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We analyze the negative magnetoresistance observed in thec-axis transport of Bi2Sr2CaCu2Ox single crys-
tals based on the density of states fluctuation conductivity by taking renormalization effects into account. It is
shown that the calculated magnetic field dependence of thec-axis conductivity fits to the experimental results
below as well as above critical temperature (Tc) reasonably well using a single set of parameters. This gives
strong evidence to indicate important roles of fluctuation effects arising from the density of states term in
high-Tc superconductors.

I. INTRODUCTION

Recently there has been a proposal that a semiconductor-
like temperature dependence observed in thec-axis resistiv-
ity of Bi2Sr2CaCu2Ox ~Bi 2212! superconductors above criti-
cal temperature (Tc) is due to a superconducting fluctuation
effect.1–3 In this explanation the fluctuation conductivity
arising from the density of states~DS! term, whose contribu-
tion is opposite to that of the conventional Aslamazov-Larkin
~AL ! term,4 is taken into account. It is shown that in highly
anisotropic superconductors the coefficient of the AL con-
ductivity along thec axis is reduced by the small anisotropic
parameter compared to that of the DS conductivity, and ef-
fects of the latter contribution appear aboveTc to produce a
semiconductorlike temperature dependence in thec-axis re-
sistivity. A similar explanation based on a Josephson junction
model of the Bi system was also proposed by the other
authors.5,6 In particular Ref. 5 gave a reasonable fit to experi-
mental results on the semiconductorlike temperature depen-
dence of the Bi system. However, an unusually large ampli-
tude of fluctuation was required in the fit.

One of the most convincing ways to investigate the valid-
ity of this proposal is to measure the magnetic field depen-
dence of thec-axis resistivity, because superconducting fluc-
tuation effects are sensitively affected as in the case of
varying temperatures. The negative contribution of the DS
term to the conductivity is reduced by increasing magnetic
fields, which might lead to a negative magnetoresistance.
Such a feature is clearly seen in the calculated results by
Dorin et al.,3 though these authors did not mention it explic-
itly.

We have previously measured thec-axis magnetoresis-
tance of Bi 2212 single crystals with fields up to 40 T applied
along thec axis, and in fact observed the negative magne-
toresistance below as well as aboveTc .

7 We have also per-
formed measurements with fields applied perpendicularly to
the c axis, and found that the negative magnetoresistance
almost vanishes in this case.8 The fact that the phenomenon
crucially depends on the orientation of applied magnetic
fields indicates that the mechanism by spin scattering is ex-
cluded. In the present paper we analyze our experimental

results based on the fluctuation conductivity due to the DS
term. In order to account for a large broadening of the super-
conducting transition under magnetic fields we include
renormalization effects in the fluctuation propagator.9,10 We
show that the calculated magnetic field dependence of the
c-axis conductivity fits to the experimental results below as
well as aboveTc reasonably well using a single set of pa-
rameters, namely,Tc/Tc050.84~Tc0 is the mean field critical
temperature!, the in-plane coherence lengthjab516 Å, and
the effective massmab53.6. The same set of parameters
gives also good agreement between the AL conductivity and
experimental results obtained in the low field region below
Tc . These results provide the first strong evidence to indicate
importance of fluctuation effects due to the DS term in un-
derstanding physical properties of high-Tc superconductors.
On the other hand, the semiconductorlike temperature depen-
dence aboveTc observed in our sample with highc-axis
resistivity is not explained by the DS term alone using the
deduced parameters.

II. FIELD DEPENDENCE OF THE DENSITY OF STATES
FLUCTUATION CONDUCTIVITY

The fluctuation conductivity due to the DS term was in-
troduced by Ioffeet al.1 in order to give an account for a
semiconductorlike temperature dependence of thec-axis re-
sistivity of high-Tc superconductors. The first order pertur-
bation result was applied in Ref. 2 to analyze experimental
results on the Bi system, and in Ref. 3, Dorinet al.extended
the result for cases with arbitrary scattering time and with
magnetic fields. Here we use the result of Ref. 1 that includes
effects of higher order terms which is necessary in quantita-
tive analysis. In order to treat field dependence below as well
as aboveTc , the result is extended to be applicable for cases
with nonzero magnetic fields and to include renormalization
effects on the mass term. We note that the theory neglects the
vertex corrections due to the impurity scattering and applies
to the clean case.

