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Abstract
The paraconductivity of a number of c-axis-oriented YBa2Cu3Ox thin films,
with a range of c-axis lattice parameters and Tc-values, has been determined
as a function of temperature and analysed in terms of the paraconductivity due
to direct and indirect fluctuation contributions. We present results on the c-
axis coherence length and the phase-relaxation time at 100 K obtained from
the fit to the paraconductivity data. The paraconductivity results for optimally
doped films were: c-axis coherence length: ξc(0) = 1.25 Å; pair-breaking
parameter: δ = 0.05; phase-relaxation time at 100 K: τφ = 0.066 ps; and
two–three-dimensional crossover temperature: T + = 96.6 K. These values
are in good agreement with those from other published work. There was
considerable scatter in the coherence length and phase-relaxation time for films
with different critical temperatures and oxygen contents. These results were
process dependent but appear to be related to the 60 K phase transition in the
Tc–x phase diagram.

1. Introduction

One of the most common observations related to the occurrence of superconductivity is
the sharp decrease in resistivity at the critical temperature Tc. The fact that the change
in resistivity is not perfectly abrupt has been of interest for many years. Apart from the
finite transition width caused by the sensitivity and resolution of the measuring technique
(extrinsic broadening), the transition width broadening caused by intrinsic material properties
can provide insight into the fundamental mechanism of superconductivity. Thus as the material
temperature decreases towards Tc, fluctuating pairs begin to be created spontaneously. As
the temperature approaches Tc, the number of pairs increases rapidly at the expense of the
normal electron density. The normal-state resistance decreases and the net resistance decreases
due to short-circuiting by the superfluid, a process referred to as paraconductivity [1–4].
In high-temperature superconductors, critical temperatures can be higher than 100 K, so a
few superconducting particles may occur at significantly higher temperatures due to thermal
fluctuations. Hence, the study of superconducting fluctuations is expected to be helpful in
developing higher-temperature superconductors. In this case superconducting fluctuations are
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particularly significant because of the relatively high temperatures involved and coherence
lengths of fractions of a nanometre. Paraconductivity measurements are therefore sensitive to
material properties at the unit-cell level and have been used to yield microscopic parameters
for thin films [5–13], single crystals [14–21], polycrystalline YBCO [22, 23], other cuprates
[24–30] and YBCO superlattices [31]. Although this represents a fairly large body of work,
there have been few systematic investigations of the paraconductivity of as-grown oxygen-
deficient high-temperature superconductors.

In this paper we present paraconductivity results for a number of as-grown oxygen-
deficient c-axis-oriented YBCO thin films with T mfc -values ranging from 56.6 to 92 K. By
‘as-grown’ we refer to the process whereby films are oxidized in situ during growth in
the deposition system. This process is distinct from ex situ oxidation, whereby films are
oxidized in a separate and external diffusion process. The two processes are expected to lead
to different defect states [32]. In the following, we compare our experimental results with
fluctuation conductivity (FC) theories. One of the significant difficulties in the measurement
of paraconductivity is that of how to separate the fluctuation part from the normal-state
properties. In this paper normal-state resistivity near the transition region was estimated
experimentally by extrapolating the normal-state resistance from temperatures much higher
than Tc, where superconducting fluctuations vanish, to temperatures below Tc [6, 33–36].
An alternative method extrapolates from an empirical equation, which fits the normal-state
resistivity [14, 32, 37, 38]. From these results we determined the paraconductivity and obtained
the c-axis coherence length ξc(0), the crossover temperature T +, the pair-breaking parameter
δ and the phase-relaxation time τφ at 100 K. These values are then compared with theoretical
values and values reported in the literature.

