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YBa2Cu,0,-6 
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AbslracL We presenl results for lhe Auclualion paramndunivity and magnelomnduclivily 
for a singlecryslal sample of YBa,Cu,O~-~. Bolh the paraconductivity and 
magnetoconductivity dala are filled lo existing theories of the Aslamazov-Larkin and 
Maki-Thompson mnlribulions 10 the fluctuation conduclivity. The presence of a Maki- 
Thompson mntribulion in the paramnductivity and magnelomnduclivily would suggesl 
that lhe pairing mechanism is convenlional s-wave pairing. 

1. Introduction 

Above the superconducting transition temperature YBa,Cu,0,-6 exhibits as 
strong temperature and magnetic field dependence of the conductivity due to 
superconducting fluctuations. Fluctuation effects are enhanced due to a high T, and 
short coherence lengths, and from measurements of the conductivity the coherence 
lengths can be determined. In these studies it is important to use single-crystal 
samples of high quality in order to eliminate effects due to inhomogeneities and 
grain boundaries and also to eliminate the C-factor introduced by Oh er ol [l] to 
take account of these geometrical effects. In our work on single crystals there is 
no need for such a C-factor. Previous work on this subject has been performed on 
polycrystalline, [ 2 4 ]  thin film [5,6] and single crystal [7-111 samples of YBa,Cu,O,-,. 
Many studies of single crystals were performed on crystals of inferior quality due to 
the availability of samples at that time. We report measurements on a high-quality 
single crystal with a smooth, sharp superconducting transition with a resistance that 
is zero at 92.5 K and with a transition width of -0.3 K. Due to the small size of the 
crystal (0.5~0.5~0.025 mm3) it has a small resistance, therefore with the DC technique 
used, the magnetoconductivity can only be measured up to E = 0.2 ( e  = In(T/T,)). 
Above this temperature the change in the conductivity with applied magnetic field is 
below the experimental resolution. However we have been able to fit the temperature 
dependence of the paraconductivity, the temperature dependence of the fluctuation 
magnetoconductivity and the magnetic field dependence of the magnetoconductivity 
over a wide range. All three fitting methods produce a consistent picture of the 
fluctuation contributions to the electrical conductivity. 

2. Experimental details 

The CryStaI was grown using a self flux method 112) using 99.999% B~CO,, CuO and 
Y,O, mixed in the cation ratio 1:410 (YBa:Cu). The mixture was heated to 980 OC 
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in a zirconia crucible and slow-cooled to allow crystal growth. The crystals were then 
removed mechanically. The crystal was annealed at 500 OC in flowing oxygen for 
200 h. 

The measurements were performed in a cryostat equipped with a 4 T split-pair 
superconducting magnet. Good temperature stability during a magnetic-field sweep 
was essential because of the  small magnetoconductivity, and so special attention has 
been given to thermometly. A platinum resistance thermometer was used throughout 
the experiment to control and measure the temperature of the samples. Tb take 
account of the effect of the magnetic field on the thermometer, the field dependence 
of the resistance of the platinum thermometer was measured using a capacitance 
thermometer to monitor the temperature in the magnetic field. This method was 
chosen because even though capacitance thermometers are not affected by the field 
the capacitance at constant temperature will drift over time due to aging effects 
within the dielectric. This drift can be as large as 0.1 K h-' at 100 K which 
produces a change in the conductivity larger than the magnetoconductivity; thus the 
capacitance thermometer cannot be used on its own to determine the temperature 
accuratcly. In contrast the platinum thermometer is stable over time but field 
dependent. However, once account has been taken of its measured field dependence, 
the platinum thermometer allows stability in temperature control of k5 mK during a 
field sweep. The samples were mounted on a rotating sample holder so the field could 
be aligned perpendicular or parallel to the a-b plane of the crystal. The current was 
in the a-b plane and was always perpendicular to the magnetic field. The resistivity 
was measured by a four-probe DC technique. The accuracy of the absolute value 
of the resistivity was about 20% and was limited by the accuracy of the thickness 
measurement, which was made using an optical microscope with the crystal mounted 
on its side. The accuracy of the magnetoconductivity measurement is limited by the 
small resistance of the sample and the need to use small enough currents to avoid 
self heating. This limit was about 
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T-' in Au/u. 

