity and the large magnitude of the observed negative MR14

Measurements achieved under strong magnetic fields a
us to reach the domain of validity of the high-fie
asymptotic and more generally, to show the robustness o
DOS contribution expression obtained as a convergent se
independent of cutoff. In this paper, the prediction of t
theory for fluctuations contribution to magnetoconductiv
is numerically calculated considering previously publish
results and is compared with high-field experimental data~27
T!. The derived parameters are then used to evaluate
zero-field contribution of the fluctuations to resistivity. Thu
it is possible to determine the ‘‘true’’ normal state resistivi
just above the peak after substraction from experime
data. The results obtained in this last section emphasize
9721 ©2000 The American Physical Society
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great role played by the superconducting fluctuations in
temperature dependence of the out-of-plane resistivity w
above the critical temperature.

The crystals of Bi2Sr2Ca12xYxCu2O81d used in this
study were grown by a self-flux method which has been
scribed elsewhere.16,17 The structural investigations unde
taken to check the quality of crystals, in particular their a
tual cationic compositions are reported in an earlier pape18

it is demonstrated that substitutions of low concentrations
Y31 on the Ca21 site lead to a set of samples with differe
doping states. The actual cations contents were checke
energy dispersive spectroscopy~EDS! x-ray spectroscopy
with a Kevex analyzer mounted on a 200-kV electron mic
scope following the procedure described in Ref. 18 for e
batch. In this work, we investigate charge transport
Bi2Sr2Ca12xYxCu2O81d with xEDS50.36 which corre-
sponds to a heavily underdoped state.18 The crystal, which
had typical dimensions 1.031.030.01 mm3 was contacted
in the direct ‘‘cross’’ configuration.19 One can directly derive
a good estimate ofrc from such a cross measurement pr
viding that the sample is small enough to ensure that
current and voltage contacts are close together and clos
the edges of the crystal. Several comparative studies
more sophisticated methods,20,21such as the measurement
a ‘‘bottom’’ voltage, have shown that the direct combinati
of Rcross with the dimensions of the crystals yields reliab
values of rc .21,22 Gold wires were attached to th
‘‘evaporated-silver stripes’’ with silver paint. The sampl
were then annealed in air at 400 °C for 10 min. Thec-axis
resistance was measured as a function of temperature
series of fixed fields (Bici I ) in the 20-MW resistive magne
of the Grenoble High Magnetic Field Laboratory~France!.
The temperature was controlled by an Oxford instrum
cryostat with an ITC5 controller using a Cernox sensor. T
sample resistance was measured by a four points
technique~3 mA at f 517 Hz).

As it was shown in the framework of a Gaussian mo
developed by Ioffeet al.23 and Dorinet al.,7 c-axis conduc-
tivity fluctuations in high-temperature superconductivity
comprised of four terms. The direct contribution, initial
proposed by Aslamasov and Larkin~AL !,24 is due to the
acceleration in an electric field of short-lived Cooper pairs
thermal nonequilibrium. On the basis of various conditio
alternative expressions of the AL contribution have be
derived.25,26The DOS contribution arises from corrections
the normal quasiparticle density of states owing to fluct
tions of normal quasiparticles into the superconducting st
This contribution, negative in sign, causes a decrease o
sistivity in a magnetic field. It is possible to observe a ne
tive fluctuation inducedc-axis magnetoresistance in the tem
perature region where the DOS contribution exceeds
positive AL one. The regular and anomalous Ma
Thompson~MT! contributions respectively result from th
scattering of the normal-state particles and the supercond
ing pairs.7,26 These MT contributions are usually small an
in the following, the main issue is to understand the r
evancy of this contribution to describe the experimental
sults since they are not considered in many papers.27,28 In
this paper, the interactions of the magnetic field with elect
spins leading to a Zeeman effect are neglected. Finally,
fluctuation magnetoconductivity is given by
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Dsc5Dsc
AL1Dsc

DOS1Dsc
MT(reg)1Dsc

MT(an) , ~1!

whereDsc
AL5sc

AL(B,T)2sc
AL(0,T), etc.

However, the full expressions ofDsc
MT(reg) and Dsc

DOS

contributions given by Dorinet al.7 cannot directly be used
for comparison with experiments. The field-dependent cu
for those contributions is unknown and can only be roug
approximated. Up to now, this lack in the theory has i
posed experimentalists to lie in the weak-field regime wh
explicit formalism could be obtained. As mentioned abo
Buzdin and Varlamov15 have proposed interesting expre
sions that can be used in an arbitrary magnetic field
which are suitable for numerical calculations. For comple
ness, these expressions with the field-independent cutoff
given:

Dsc
DOS5sc

DOS~B,T!2sc
DOS~0,T!

