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Ab~lmeL The a c e s  conductivity behaviour of highly oriented YE%Cu30r-, thin Mms 
prepared by both mwaporation and laser ablation has been studied in detail in the 
reduced-temperature range 9 x lo-' < t < 1. ?he acess mnductivity in all the 
films studied was found to diverge sharply near T,, in agreement with the conventional 
mean-field thoery. However, Uie detailed temperature dependence muld not be fitted 
Lo eilher the power-law or the logarithmic functional [oms as predicted by the theory 
The excess conductivity of all the films was found 10 be erponentially dependent on the 
temperature over nearly three decades for 9 x lo-' < t < lo-', in contradiction Lo 
the mean-Geld theory. 

1. Introduction 

The rounding of the superconducting phase transition has been conventionally at- 
tributed to fluctuations in the magnitude and lifetime of the order parameter. By 
considering fluctuations of magnitude less than the order parameter in the Ginzburg- 
Landau (GL) theory, a critical temperature region was predicted in which the GL 
theory will not be valid. For temperatures greater than the critical limit the excess 
contribution An to electrical conductivity is estimated using the mean-field value of 
the order parameter in the time-dependent GL (T!JGL) theoly. The excess conductiv- 
ity A u  is defined as uexp - nCak where uexp is the experimentally observed electrical 
conductivity and ucalc the conductivity due to normal-electron scattering alone in 
the absence of superconducting fluctuations. It is found to follow a power-law-type 
temperature dependence given by 

where t is the logarithm of the reduced temperature given by 1u(T/Tpf) E 

[(T - T,"f)/T,f] for t < 1 ('7:' is the mean-field transition temperature) and 
q a constant which depends on the dimensionality of conduction [I]. For three- 
dimensional ( 3 ~ )  conduction it is + and for two-dimensional (m) conduction it is 1. 
Hence the temperature dependence of A u  has been extensively studied in order to 
determine 7 and, thus, the dimensionality of order parameter fluctuations, the nature 
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of contributions to excess conductivity and also to estimate the coherence length. In 
the case of YBa,Cu,O,, equation (1) has been extensively used to determine the 
dimensionality of Ao in the range < t < 1 and it has been reported to be 3D, 
ZD and qUasi-ZD crossing over to a 3D behaviour close to T, [Z]. Recently, however, it 
was found that AU does not exhibit the classical power-law dependence on t in the 
mean-field regime but instead has a logarithmic dependence [3]. The deviation from 
normal behaviour of the specific heat of an unhvinned single crystal was also found 
to exhibit a logarithmic temperature dependence in the range loM4 < t < lo-' 
by Regan el a1 141. The contribution of fluctuations to diamagnetic susceptibility in 
bulk pellets on the other hand was found to obey the predictions of conventional GL 
theory [.SI. Howson et a1 [6] have studied the variation in thermoelectric power up to 
T, in single crystals and found that it exhibits an anomalous peak near T, because 
of the presence of 3D divergent fluctuations. This large body of experimental results 
clearly indicates that the phenomenon of fluctuations and the length of the critical 
region in the oxide superconductors is still not completely understood. 

In the present work we report the systematic study of Ao in highly oriented 
YBa,Cu,O,-, thin films prepared by two different techniques: coevaporation and 
laser ablation. The study of fluctuation effects requires the background or normal- 
state contribution to the overall conductivity to be accurately determined. Hence 
the normal-state behaviour was analysed in terms of both the linear metallic conduc- 
tion phenomenon and the more recent resonating-valence-bond (RVB) model 171. It 
was found that the Nm with the lowest room-temperature resistivity follows metallic 
conduction behaviour while the other films follow the RvB model. The temperature 
variation in Ao for all the fdms was found to deviate completely from that predicted 
by the conventional GL-based models. 