3. Theory 

Above the transition temperature the total conductivity u ( T )  in zero magnetic field 
is given by 

where u,(T) is the normal-state conductivity and Acr(T) is the fluctuation 
contribution to the conductivity-often referred to as paraconductivity. Because of the 
linear behaviour of the resistivity above 200 K, the normal-state resistivity is assumed 
to he a linear function of temperature, therefore the normal-state conductivity is 
assumed to have the form [Z, 6,7] 

u,(T) = l / ( a T +  b). (2) 

In fitting the data we tried two methods of determining the normal-state parameters a 
and b. First we assumed the paraconductivity to he negligible above 2.00 K and fitted 
the data above 200 K using only equation (2). The two parameters so determined 
where a, and b, and are shown in table 1. We also tried including a and b as free 
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Tabk 1. Coefficients for lhc fit to the normal-state resistivity. 

a" b. or br 
(pf l  cm K-I) (p f l  cm) (p f l  cm K-I) ( p f l  cm) 

0.86 20.5 0.86 37.8 
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parameters along with the other fluctuation parameter and these are shown in table 1 
as af and b,. The best fits to the paraconductivity data were obtained using the latter 
method. 

The paraconductivity is the sum of two contributions, the Aslamazov-Larkin (AL) 
contribution and the Maki-Thompson contribution (MT). The AL term (Au,(T)) 
arises from the direct acceleration of superconducting pairs during their lifetime 
whilst the MT term (Aum(T))  arises from a detailed consideration of the decay of 
the pairs. From the theory of layered superconductors [13] the two contributions are 
given by 

Ao,(T) = (e2/16hdr)/(l + 2a)'l2 (3) 

Au,(T)= [ e 2 / 6 h d ( l - a / 6 ) e ]  In ( ( 6 / a ) [ 1  t a + ( l + 2 a ) ' / 2 ]  

x [ I  + 6 + (1 + 26) ' / ' ] )  (4) 

where OL = 2(f(0)/d2t and 6 = 1 6 k T r 4 / ~ t r .  d is taken to be the size of the 
YBCO unit cell (1.17 nm), e is the reduced temperature In(T/T,), [,(O) is the zero- 
temperature coherence length in the e-direction and T+ is the phase relaxation time. 
I n  YBa,Cu,0,-6 the phase relaxation time T+ has been assumed to be inversely 
proportional to the temperature (Tr+ = constant), by a number of workers [5,S, 111 
because of the linear increase of resistance with temperature above 200 K, and we 
do  the same. The total fluctuation contribution to the conductivity is then 

A u ( T )  = AuAL(T)  + Au,(T). ( 5 )  

Because the analysis of the zero-field fluctuation conductivity requires a knowledge of 
the normal-state conductivity, a large uncertainty is introduced into the data analysis. 
The measurement of the magnetoconductivity does not have this problem. The 
magnetoconductivity Au( E ,  T) at constant temperature is defined as 

A u ( B , T ) =  u ( B , T ) - v ( O , T )  (6) 

and therefore the fluctuation magnetoconductivity can be determined by experiment 
without any knowledge of the normal-state conductivity. A u ( B ,  T) comprises four 
contributions [13-151 the AL-orbital (ALO), MT-orbital (MTO), AL-Zeeman (ALZ) and 
MT-Zeeman (MTL). The orbital terms arise from usual extended orbits of electrons in 
a magnetic field, and the Zeeman terms arise from the Zeeman energy splitting of the 
paired electrons. The total magnetoconductivity is the sum of the four contributions. 
For 2D superconductors the orbital contributions, MTO and A m ,  are zero when the 
field is parallel to the a-b plane. The Zeeman terms should still be present but 
these are at least an order or magnitude smaller than the orbital terms. Within our 
experimental resolution the Zeeman terms are negligible compared to the orbital 
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Tab* 2. Filling paramelen Car the paIaconduclivily and lhe magneloconductivity. ?he 
vnlues 01 r+ are for T = 100 K 