2. Experimental techniques

The YBCO thin films were grown by in situ off-axis r.f. magnetron sputter deposition using
a stoichiometric single target and single-crystal (100)-oriented substrates [39]. These were
mainly 10 mm square, 1 mm thick optically polished single-crystal (100)-oriented MgO
substrates. Films were also deposited on LaAlO3 and SrTiO3 substrates, also (100) oriented.
Prior to deposition, the substrates received a standard solvent cleaning and were finally rinsed
in distilled water before being mounted on a stainless steel substrate heater. The substrates were
bonded to the heater using silver foil or silver paint. Substrate temperatures were measured
using a chromel/alumel (type-K) thermocouple, spot welded to the heater plate adjacent to the
substrates. This temperature measurement was checked in a separate experiment by bonding
a second thermocouple to the substrate surface. This indicated a temperature about 10 ◦C
lower than that recorded by the thermocouple next to the substrate. The sputtering system
had a base pressure of less than 2 × 10−6 Torr and deposition was carried out with Ar/O2 4:1,
total pressure 280 mTorr (20% or 56 mTorr of oxygen), substrate temperature between 690
and 735 ◦C and typical growth rates of 0.4 nm min−1. At the end of the deposition period,
the argon gas was turned off and the oxygen pressure increased to between 200 and 300 Torr.
The substrate temperature was then decreased to 400–500 ◦C and the film annealed in oxygen
for one hour, after which the heater was switched off and the film allowed to cool to room
temperature. This procedure led to oxygen-deficient films as grown, without the need to carry
out separate oxygenation and annealing experiments.

The films were analysed by means of x-ray diffraction; the results showed that the films
were c-axis oriented. A typical XRD trace for YBCO sputtered on LaAlO3(100) is shown
in figure 1. The large number of (00l) reflections allowed measurements of the c-axis lattice
parameter to within an error of less than 0.01 Å, sufficiently small for detecting changes in c due
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Figure 1. A typical x-ray diffraction pattern of YBa2Cu3Ox r.f. sputtered on LaAlO3(100) showing
c-axis alignment (sample Y129L).

to oxygen deficiency [40]. The oxygen content x was estimated from these lattice parameters
using x = (12.771 − c)/0.1557, where the values are in Å units [41, 42]. The film resistivity
was determined using standard four-terminal techniques. Silver pads were evaporated onto the
film surface and fine copper wires bonded to four terminal pads with silver paste. Some films
were patterned for Hall-effect measurements as indicated by ‘P’ in table 1. The samples were
mounted in a temperature-controlled, closed-cycle He cryostat. The sample temperature was
measured using a calibrated silicon diode sensor mounted next to the sample and connected

Table 1. The c-axis lattice parameter c, oxygen content x, mean-field critical temperature T mfc ,
resistivity at 300 K ρ300 and fitting coefficientsA and B. Sample substrates: L: LaAlO3; M: MgO;
S: SrTiO3, all (100) oriented.

Sample c (Å) x T
mf
c (K) ρ300 (m� cm) A (µ� cm K−1) B (m� cm K)

1: Y123L 11.681 7.00 92 0.267 0.876 0.326
2: Y116SP 11.700 6.88 88 0.394 1.23 4.46
3: Y67M 11.715 6.78 84 0.912 2.76 34.4
4: Y129L 11.717 6.77 86 2.959 9.11 97.1
5: Y84MP 11.712 6.80 81.5 0.533 1.70 5.27
6: Y111MP 11.720 6.75 82 0.258 0.822 3.23
7: Y113MP 11.720 6.75 83 0.260 0.826 2.29
8: Y129M 11.720 6.75 81.5 1.750 5.27 65.5
9: Y78MP 11.750 6.56 56.6 1.17 3.73 28.2
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to a Lakeshore temperature controller. The resistivity and temperature measurements were
connected to a computer via an IEEE-488 interface bus for data collection and analysis.

3. Experimental results

The normalized resistivity, ρn = ρ(T )/ρ300, versus temperature for samples with varying Tc is
shown in figure 2. The resistivity values at 300 K are given in table 1. The paraconductivity,
�σxx(T ), was calculated by subtracting the background normal-state conductivity σNxx(T )
from the measured conductivity:

�σxx(T ) = σxx(T )− σNxx(T ). (1)

Figure 2. Normalized resistivity, ρn = ρ(T )/ρ300, as a function of temperature for c-axis-oriented
YBa2Cu3Ox films with varying Tc-values. The numbers on the curves correspond to the samples
listed in tables 1 and 2.

