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c-axis negative magnetoresistance and fluctuation conductivity of Bsr,CaCu,O, single crystals
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We analyze the negative magnetoresistance observed mdRkis transport of BiSr,CaCyO, 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-teas conductivity fits to the experimental results
below as well as above critical temperatufiel 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-T. superconductors.

[. INTRODUCTION results based on the fluctuation conductivity due to the DS
term. In order to account for a large broadening of the super-
Recently there has been a proposal that a semiconductarenducting transition under magnetic fields we include
like temperature dependence observed incttis resistiv-  renormalization effects in the fluctuation propagdthtwe
ity of Bi,Sr,CaCy0O, (Bi 2212 superconductors above criti- show that the calculated magnetic field dependence of the
cal temperatureT) is due to a superconducting fluctuation c-axis conductivity fits to the experimental results below as
effect’=® In this explanation the fluctuation conductivity well as aboveT, reasonably well using a single set of pa-
arising from the density of stat¢BS) term, whose contribu- rameters, namelyf, ./ T ,=0.84(T is the mean field critical
tion is opposite to that of the conventional Aslamazov-Larkintemperaturg the in-plane coherence lengéh,=16 A, and
(AL) term is taken into account. It is shown that in highly the effective massn,,=3.6. The same set of parameters
anisotropic superconductors the coefficient of the AL con-gives also good agreement between the AL conductivity and
ductivity along thec axis is reduced by the small anisotropic experimental results obtained in the low field region below
parameter compared to that of the DS conductivity, and efT.. These results provide the first strong evidence to indicate
fects of the latter contribution appear abovgeto produce a  importance of fluctuation effects due to the DS term in un-
semiconductorlike temperature dependence inctlagis re-  derstanding physical properties of high-superconductors.
sistivity. A similar explanation based on a Josephson junctio©On the other hand, the semiconductorlike temperature depen-
model of the Bi system was also proposed by the othedence abovel, observed in our sample with higtraxis
authors>® In particular Ref. 5 gave a reasonable fit to experi-resistivity is not explained by the DS term alone using the
mental results on the semiconductorlike temperature depemeduced parameters.
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- |I. FIELD DEPENDENCE OF THE DENSITY OF STATES
ity of this proposal is to measure the magnetic field depen- FLUCTUATION CONDUCTIVITY
dence of thec-axis resistivity, because superconducting fluc- ) o )
tuation effects are sensitively affected as in the case of 'ne€ fluctuation con?gcﬂwty due to the DS term was in-
varying temperatures. The negative contribution of the DSroduced by loffeet al™ in order to give an account for a
term to the conductivity is reduced by increasing magneticemiconductorlike temperature dependence ofcteis re-
fields, which might lead to a negative magnetoresistance>StiVity of high-T. superconductors. The first order pertur-
Such a feature is clearly seen in the calculated results b§ation result was applied in Ref. 2 to analyze experimental
Dorin et al,? though these authors did not mention it explic- fesults on the Bi system, and in Ref. 3, Doeihal. extended
itly. the result for cases with arbitrary scattering time and with
We have previous|y measured tloeaxis magnetoresis- magnetic fields. Here we use the result of Ref. 1 that includes
tance of Bi 2212 single crystals with fields up to 40 T appliedeffects of higher order terms which is necessary in quantita-
along thec axis, and in fact observed the negative magnedive analysis. In order to treat field dependence below as well
toresistance below as well as abolge.” We have also per- as abovel, the result is extended to be applicable for cases
formed measurements with fields applied perpendicularly tavith nonzero magnetic fields and to include renormalization
the ¢ axis, and found that the negative magnetoresistanceffects on the mass term. We note that the theory neglects the
almost vanishes in this ca8&he fact that the phenomenon vertex corrections due to the impurity scattering and applies
crucially depends on the orientation of applied magnetido the clean case.
fields indicates that the mechanism by spin scattering is ex- Following Ref. 1, the conductivity of normal electrons
cluded. In the present paper we analyze our experimentalith fluctuation effects is given by
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whereoy is the normal state conductivity without fluctuation
effects, and\=#A/7kgT (7 is the scattering time and is the
temperature The parameteD (B, T) represents strength of
fluctuation under magnetic field® which is given by

D(B,T)=DoD1,

Do=1/mN(0) &2 ks T,

1B

Dy=g2 [(ertmp)(ertmp+n] % (2
where N(0)=m,,/27#? is the two-dimensional density of
state for a single spifm,;, is the effective massg is equal
to 2B/B., (B, is the mean field upper critical fieldeg is
the renormalized mass, andis the anisotropic parameter

defined later in Eq(3). We determine the renormalized mass
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FIG. 1. Calculated magnetic field dependenceA@®f [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 Egjsand(7),
respectively(the former result is independent of temperature

The same procedure is also employed in the calculation of
D, of Eg. (2) as an approximation.