Paramnductivily Ao(0) Magnekxonduclivily Aa(J3) 

c c  74 Tc €c cob  74 Tc 

0.23f0.M 0.10 92.3 0.32~0.05 1.2f0.1 0.12 92.6f0.4 
(nm) @SI (K) (W (nm) (P) (K) 

terms, therefore we take the total magnetoconductivity with a magnetic field applied 
perpendicular to the a-b plane of the crystal to be 

A u ( B , T )  = Auao(E,T) + Aumo(E,T). (7) 
In the low-field limit (h << E) we use the following expressions [13] 

Auao(B,T) = - ( e z / 6 4 h d ~ 3 ) [ ( 2 + 4 a + 3 a Z ) / ( l + 2 a ) 5 / 2 ] h Z  (8)  

Aumo(B,T) = - [ e Z / 4 8 h d ( l - a / 6 ) ~ 3 ] ( ( 6 2 / a 2 ) ( 1  + 6)/(1+26)”’ 

- (1 + a ) / ( ~  + 2 4 3 1 z ) ~ z  (9) 

where h = (2e/h)&,(O)B. 

are no longer valid and we use [13] 
Close to the transition and at large magnetic fields where h - E these expressions 

where = e( 1 + a( 1 -COS kd)) and G is the digamma function. In the temperature 
range where h - t Auao(E, T) B Aum0( E, T) and so we neglect the MTO 
term and fit the data to equation (10). The digamma function is evaluated using 
the appropriate NAG routines, and the values so determined were checked against 
standard tables. 

4. Results and discussion 

Figure 1 shows the resistive transition for sample 1 and the inset shows the derivative 
of the resistivity. The resistance is zero at 92.5 K and the half width of the single 
d p / d T  peak is 0.3 K. Figure 2 shows the fits of the paraconductivity to equation 
(3) and (4) and the parameters derived from the fits are given in table 2. This 
figure shows that the paraconductivity is well described by the theory over a large 
temperature range up to -200 IC An interesting feature of the fits are the values of 
a, and b,, whilst the parameter describing the slope of the normal-state resistivity, a,, 
is approximately the same as  a,, the intercept, b,, is substantially different to b,. If a 
and b are k e d  to be a, and b, and are not used as fitting parameters then attempts 
to fit the data to equation (3) and (4) fail completely. This indicates that even at 
temperatures of -200 K the fluctuation conductivity still contributes substantially to 
the measured conductivity. It also emphasizes that it is not possible to extract the 
paraconductivity by fitting just the normal-state behaviour at high temperatures. 
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Plgum 1. The rsislinly versus temperalure. Figure 2. The lemperalure dependence of Ihe 
The ins1 shows the derivative dp f d T  versus Auclualion conductivity (paraconductivity). 
temperature near T.. 

The enormous drawback of fitting the paraconductivity is the need to know the 
normal-state conductivity. However, the analysis of the magnetoconductivity needs 
no information or assumptions about the normal-state conductivity and is free from 
the problems associated with the determination of a and b. The magnetoconductivity 
close to T, is shown in figure 3, with the solid lines being theoretical fits to the 
data. Close to the transition, the measured magnetoconductivity is found to be well 
fitted by equation (10) and from these fits values of . f o b ,  {, and T, are found at 
each temperature. At higher temperatures the magnetoconductivity is found to be 
proportional to Bz as expected from equations (8) and (9). Since the coefficient of 
this B2 depends on all the above three parameters, and on T ~ ,  one can only extract 
a single number which depends on all three parameters. However we can examine 
the temperature dependence of the magnetoconductivity by plotting the value of the 
magnetoconductivity at 1 7: This is shown in figure 4. Each data point in the figure 
is determined from the magnetoconductivity at each temperature. The lines are fits 
using equations (8) and (9) with the fitting parameters tab, <,, T, and T+. The fits 
from the temperature dependence of the magnetoconductivity (equations (8) and (9)) 
and from the field dependence (equation (IO)) at a number of temperatures close to 
T, all give similar values for Fab. . fc ,  T, and T ~ .  ’Ihble 2 shows the value of T+ at 
100 K (with T~ assumed to be proportional to T-I along with the average value of .fa,,, 