Experimentally, we measured the longitudinal resistance Rx = Vx/Ix and calculated the
resistivity ρxx = wtfRx/l (with w the width, tf the film thickness and l the distance between
the voltage contacts). For orthorhombic crystals such as YBCO, σxx = 1/ρxx . Hence the
excess conductivity is

�σxx(T ) = ρNxx(T )− ρxx(T )

ρNxx(T )ρxx(T )
. (2)

Near the onset of the transition where ρxx(T ) � ρNxx(T ), we have�σxx(T ) ≈ 1/ρxx(T ).
A common way of determining the normal-state resistivity is to use the formula proposed by
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Table 2. The film thickness tf , C-factor, coherence length ξc(0), crossover temperature T +, pair-
breaking parameter δ and phase-relaxation time τφ (100 K) for the YBCO films listed in table 1.

Sample tf (nm) C ξc(0) (Å) T + (K) δ τφ (ps) T +/T
mf
c

1 100 10.54 1.25 96.60 0.05 0.066 1.05
2 92 3.46 2.20 100.32 0.63 0.267 1.14
3 100 1.42 2.89 104.16 2.88 0.708 1.24
4 200 31.32 1.83 94.60 0.26 0.159 1.10
5 157 5.32 1.77 88.83 0.22 0.144 1.09
6 200 3.25 2.09 92.66 0.49 0.230 1.13
7 200 5.10 1.99 92.96 0.41 0.213 1.12
8 200 16.54 1.55 87.20 0.13 0.111 1.07
9 300 4.35 2.86 70.18 2.81 0.705 1.24

Anderson and Zou [43]:

ρNxx(T ) = AT + B/T (3)

whereA andB are constants. This gives an excellent fit to the data, as shown in figure 3, which
shows a typical plot of ρxxT as a function of T 2. The curve obtained from the fit was used to
extrapolate the normal-state resistivity into the fluctuation region. The parameters used in the
fit,A and B, are given in table 1. Two methods are widely employed in determining the mean-
field critical temperature. The first involves determining the intersection of the tangent and
the inflection point of the transition curve [33]. The second method involves plotting 1/�σ 2

xx

Figure 3. ρxxT as a function of T 2 for sample Y116SP. The solid line is the fit to the experimental
data.
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against T and determining the intersection of the linear extrapolation with the T -axis which
gives the mean-field critical temperature T mfc [6, 44]. This latter method was employed in this
paper; see figure 4. The results for a number of films are recorded in table 1. Figure 5 shows
plots of the critical temperatures against the non-stoichiometry constant x. These results are
in general agreement with bulk values [45] and other published work [40, 46, 47].

Figure 4. �σ−2
xx as a function of temperature used to determine T mfc for sample Y84MP.

4. Discussion

The normalized resistivity (ρn = ρ(T )/ρ300) versus temperature curves in figure 2 show a
nearly linear temperature dependence for temperatures between 150 and 300 K. The variation
of the resistivity in the a–b plane with oxygen doping has been extensively investigated [46, 48].
As x decreases below optimal doping (x = 6.9–7.0), corresponding to the maximum Tc, the
resistivity deviates from linearity in the region 100–150 K and Tc decreases (samples 2, 3, 4, 5).
Although this effect is not particularly clear in figure 3 due to normalization and the overlapping
curves, careful examination shows that deviations from linearity occur at temperatures below
150 K. This is apparent for samples 2 and 3 where x = 6.88 and 6.78 respectively. In general
the temperature behaviour of the normal-state resistivity is in good agreement with a nearly
antiferromagnetic Fermi liquid (NAFL) model where at low dopings (x = 6.45–6.55) the
resistivity curve becomes ‘S’ shaped as a result of the strong influence of spin fluctuations [49].