Following Ref. 1, the conductivity of normal electrons
with fluctuation effects is given by
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wheres0 is the normal state conductivity without fluctuation
effects, andl5\/tkBT ~t is the scattering time andT is the
temperature!. The parameterD(B,T) represents strength of
fluctuation under magnetic fieldsB which is given by
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whereN(0)5mab/2p\2 is the two-dimensional density of
state for a single spin~mab is the effective mass!, b is equal
to 2B/Bc2 ~Bc2 is the mean field upper critical field!, «R is
the renormalized mass, andr is the anisotropic parameter
defined later in Eq.~3!. We determine the renormalized mass
using the Hartree approximation which provides results close
to the mean field ones in the flux flow regime.9,10 The rel-
evant Ginzburg-Landau~GL! Hamiltonian is given by
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whereA5Bxey , F0 is the flux quantum, andz(x) is the
Riemann’s zeta function. Then the Hartree approximation
leads to
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In numerical calculations ofD1 in Eq. ~4! the cutoff for
summation bym is done by the following replacement:11
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The same procedure is also employed in the calculation of
D1 of Eq. ~2! as an approximation.

TheD(B,T) contains«R so that Eq.~4! should be solved
self-consistently. However, approximate solutions are ob-
tained in limiting cases. One case is«0!0, where«R is small
and can be neglected compared tou«0u. In this case we have

D~B,T!5@32p2/7z~3!#u«0u. ~6!

In the other limit«0@0, the second term on the right-hand
side of Eq. ~4! is neglected compared to«0, so that the
Gaussian approximation holds as follows:

«R5«0 . ~7!

The result of the intermediate case depends on the value of
D0. From the relation9
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wherem0 is the permeability,s is the lattice spacing along
the c axis, andk is the GL parameter, and using typical
values ofTc580 K, jab512 Å, s515 Å, andk5100, we
obtainD0 of about 0.7. We show in Fig. 1 the magnetic field
dependence ofD(B,T) defined by

DD5uD~B,T!2D~0,T!u, ~9!

for several values ofT/Tc0 from 0.7 to 1.3 in the case of
D050.7. In Eq.~9! D(0,T) for T/Tc0,1 is determined by an
extrapolation. Such a procedure is also employed for similar
quantities defined later. It is seen thatDD increases with
decreasing temperatures. The curves forT/Tc0.1 are con-
cave, while those forT/Tc050.7 and 0.8 show linear depen-
dences. The results ofT/Tc050.7 and 1.3 are close to the
limiting values given by Eqs.~6! and~7!, respectively, which
are also shown in the figure. The curve ofT/Tc050.9, on the
other hand, is convex reflecting a saturation of the steep in-
crease in the low field region. These features represent re-

FIG. 1. Calculated magnetic field dependence ofDD @Eq. ~9!#
that corresponds to the first order perturbation results of the con-
ductivity is shown for several temperatures. The dashed and dot-
dashed lines represent the limiting results given by Eqs.~6! and~7!,
respectively~the former result is independent of temperature!.
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sults of the first order perturbation in the fluctuation param-
eterD(B,T). Figure 2 shows the quantity

DF5F@D~B,T!,l#2F@D~0,T!,l#, ~10!

which includes higher order effects inD(B,T). TheDF de-
pends onl which is considered to be around 1.12 Here we
choose a rather small value of 0.8 from a fit to experimental
results. Compared to the first order results, higher order ef-
fects make the magnetic field dependence weaker for lower
temperatures. The difference between high and low tempera-
tures becomes smaller and the magnitudes ofT/Tc050.7 and
0.8 are reversed. On the other hand, the shapes of the curves
are not changed except that a small tendency of concavity
appears in the curve ofT/Tc050.7. In the next section these
theoretical results are compared with experiments.

III. COMPARISON WITH EXPERIMENTAL RESULTS

The Bi 2212 single crystal was prepared by the floating
zone method.13 TheTc of the sample used for the measure-
ments was 79 K and the size was 0.25 mm2 in area and 17
mm in thickness. The two terminal measurement was per-
formed using top and bottom electrodes covering almost all
area. The contact resistance of 1.8V which is much smaller
than that of the sample is subtracted from the data. The ap-
plied current density was 8.4 mA/cm2. The pulsed magnetic
fields are generated and applied along thec axis of the
sample, the details of which are given in Ref. 7.

Figure 3 shows the conductivitysexp(B,T) as a function
of magnetic fields obtained at several temperatures below as
well as aboveTc . AboveTc increase in the conductivity with
increasing magnetic fields, namely negative magnetoresis-
tance, is clearly seen from the zero field. BelowTc the con-
ductivity first decreases sharply with increasing magnetic
fields. This comes from the AL conductivity. In the higher
field region, however, the conductivity gradually increases
with increasing magnetic fields. Figure 4 shows the magnetic
field dependence of the conductivity defined by

Dsexp5sexp~B,T!2sexp~0,T!. ~11!