5
e2srk

8h

3h(
n50

` H 1

h
ln

Ae12nh12h1Ae1r 12nh12h

Ae12nh1Ae1r 12nh

2
1

Ae12nh1hAe1r 12nh1h
J , ~2!

Dsc
MT(reg)5sc

MT(reg)~B,T!2sc
MT(reg)~0,T!

5
e2sk̃

4h
h(

n50

` H e1~2n11!h1r /2

Ae1~2n11!hAe1r 1~2n11!h

2
1

2h
@Ae1~2n11!hAe1r 1~2n11!h

2Ae12nhAe1r 12nh#J . ~3!

In these formulas,e is the electron charge,s is the lattice
period along thec axis, and

h52
vF

2t2

2 FCS 1

2
1

\

4pkBTt D2CS 1

2D2
\

4pkBTt
C8S 1

2D G ,
~4!

wherevF is the Fermi velocity parallel to the layers,t is the
quasiparticle scattering time,C(x) and C8(x) are the di-
gamma function and its derivative.r 54hJ2kB

2/vF
2\2 is the

usual anisotropy parameter characterizing the dimension
of the fluctuations andJ is an effective interlayer energy in
Kelvin. b52heB/\ ande5 ln(T/Tc). The constantk and k̃
are ruled by the impurity concentration and are function
tT:

k5

2C8S 1

2
1

\

4pkBTt D1
\

2pkBTt
C9S 1

2D
p2FCS 1

2
1

\

4pkBTt D2CS 1

2D2
\

4pkBTt
C8S 1

2D G ,

~5!
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k̃5

2C8S 1

2
1

\

4pkBTt D1C8S 1

2D1
\

4pkBTt
C9S 1

2D
p2FCS 1

2
1

\

4pkBTt D2CS 1

2D2
\

4pkBTt
C8S 1

2D G ,

~6!

wheret
F

is the pair breaking life time. The asymptotics f
all regions of field can be found in Ref. 15. For numeric
calculations, we tooks5c/251.5 nm;Tc is determined from
the midpoint of the zero-field resistive transition~89 K! ~see
Fig. 1! and we assumedt andt

F
}1/T.

The experimental magnetoconductivity~MC! is defined as
follows: Ds5s(B,T)2s(0,T)51/r(B,T)21/r(0,T). In
order to intend connection with the magnetoresistivity,
have plotted in the following the temperature dependenc
2Ds.

In Fig. 2, the experimental MC is reported for the und
doped single crystal of Bi-2212 under a magnetic field of
T. It should be pointed out that, in a previously publish
paper,13 the same analysis in the weak-field regime was s

FIG. 1. Zero-field out-of-plane resistivityrc of an underdoped
Bi-2212 single crystal versus temperature.

FIG. 2. Magnetoconductivity versus temperature at 27 T for
underdoped Bi-2212 single crystal. The solid line represents
theoretical calculation with parameters given in the text. The sy
bols are the experimental magnetoconductivityDsc (Bici I ).
l
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cessfully applied using the same values of parameters at
ferent magnetic fields. For our field strength and within t
range of temperature investigated, we are not in the so-ca
weak-field limit (h!e). So far, most of the analyses pe
formed in the papers dealing with this subject have o
considered the weak-field expressions since the work of B
din and Varlamov was not available yet. In the present stu
the experimental data are compared to the total MC predic
by those latter authors. In a recent paper14 dealing with the
doping dependence of the description in terms of superc
ducting fluctuations, we have observed a weak doping
pendence of the values derived fort andt

F
. Moreover, the

doping state of the sample investigated in the present p
is rather close to the Bi2Sr2Ca12xYxCu2O81d with xEDS
50.21 for which the values ofJ andvF were found to be 28
K and 4.353106 cm/s, respectively.14 As a starting point, the
values of the parameters obtained for this latter compo
have to be considered. Then, comparing experimental da
27 T with the numerical calculation@Eq. ~1!#, the values
were slightly modified until obtaining the result shown
Fig. 2 where the four terms are considered~AL, anomalous,
and regular MT and DOS!. The best agreement exhibited
Fig. 2 is obtained using the following parameters:J530 K,
t(100 K)51.07310214, t