The paraconductivity was calculated from the resistivity results using equation (2) and
compared with theoretical calculations based on the direct and indirect contributions to the
paraconductivity. The direct contribution is due to the acceleration of superconducting
quasiparticles; see Aslamasov and Larkin [1]. The indirect contribution is due to the interaction
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Figure 5. Mean-field critical temperatures as a function of the non-stoichiometry factor x:
T
mf
c obtained from �σ−2

xx versus T plots as used in this paper; T mf 2
c obtained from the intercept

of the steepest slope of the resistivity transition. Also shown are values for bulk YBCO from
reference [45].

between the superconducting pairs and the normal electrons; see Maki [2] and Thompson [3].
The Aslamasov–Larkin equations are

�σAL(2D) = e2

16h̄εtf
�σAL(3D) = e2

32h̄ξ(0)ε1/2
(4)

where ε, h̄, tf and ξ(0) are the electron charge, reduced Planck’s constant, film thickness
and zero-temperature Ginzburg–Landau coherence length respectively. ε = ln(T /T mfc ) ≈
(T − T

mf
c )/T

mf
c . These expressions were extended by Lawrence and Doniach [4] to the case

of layered superconductors, consisting of stacks of two-dimensional superconducting sheets
linked by Josephson junctions. They obtained

�σLDxx = e2/(16h̄d)

(1 + 2α)1/2ε
(5)

where d is the distance between adjacent layers and α is a dimensionless coupling parameter
given by

α = 2ξ 2
c (T )/d

2 = 2ξ 2
c (0)/(d

2ε) (6)

where ξc(0) is the zero-temperature Ginzburg–Landau coherence length along the c-axis. The
parameter α defines the crossover from the two-dimensional to the three-dimensional regime
close to Tc, when the temperature-dependent coherence length along the c-axis becomes larger
than d.
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The FC theory for high-temperature superconductors, considering both direct and indirect
contributions, has been developed by Hikami and Larkin [50]. For the indirect contribution
the model gives

�σMTxx = e2

8h̄d

1

ε(1 − α/δ)
ln

[
δ

α

1 + α + (1 + 2α)1/2

1 + δ + (1 + 2δ)1/2

]
(7)

where

δ = 8αkBT τφε

πh̄
= 16ξ 2

c (0)kBT τφ
πh̄d2

(8)

is a pair-breaking parameter and τφ is the phase-relaxation time of the quasiparticles [51].
The total fluctuation conductivity is then the sum of the Lawrence–Doniach (LD) and the
Maki–Thompson (MT) terms:

�σxx = �σLDxx +�σMTxx . (9)

The results of the paraconductivity calculations are recorded in table 2. In table 3 we list
for comparison some literature values for YBCO thin films, single crystals and polycrystalline
samples. The paraconductivity is plotted in figure 6 for several YBCO films in the reduced-
temperature range (Ginzburg–Landau range) 0.01 < ε < 0.1. Also shown are the theoretical
LD, MT and sum (LD + MT) curves. The experimental data lie below the theoretical ones by
a scale factor C, which is different for each sample; see table 2. In similar studies, values of
C between 3 and 7 were found for thin films [6, 44] and C = 6.8 for a polycrystalline sample
[22]. This variation in theC-factor is considered to arise from non-uniform current flow within
the sample due to a number of sample-dependent effects including grain boundaries, uneven
oxidation and microscopic cracks [6, 22, 44].

Table 3. Critical temperatures and paraconductivity data obtained from literature for thin films,
single crystals and polycrystalline YBa2Cu3Ox .

Material Tc (K) ξc(0) (Å) τφ (ps) Reference

Film 55 0.9 [7]
Crystal 62 4.5 [18]
Film 84.5–87.9 1.75 [6]
Film 85.5 1.5 0.10 [8]
Crystal 87–89 1.35 [14]
Film 88.55 1.5 0.086 [5]
Film 89.1 1.5 [17]
Crystal 90 1.2 [16]
Film 90.7 1.2 0.095 [10]
Crystal 92 3 [18]
Polycrystal 92 1.23 [23]
Crystal 92.3 2.3 0.100 [15]
Crystal 2.9 0.100 [20]
Film 3.2 0.080 [9]
Film 1.5 0.025 [11]
Crystal 1.5 0.140 [21]
Average 2.06 0.091

Some of the large C-factors found here are related to the large variation in resistivity and
oxygen deficiency between films. Although it is difficult to determine whether it is the oxygen
deficiency or the defects that are making the main contribution, our c-axis measurements
suggest that it is the former. Evidence for this is shown in figure 5 which compares our
Tc-results with bulk values as a function of oxygen deficiency x.
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Figure 6. Typical paraconductivity results versus the reduced temperature for several YBCO films.
The solid lines correspond to the ratio (�σLDxx +�σMTxx )/C where theC-values are listed in table 2.