2. Experimental methods 

The thin films of YBa,Cu,O,-, were deposited onto SrTiO, (100) substrates by two 
methods: wevaporation and laser ablation. In the coevaporation, Y and Cu were 
electron beam evaporated while BaF, was resistively evaporated onto a cold substrate 
in an oxygen ambient. The thickness of the as-deposited film is 0.5 pm. The films were 
later annealed at 85OOC in wet flowing oxygen to form the superconducting phase. 
In the case of laser ablation the film (0.3 jm thick) was deposited onto a heated 
substrate in an oxygen atmosphere from a sintered YBa&O, target. Structural 
characterization of the films was done by scanning electron microscopy and large- 
angle x-ray diffraction. The DC transport behaviour as a function of T was studied 
by the standard four-probe method. Thin Au wires attached to the film surface by 
In solder were used as leads for electrical characterization. These provided very-low- 
resistance ohmic wntacts to the film surface. In the transition region, data points were 
taken at 0.2 K intervals to facilitate accurate analysis. The normal-state conductivity 
ocaIC for 7' < 110 K was determined by extrapolation of the regression-fitted data in 
the range 110 K < T < 180 K. 

3. Results 

The microstructure of the two cocvaporated films (C1 and C2) were completely differ- 
ent although they were deposited and annealed under apparently identical conditions. 
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Film C1 has long cylindrical grains of about 0.25 pm diameter. The grains are highly 
oriented with their u 4  plane along the film plane. Film (2, however, has a basket- 
weavetype grain morphology with an aspect ratio of about 16 in the film plane. The 
x-ray ditfraction spectrum shows that the film has both c-axis- and a-b-axis-aligned 
grains along the film normal. The a-l-&-aligned grains, however, were restricted to 
the top surface of the film [SI. The laser-ablated film (L) also shows a highly oriented 
cylindrical grain morphology similar to that of film C1. The hlm has a mirror-like 
smooth surface morphology, indicating that the surface roughness is much less than 
those of the coevaporated films. 

CI I 800 

I I 
50 . LOO 150 200 250 

Temperature  T. K 
Figure 1. me variation in the resistivities p of the three films with lempemture T. 

The variation in the resistivities p with temperature of the three films C1, CZ and 
L shows a sharp transition into the superconducting state (figure 1). The transition 
width, defined as the width at half-maximum of the temperaturederivative curve, is 
about 0.4 K for all the films. The parameters that are important in any systematic 
study of Ao are 

(i) determination of the mean-field transition temperature TFf and 
(ii) determination of the background or normal-state transport contribution to the 

It has been shown that the inflection temperature in the p-T curve can be 
overall conductivity. 
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approximated as the mean-field transition temperature 19, lo]. This criterion was 
used in the determination of Tf for the films and is given in table 1. 

Table 1. The zero-rdstanec temperature T,(O), man-field Uansition lemperarure Tcm' 
and the transition vidth ATI(0) to zero-resistance slate 01 the three !?dins. 

c1 91.1 91.5 a4 
a 90.5 91.4 0.5 
L 90.2 90.5 0.3 

4. Discussion 

The low-temperature superconductors are of strongcoupling BCS type and their 
normalstate behaviour can be estimated using a linear temperature dependence for 
p based on the conventional electron scattering mechanisms. However, the scattering 
mechanisms in the normal state of the oxide superconductors are not clearly known. 
Both the Fermi-liquid-based models which predict a linear temperature dependence 
and the non-Fermi-liquid-based models are currently used to fit the normal-state 
transport behaviour [U]. According to the non-Fermi-liquid-based RVB model, the 
charge carriers are assumed to be confined to the Cu-0 a-b planes of the crystal, 
thus leading to mctallic conduction behaviour along the planes and phonon-activated 
hopping conduction in between the planes. The overall resistivity p ( T )  in such an 
hypothesis is given by an expression of the form 