F
(100 K)'1.23310213 s, and

vF54.353106 cm/s. Those values are in excellent agre
ment with previous results derived through the same anal
for underdoped Bi-2212 single crystals in the weak-fie
limit.14 Let us now focus on the respective magnitude of
various contributions involved in the overall result~Fig 3!.
The term in Eq.~3!, referred to as the regular MT contribu
tion, gives a negative correction, as does the DOS one@Eq.
~2!#, while the anomalous MT term is positive. Neither th
anomalous nor the regular MT contributions are lar
enough to dominate the AL and DOS ones, respectively
the studied range of temperature. It can also be observed
those corrections enter as a very small part in the total
when one compares to the AL~in the vincinity of Tc) and
DOS contributions. In Fig. 3, the prediction for the high-fie
asymptotic is calculated using the values given above forJ ,

n
e
-

FIG. 3. Decomposition of the calculation of total theoretic
magnetoconductivity for an underdoped Bi-2212 single crystal a
T with parameters given in the text. The inset shows the MT regu
~reg.! and MT anomalous~an.! contributions which are too small to
be presented in the same scale as the AL and DOS contributio
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t, t
F
, andvF . We observe that there exists a good agr

ment of the theory with experimental data only in the v
cinity of Tc where the conditionh@e is fulfilled. As the
temperature is increased, one comes out of the range o
lidity of the asymptotic and, as expected, the agreement f

In the case of NMR experiments,29,30some papers invoke
the extreme sensitivity of the anomalous MT term to the p
breaking process, which is itself related to the symmetry
pairing fluctuations, to discriminate betweens or d wave. It
is important to stress that conductivity measurements do
provide a reliable test for possibles or d pairing since the
temperature dependence of the AL and anomalous MT te
are very similar. It is worth mentioning that thet

F
parameter

only enters in the anomalous MT term which has be
shown to be several times smaller than the AL and D
contributions. Thus the uncertainty fort

F
is expected to be

large as emphasized in Ref. 13.
At this point of the paper, the proposed scheme of re

larization of the density-of-states fluctuations contributi
seems to be very suitable for analyzing the MC data in
arbitrary magnetic field. In the next section, we discuss
role of the density-of-states contribution in the temperat
dependence of thec-axis resistivity. In order to obtain the
‘‘true’’ temperature dependence of the normal-state resis
ity, the zero-field fluctuations contribution has been cal
lated on the basis of the expressions proposed by D
et al.7 and using the parameters determined in the previ
section. In Fig. 4, we report the experimental data and
resistivity obtained after substraction of the fluctuations c
tribution, referred in the following to as the ‘‘true’’ normal
state resistivity, forT,130 K ~for Ts1.25Tc the theory is,
however, no longer accurate!.10 Such a result exhibits the
strong influence of the fluctuations contribution on the m
nitude of the measured resistivity on the one hand and o
temperature dependence on the other hand. Many pa
have described the peculiar semiconducting behavior of
c-axis resistivity only considering some normal-sta
models.31–34 However, as emphasized by Balestrinoet al.10

and Watanabeet al.,35 attempts to account for thec-axis re-
sistivity by means of phenomenological models have fail
For instance, Yanet al.32 have proposed an activation-typ
phenomenological formula of the typerc5A1BT
1(C/T)exp(D/T) to describe the diverging trend aboveTc .
Here,D is a normal-state gap. Numerical fits were perform
on the raw data and on the resistivity corrected from
fluctuations effect. It appears that in both cases,
activation-type component, characterized by the gapD, is
-
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suitable for describing the data. However, the derived val
for the gap are strongly different. When one applies the p
nomenological analysis on the raw data we findD5240 K.
This can be compared with values reported by Watan
et al.35 for underdoped Bi-2212 single crystals. The mag
tude of the gap is raised up to 320 K when one considers
true normal-state resistivity. This evidences the major r
played by the fluctuations correction in the value of t
normal-state gap. When an analysis is performed throug
simple normal-state model, it seems essential to take
account the effect of the superconducting fluctuations to c
rectly describe the resistive behavior of the anisotropic
perconductors aboveTc .

In conclusion, numerical calculations have been p
formed on the basis of the field-independent cutoff expr
sions derived by Buzdin and Varlamov for the DOS and M
regular contributions to conductivity. The predictions ha
been compared with the experimental magnetoconducti
measured under a magnetic field of 27 T in order to be
outside the weak-field limit. A good agreement is obtain
between experimental data and theoretical predictions sh
ing the robustness of the regularization scheme propose
the authors. Moreover, the parameters obtained through
analysis permit us to evaluate the zero-field contribution
the fluctuations to the resistivity. After substraction of th
correction from the experimental data, the behavior of
normal-state transverse resistivity can be obtained and c
pared with the phenomenological expressions usually p
posed to describe it.

FIG. 4. Possible behavior of the normal-statec-axis resistivity
just above the peak after subtraction from experimental data of
fluctuations contribution for the parameters given in the text.
*Also at Universite´ François Rabelais, UFR Sciences et Tech
niques, Parc Grandmont, 37200 Tours, France.
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