TheD(B,T) containseg so that Eq(4) should be solved
self-consistently. However, approximate solutions are ob-
tained in limiting cases. One casesig<0, whereeg is small
and can be neglected compareddg. In this case we have

D(B,T)=[327%/7¢(3)]|o- ©)

using the Hartree approximation which provides results close

to the mean field ones in the flux flow regim& The rel-
evant Ginzburg-Landa(GL) Hamiltonian is given by
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where A=Bxg,, @ is the flux quantum, and(x) is the

In the other limite>0, the second term on the right-hand
side of Eq.(4) is neglected compared te,, so that the
Gaussian approximation holds as follows:

)

ERTE€p-

The result of the intermediate case depends on the value of
D,. From the relatioh

b 647°Kp T poEapK>
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where ug is the permeabilitys is the lattice spacing along
the ¢ axis, andx is the GL parameter, and using typical
values of T.=80 K, &,,=12 A, s=15 A, and x=100, we

Riemann’s zeta function. Then the Hartree approximatiorobtainD, of about 0.7. We show in Fig. 1 the magnetic field

leads to

74(3)

8R:80+ 32772

D(B,T),

Sozln(T/Tco)+B/BC2. (4)

In numerical calculations oD, in Eq. (4) the cutoff for
summation bym is done by the following replacemetit:

D= [1/7§<3>]ﬂm§0 [(ertmB)(er+mB+1)]"Y2C(B),

©

Cl(B)= 2,

n=0

1
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dependence dD(B,T) defined by

AD=|D(B,T)—D(0,T)], 9)

for several values off/T;, from 0.7 to 1.3 in the case of
Dy=0.7.In Eq.(9) D(0,T) for T/T.y<1 is determined by an
extrapolation. Such a procedure is also employed for similar
quantities defined later. It is seen thaD increases with
decreasing temperatures. The curvesT6f ,>1 are con-
cave, while those fol/T;,=0.7 and 0.8 show linear depen-
dences. The results di/T.,=0.7 and 1.3 are close to the
limiting values given by Eq96) and(7), respectively, which
are also shown in the figure. The curveTdfl ,,=0.9, on the
other hand, is convex reflecting a saturation of the steep in-
crease in the low field region. These features represent re-
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FIG. 2. Calculated magnetic field dependenc@\&f [Eq. (10)] Magnetic field (T)
including higher order effects on the conductivity is shown for sev-
eral temperatures. FIG. 3. Experimental results on the-axis conductivity are

shown as a function of magnetic fields up to 30 T for several tem-
sults of the first order perturbation in the fluctuation param-peratures.
eterD(B,T). Figure 2 shows the quantity
decreases gradually with lowering temperatures. The curves
AF=F[D(B,T),A]=F[D(0,T),A], (10 for high temperatures are concave, while those of low tem-

which includes higher order effects B(B,T). The AF de- peratures are linear. These features coincide with the calcu-

pends on\ which is considered to be around‘dHere we lated results shown in Fig. 2.

choose a rather small value of 0.8 from a fit to experimental !N order to fit the theoretical results, EQL0), to the ex-
results. Compared to the first order results, higher order eff€Miments by varyingco, Do, ap, andBe, (\ is fixed to 0.8,
fects make the magnetic field dependence weaker for lowdl first note that the experimental curve D85.1 K is
temperatures. The difference between high and low temperé‘?lat'vely close to t_hose of lower temperaturgs._Thls leads us
tures becomes smaller and the magnitudeB/@t,,=0.7 and  1© choose rather higfii, above 85 K. We optimize®, by
0.8 are reversed. On the other hand, the shapes of the cun/g&mpParing calculated and experimental results by selecting
are not changed except that a small tendency of concavit?everal values of . Th_e oy is estimated from the relation
appears in the curve af/T.,=0.7. In the next section these Zexp0:T)>00F(0.T) which should hold at all temperature.