and T, determined from the fits using equation (10) at different temperatures and 
equations (8) and (9) for the temperature dependence of the magnetoconductivity. 
The error bars give a n  indication of the spread of values from the fits. 

The theory, which includes the MTO and ALO terms provides a good fit to 
the data. In both the paraconductivity and the magnetoconductivity the AL term 
dominates close to T,. However the MT contribution is certainly present at 
higher temperatures. This is clearly seen in the paraconductivity where there is 
a crossover and the M T  dominates above c = 0.04. There is also a crossover 
in the magnetoconductivity at about E = 0.3. The difference in these crossover 
temperatures simply reflects the difference in the temperature dependence of the 
AL and MT contributions to the paraconductivity and the magnetoconductivity. Yip 
[16] pointed out that for unconventional superconductivity the MT contribution would 
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Figure 3. ?he magnetoconduelivily a1 various Figure 4. ?he temperalure dependence of the 
temperatures. ?he lines are fils 10 ;he data using 
equation (10). 

magneloconductivily. 

not he present while the AL contribution would he essentially unchanged. Thus the 
presence of a MT contribution in the paraconductivity and magnetoconductivity may 
he considered evidence that YBcn is a conventional s-wave superconductor. However, 
the MT contribution in the magnetoconductivity is small and perhaps more detailed 
measurements, over a wider range, would produce more convincing evidence that the 
MT contribution is present and therefore YBcn is an s-wave superconductor. Matsuda 
el al [4,5] have done some very nice work on this up to 200 K using a novel AC 
technique which did seem to suggest the presence of the MT contribution hut there 
were strong deviations from the fits at high temperatures. 

The values of tab and tC arc similar to those found by other workers [3-5,8- 
11,171. There have been a number of different estimates of the value of r+ in the 
literature and all are of the order of lo-” s at about 100 K-similar to the value we 
observe for our sample. There are, however, significant differences between studies 
with T+ varying by as much as a factor of three. It is interesting to note that although 
most workers find cob, c, in the region of 1.2 and 0.2 nm there are a variety of results 
for T+. One of the reasons for this is that the MT contribution to the paraconductivity 
and magnetoconductivity is much smaller than the AL contribution and so the fits are 
not so sensitive to changes in r4. The other reason is that T+ is probably more 
sensitive to growth and material parameters than the coherence lengths. It thus 
needs more detailed and systematic study of the paraconductivity as a function of 
growth and annealing parameters and over a wider temperature range. Indeed, if 
Yip [16] is correct and the MT term is only present in s-wave superconductors, this 
is a crucial issue, with many theories arguing for unconventional pairing mechanisms 

We fitted out data assuming rm to he proportional to T-I. This assumption has 
been used by a number ofworkers [>5,8-11,17] and is based on the assumption that 
the processes destroying the phase coherence are the same processes that are involved 
in the scattering giving rise to  the linear T dependence of the resistivity. Using the 
Hall coenicient to estimate the carrier density [19] (n U 4 x loz’ cm-I) and assuming 
the effective mass to he 5m, [I91 we can use the resistivity to determine the transport 
scattering rate and find T~~ U 3 x s at 100 K. This is similar in magnitude to 

[181. 
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the phasecoherence time, supporting the assumption of the equivalence of the phase- 
coherence time and the scattering time. The Fermi velocity can be estimated from 
the BCS coherence length and so the trans rt mean free path can also be estimated; 

Although the paraconductivity fit requires knowledge of the normal-state 
temperature dependence of the resistivity it is important to note that the parameters 
derived from both the paraconductivity and magnetoconductivity fits, shown in table 2, 
are essentially the same. This suggests that the fit to the normal-state resistivity, as 
determined by the parameters af and b, is reliable. Indeed, we have determined the 
parameters tob. cc and T, from three different routes-from the paraconductivity, the 
magnetoconductivity and the temperature dependence of the magnetoconductivity- 
and all are very similar. 