where a and b are temperature-independent constants. In the present analysis, the 
p-T data of all the rims were fitted to both the linear temperature dependence 
of the type p ( T )  = p ( 0 )  + bT and the RVB dependence, equation (2), using the 
least-squares regression-fitting routine in the range 110 K < T < 180 K. It was 
found that the best fit to film C1 was the linear relation while that for films C2 and 
L was the Rvs-type relation. However, only the linear coefficient b of the two films 
C2 and L is in reasonable agreement with that predicted by the RVB model. The 
values of a in equation (2), 4421 and 925.8 fin cm K, are orders of magnitude 
lower than the predicted values. The linear temperature coefficients b for the three 
"s are 0.186 pS2 cm K-I, 0.294 pa cm K-I and 1.584 pS2 cm K-I, respectively. 
These values are well within the average values observed for single crystals [2, 31 and 
indicate the phase purity of the films. Using the simple Drude relation for metallic 
conduction given by p ( T )  = (3aA/2)/eZk$ where 1 is the quasi-particlc mean free 
path, e the  electron charge, A the Planck constant and IC, Y_ 4.46 x IO' cm-l [I21 
the Fermi wavevector, the 'metallic parameter' ICFl can be estimated for the three 
films. These were found to be 17, 7 and 14 for fdms C1, CZ and L, respectively, at 
120 K, indicating that all the three films are very much on the metallic side of the 
Ioffe-Regel limit. This clearly shows that the microscopic conduction mechanism in 
these materials above T, is not completely understood, although a mathematical fit 



Effect of fluctuations on transport in YBa,Cu,O,-, 7895 

to the W B  model can be obtained. Recently, on the basis of mid-infrared phonon 
spectroscopy [13] and transport [14] studies on polycrystalline pellets it has been 
reported that the contribution from fluctuations persists up to temperatures as high 
as 2T,. This corresponds to the 'fluctuation onset' temperature, indicating that the 
lifetime of the superconducting fluctuations is finite and large even at 2Tc, for which 
there is no direct experimental evidence at present. 

The excess conductivity Au(T) = uexp(T) - ucalc(T) determined using the re- 
lation p(T )  = p ( 0 )  + bT for film C1 and equation (2) for films C2 and L was 
found to diverge sharply as T approaches T,". This is in qualitative agreement 
with the conventional theory which predicts a divergence of the magnitude of the 
order parameter fluctuations at T close to T:'. The critical temperature region t 
in which the ~ G L  theory is not applicable can be estimated using typical values for 
YBa,Cu,O,; TF' = 91 K, the zero-temperature upper critical field H c Z ( 0 )  = 674 T 
and the GL parameter I< = 200 [ a ] ,  and therefore t is found to be about 2 x lo-'. 
For t 2 2 x lo-', Au(T)  can in principle be determined using equation (1) (power- 
law dependence of Au on t). Although the rate of decay of the fluctuating su- 
perconducting pairs is explicitly considered in obtaining equation (I), their effect 
on the quasi-particle conductivity is not considered. An additional term has been 
proposed to equation (1) by Maki and Thompson (as quoted by Skocpol and Tin- 
h a m  [16]) to account for the effect of fluctuations on the quasi-particle conductivity 
and it was found to be four times equation (1) in the case of 3D conduction and 
( e z / 8 t l d ) [ ( t  - 6)-'ln(t/6)-'] for ZD conduction, where 6 is the pair-breaking pa- 
rameter and d the film thickness. The criterion for 2D conduction is d / t ( T )  << l 
where c (T)  is the superconducting coherence length. In the present case, even 
d / t ( O )  for all the three films is much greater than unity and hence 2D conduction 
can be completely ruled out. The addition of an extra term to equation (1) changes 
only the magnitude of Au(T),  leaving the power-law temperature dependence in- 
tact. In the present work, however, Au(T)  for all the three films determined from 
the experimental data does not show a power-law dependence on t as predicted in 
the range 9 x < t < 4 x lo-];  this can be clearly seen in figure 2 It has 
a continuously changing curvature which has been observed earlier. However, the 
previous reports have inferred changes in the dimensionality of electrical transport 
on the basis of h e a r  fits to small portions of the curve [2]. 