theoretical results are compared with experiments. The B, is then determined by compariniey, and opAF
for T=74.4 K. The results thus obtained with,;=94 K

(T/T;=0.84, D;=0.82 (m,,=3.6), 0,=0.022L) cm, and

Ill. COMPARISON WITH EXPERIMENTAL RESULTS B.,=130 T(&,=16 A) are marked in Fig. 4. They is less

The Bi 2212 single crystal was prepared by the floatingthan 0.022) cm which givesB,, less than 130 T. We see
zone method® The T, of the sample used for the measure- that the agreement beloy, is satisfactory. Abové', on the
ments was 79 K and the size was 0.25 fimarea and 17
um in thickness. The two terminal measurement was per- . . : : : : ,
formed using top and bottom electrodes covering almost all A
area. The contact resistance of 08vhich is much smaller
than that of the sample is subtracted from the data. The ap- & 71.3K
plied current density was 8.4 mA/éniThe pulsed magnetic
fields are generated and applied along thexis of the
sample, the details of which are given in Ref. 7.

Figure 3 shows the conductivity,,(B,T) as a function
of magnetic fields obtained at several temperatures below as
well as abovel .. AboveT, increase in the conductivity with 10
increasing magnetic fields, namely negative magnetoresis- ?
tance, is clearly seen from the zero field. Bel®wthe con- 0.5l ghas 5 98-8 L
ductivity first decreases sharply with increasing magnetic K7 M 1o Al
fields. This comes from the AL conductivity. In the higher o o tbrE W A M 4
field region, however, the conductivity gradually increases ° s " ot o 20 2 s
with increasing magnetic fields. Figure 4 shows the magnetic o
field dependence of the conductivity defined by
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FIG. 4. Experimental results on the magnetic field dependence
AGeyp= Texd B, T) = 0y 0.T). (1) of the conductivity{Eq. (11)] are shown. The markers are theoreti-
cal results obtained from a fit by the DS conductivity: 113.9
We see thal\o,, increases with decreasing temperatures. IK; ®: 96.8 K;*: 89.8 K;x: 85.1K;O: 82.6K; : 77.8K;
then takes a maximum betwedn=77.8 and 74.4 K, and A: 744K;0: 71.3K;A: 68.4K).
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other hand, the fit in the low field region below 10 T is good, 100
but in the higher field region the magnetic field dependence
of the experimental results is stronger than that of the theo-
retical results. Choosing high@&r,, and/or smallei 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®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-superconduct-
ors.

In order to check whether the deduced paramefggs,
Dy, and B.,, are reasonable or not, we calculate the AL
conductivity below T, under magnetic fields according
03910 lo

Resistivity (Qcm)
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FIG. 5. Experimental results on the resistivity obtained in the
w field region belowT. and a theoretical fitmarker$ by the AL
conductivity using Eq(13) are shown.

2

Oa 1o o 2B [(ertmB) (et mB+1)] 92 V. CONCLUSION
128 &5, 0

(12 We analyzed the-axis negative magnetoresistance of Bi
2212 single crystals based on the fluctuation conductivity

mined from o, {0T) by approximating the resistivity: arising from the DS term. We found reasonable agreement
ey O.T), 10 teﬁ‘g s’econd order polynomial of temperatu're.between theoretical and experimental results on the magnetic

The resistivity in the low field region is then given by field dependence below as well as abdyeaising a s.ingle set
of parameters. These parameters are shown to give also good
(13 agreement between the AL conductivity and experimental
results obtained in the low field region beloWw. These re-

Figure 5 compares the experimental results and calculate%“lts provide the first strong evidence to indicate importance
results obtained witf ;=94 K, D,=0.82,B,,=130 T, and of fluctuation effects due to the DS term in understanding
C 1 . iR} )

r=1.2x10"5. The agreement is excellent, indicating validity Physical properties of higfi; superconductors. There is,

of the deduced parameters. howeyer, some dlscrgpancy between theorgtlcal_ results. and
We note that estimated, is below 0.0220) cm which experiments in the high temperature and high field region.

corresponds to the experimental conductivity only at 85 K inThe reason of this discrepancy should be clarified in future.

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- ACKNOWLEDGMENT
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