The magnetoconductivity with the field parallel to the current was too small to 
be measured. So this puts an upper limit of about T-' for A a / a .  It also 
emphasizes the two-dimensional character of the fluctuations in this temperature 
regime. For zD superconductors the orbital contributions, MTO and ALO, are zero 
when the field is parallel to the current. The Zeeman terms should still be present 
but these are several orders of magnitude smaller than the orbital terms and so are 
below the T-' experimental threshold. 

we find 1, = T,'IJ~, is approximately 130 r 

5. Summary 

We have presented results for the paraconductivity and magnetoconductivity of a 
single crystal sample YBa,Cu,O,-,. We have fitted these data to the existing theories 
of the  Ma&-Thompson and Aslamazov-Larkin contributions to the fluctuation 
conductivity. We find we can obtain consistent values of the coherence lengths, 
transition temperature and phase-coherence time from independent fits to the 
paraconductivity. magnetoconductivity and the temperature dependence of the 
magnetoconductivity. The presence of the Maki-Thompson contribution suggests 
that the pairing mechanism is s-wave. However we point out that the contribution is 
small, and fits over a wider temperature range are needed to confirm this conclusion. 
It is unfortunate that the small resistance of the YBCO crystals makes this a difficult 
experiment to do. 

Acknowledgments 

This work has been supported by the UK SERC. 

References 

[ l ]  Oh B er 01 1988 Phys. Rev. B 37 7861 
[Z] Ausloos M and Lauren1 Ch 1988 Phys. Rev. B 37 611 
[3] Malsuda Y, H i n i  T and Komiyama S 1988 Solid Slarc Commun. 68 103 
[4] Andemon M and Rapp 0 1991 Phys. Rn! B 44 7722 
[SI Malsuda Y, Hirai Y, Komiyama S,  Erashima T Bando J, luama K, Yamamolo K and Hirata K 

161 Hopfenganner R, Hensel B and Saemann-lsehenko G 1991 Phys. Rev. B 44 741 
1989 Pbs.  Rev B 40 5176 



9622 

171 Friedmann T A, Rice J P, Giapuilzakis J and Ginsberg D Phys. Rev. U 39 4258 
[XI Winzer K and Kumm 0 1991 Z Phys B 82 317 
191 Hikila M and Suzuki M 1989 Phys Rn! B 39 4756 

[LO] Hikita M and Suzuki M 1990 Phys Rn! B 41 834 
[Ill Semba K, lshii T and Matsuda A 1991 Phys RN. Lmt. 67 769 
[I21 Rice J P et al 1988 1. Low Tmp. Php 72 345 
[I31 Hikami S and Larkin A I 1988 Mod Phya. Leu B 2 693 
[I41 Uieri J U and Maki K 1990 Phys. Rev B 42 4854 
[lS] Aranov A G, Hikami S and Larkin A I 1989 P@. RPL! Len 62 965 (Errata 19x9 62 2336) 
[lh] Yip S-K 1990 Phys. Ro! B 41 2612 
[I71 Uieri J U, Maki K and Thompson R S 1991 Phys. Rn! B 44 4709 
[18] Pines D and Monien H 1992 Phys. Rev. B 10 be published 

See also 
Monien H, P i n s  D and lhkigawa M 1991 Phys Rev. B 43 258 
Ong N P 1990 Physicol Propmies of the High-TonpnOrurc Supmconduetors II e d  D M Ginsberg 

N Gverend and M A  Howson 

1191 
(Singapore: World Scientific) p 467 