The above method of analysis relies on the accurate determination of Tp'. In the 
case of oxide superconductors, the fluctuation effects on the conductivity are spread 
over a large temperature range compared with the conventional superconductors 
because of their extremely short coherence length t and the high value of TJO). 
Hence the accurate determination of T:' is difficult. An alternative method of 
analysing the fluctuation effects which does not depend on T?' has been used in 
the case of TI-Ba-Ca-Cu-O thin films and single crystals [17, IS]. According to this 
method, equation (1) can be rewritten as 

[ A C ~ ( T ) ] - ' / ~  = D-'/"[(T- T,")/Tp'] (3) 

where the constant D is given by e z / 3 2 f i t ( 0 )  for 3D conduction and e2/16i id  for ZD 
conduction. Differentiating and rearranging equation (3) gives 

In[-d(Au)/dT] = In(D-'/q/Tc) + (1 f l / q ) l n ( A u ) .  (4) 
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Figure 3. The excess mnduclivily Ar data rep- 
resented according to equation (4). which is in. 
dependent of T'. The presence of continuous 
curvature in the whole temperalure range indicates 
a clear deviation from p e r - l a w  behaviour. 

The dimensionality 1) can be deduced from the slope of the In[-d(Ao)/dT] versus 
In (Aa)  plot and using equation (4). Figure 3 shows ha plotted according to this 
modified scheme. It can be clearly seen that even this alternative methodology which 
is independent of Tp' does not give conclusive evidence for the dimensionality of 
conduction in these films. Even according to  this modified scheme of analysis the 
data exhibit a continuous curvature in the whole range and the dimensionality can be 
inferred only by fitting small portions of the excess conductivity. The recent electrical 
transport, mid-infrared phonon spectrum and heat capacity studies have clearly shown 
that the 'onset' temperature for fluctuations can be as high as about 2Tc. The onset 
of fluctuations in the electrical transport behaviour has been attributed to the quasi-zD 
Maki-Thompson correction factor which has a logarithmic temperature dependence 
[3, 141. The Aa-values in the present work, however, could not be fitted satisfactorily 
to a logarithmic temperature dependence. The A a ( T )  data are replotted as shown 
in figure 4 and it can be clearly seen that Aa( T) has an exponential dependence on 
t: A u ( T )  (x e x p ( t - " )  where a is the slope in the range 9 x < 1 < lo-' for 
all the three films. This clearly illustrates two important points. 

(i) The TDGL theory underestimates the critical temperature region by at least an 

(i) The mean-field approximations are not valid in the case of YBa,Cu,O,-,. 

The underestimation of the critical region has been attributed to the large con- 
tribution of the higher-order fluctuation corrections [19]. In the critical region, ACT 
is predicted to diverge as t goes to 0 with a temperature dependence similar to that 
in the mean-field region but with an exponent different from 1) based on the 3D XY 
model [20]. The resula of the present work, however, cannot be understood even 
according to these models. 

order of magnitude. 
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Figure 4 Log-normal plol of A V  Lenus t ,  showing the exponenlial temperature depen- 
dence of A V  [or all he !ilms in the range 9 x lo-’ < t < lo-’. 

5. Conclusions 

The macroscopic and microscopic properties of the oxide materials in their supercon- 
ducting state are being extensively studied. Many models have already been proposed 
to explain these properties. However, the normal-state behaviour remains the least 
studied to date. The only phenomenological model that has been proposed to explain 
the normal-state electron transport behaviour is the RVB model. The results of the 
present work indicate that it is insufficient to explain the transport behaviour above 
T,. The linear and hopping coefficients obtained for the two films which obey the RVB 
expression for conductivity are much lower than the values predicted by the model. 

The excess conductivity in the mean-field region of the three Elms studied does 
not obey the temperature dependence predicted by the TDGL theory. Even though 
such a behaviour has been observed before, the results are still fitted to the TDGL 
theory and the dimensionality of the electrical transport determined. However, we 
lind that the excess conductivity is better represented by an exponential relation and 
that there is no model at present, macroscopic or microscopic, which can explain this 
type of behaviour. Hence the dimensionality of electrical transport is still inconclusive. 
The onset temperature for fluctuations observed in the present work, t Y 0.1, agrees 
with that observed by k g a n  ef a1 [4], indicating that the length of the critical region 
is larger than that predicted by the theory. However, the functional dependence on 
temperature is found to be different. 
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