We see thatDsexp increases with decreasing temperatures. It
then takes a maximum betweenT577.8 and 74.4 K, and

decreases gradually with lowering temperatures. The curves
for high temperatures are concave, while those of low tem-
peratures are linear. These features coincide with the calcu-
lated results shown in Fig. 2.

In order to fit the theoretical results, Eq.~10!, to the ex-
periments by varyingTc0, D0, s0, andBc2 ~l is fixed to 0.8!,
we first note that the experimental curve ofT585.1 K is
relatively close to those of lower temperatures. This leads us
to choose rather highTc0 above 85 K. We optimizedD0 by
comparing calculated and experimental results by selecting
several values ofTc0. Thes0 is estimated from the relation
sexp(0,T).s0F(0,T) which should hold at all temperature.
TheBc2 is then determined by comparingDsexp ands0DF
for T574.4 K. The results thus obtained withTc0594 K
~Tc/Tc050.84!, D050.82 ~mab53.6!, s050.022/V cm, and
Bc25130 T ~jab516 Å! are marked in Fig. 4. Thes0 is less
than 0.022/V cm which givesBc2 less than 130 T. We see
that the agreement belowTc is satisfactory. AboveTc , on the

FIG. 2. Calculated magnetic field dependence ofDF @Eq. ~10!#
including higher order effects on the conductivity is shown for sev-
eral temperatures. FIG. 3. Experimental results on thec-axis conductivity are

shown as a function of magnetic fields up to 30 T for several tem-
peratures.

FIG. 4. Experimental results on the magnetic field dependence
of the conductivity@Eq. ~11!# are shown. The markers are theoreti-
cal results obtained from a fit by the DS conductivity~1: 113.9
K; d: 96.8 K; * : 89.8 K;q: 85.1 K;s: 82.6 K;l: 77.8 K;
m: 74.4 K;L: 71.3 K;n: 68.4 K!.
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other hand, the fit in the low field region below 10 T is good,
but in the higher field region the magnetic field dependence
of the experimental results is stronger than that of the theo-
retical results. Choosing higherTc0 and/or smallerl reduces
this discrepancy only slightly. We have not yet identified the
reason of the discrepancy, but one possibility may be due to
an approximation of neglecting fluctuation propagator with
nonzero frequencies in the calculation ofD(B,T). Those cor-
rections are more important for cases with higher tempera-
tures and higher magnetic fields. Nevertheless overall agree-
ment between theoretical and experimental results are
reasonably well, and this provides a strong evidence to indi-
cate importance of fluctuation effects due to the DS term in
understanding physical properties of high-Tc superconduct-
ors.

In order to check whether the deduced parameters,Tc0,
D0, and Bc2, are reasonable or not, we calculate the AL
conductivity below Tc under magnetic fields according
to3,9,10
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The experimental normal state conductivity,sN exp, is deter-
mined from sexp~0,T! by approximating the resistivity,
1/sexp~0,T!, to the second order polynomial of temperature.
The resistivity in the low field region is then given by

R51/~sAL1sN exp!. ~13!

Figure 5 compares the experimental results and calculated
results obtained withTc0594 K, D050.82,Bc25130 T, and
r51.231025. The agreement is excellent, indicating validity
of the deduced parameters.

We note that estimateds0 is below 0.022/V cm which
corresponds to the experimental conductivity only at 85 K in
Fig. 3. Thus the semiconductorlike temperature dependence
above 85 K is not explained by the fluctuation effect due to
the DS term alone. This suggests that there is another con-
duction mechanism along thec axis in the present sample
with a high resistivity which is of thermally activated type
and insensitive to magnetic fields.

IV. CONCLUSION

We analyzed thec-axis negative magnetoresistance of Bi
2212 single crystals based on the fluctuation conductivity
arising from the DS term. We found reasonable agreement
between theoretical and experimental results on the magnetic
field dependence below as well as aboveTc using a single set
of parameters. These parameters are shown to give also good
agreement between the AL conductivity and experimental
results obtained in the low field region belowTc . These re-
sults provide the first strong evidence to indicate importance
of fluctuation effects due to the DS term in understanding
physical properties of high-Tc superconductors. There is,
however, some discrepancy between theoretical results and
experiments in the high temperature and high field region.
The reason of this discrepancy should be clarified in future.
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