The theoretical fit contains the adjustable parameters ξc(0) in the LD term and δ in the MT
term. The interlayer distance d is assumed equal to the c-axis lattice parameter. The coherence
length results extracted from the fit are given in table 2. The values found are consistent with
data reported in the literature for thin films, single crystals and polycrystalline samples of
YBCO; see table 3 and references [52–56].

The LD model predicts a crossover from the three-dimensional to the two-dimensional
behaviour at ε+ = (2ξc(0)/d)2 and the crossover temperature is T + = T

mf
c (1 + ε+). The

results for the crossover temperature obtained from the fit between theory and data are shown
in table 2. In order to determine T + graphically, �σxx was plotted against ε on a log–log
scale; see figure 7. The comparison between theory and experiment is limited to the reduced-
temperature range 0.01 < ε < 0.1 where the theory applies. In this region, the experimental
data do not show a sharp change in slope due to the change from 2D to 3D conductivity. Close
to T mfc , the LD curve follows ε−1/2 3D behaviour, whilst at higher temperatures it follows ε−1

2D behaviour. The dimensional crossover takes place at ε = ε+ = (2ξc(0)/d)2. On the other
hand, the MT term remains finite as ε goes to zero and gives a curve with a smaller slope. In
the experimental data, there is evidence for the slope changing between a half and unity as
shown in figure 7, but extraction of T + by this method is inaccurate due to the lack of sharpness
in the slope change.

The experimental results suggest an increase in ξc(0) as c increases or as Tc decreases as
shown in figure 8. In particular, there is a sharp variation in ξc(0) at about c = 11.71 Å which
coincides with the Tc–x transition region of the YBCO stoichiometry (figure 2). Hence, the
general variation of the coherence length with lattice constant seen in figure 8 is related to the
change of oxygen in the unit cell. This is expected because of the small size of the coherence
length compared with the unit-cell dimensions, at least in the c-direction.
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Figure 7. Theoretical and graphical extraction of the crossover temperature T +. The theoretical
value occurs when the LD slope changes from 1 to 1/2. The value determined from the measured
data (circles) is imprecise due to the lack of a sharp slope change. T + was therefore obtained by
fitting the experimental data to the models and extracting T + from the theory.

If the coherence length is identified with the distance �x in the uncertainty relationship,
then ξc(0) ≈ h̄vF /(kBTc) where vF is the velocity of the carriers at the Fermi level [57].
The Fermi velocity would therefore need to be constant, or at least change by a small amount
compared with the change of Tc, in order to obtain agreement with the experimental results.
A measure of vF may be obtained from the electron mobility where ξc(0) ≈ µExh̄/(kBTc)

where µ is the mobility and Ex is the longitudinal electric field. For our oxygen-deficient
samples, it is known that the Hall mobility is higher for the higher-Tc samples [32]. However,
it is questionable whether these results are applicable here, since normal-state effects are
minimized by subtracting the normal-state conductivity.

The phase-relaxation time may be determined from equation (8):

τφ = πh̄d2δ

16ξ 2
c (0)kBT

. (10)

Figure 9 shows a plot of τφ against T mfc using data from table 2. This indicates a general
decrease in τφ with increasing critical temperature. We note that, at a constant temperature (T =
100 K), δ ∝ 1/T mfc (table 2) and ξc(0) ∝ d or c (figure 8). Thus τφ ∝ d2/(d2T

mf
c ) = 1/T mfc .

Hence, we expect the phase-relaxation time to decrease with increasing critical temperature.
We can also compare this more directly with the uncertainty relation, �E�t � h̄/2.

Assuming that �t = τφ and �E = αkBTc, we have τφ = h̄/(2αkBTc) which again suggests
that τφ decreases with increasing Tc.



Paraconductivity of oxygen-deficient YBa2Cu3Ox thin films 885

Figure 8. The coherence length ξc(0) against the YBCO c-axis lattice parameter. The solid line is
a least-squares fit to the data.

Figure 9. Phase-relaxation time τφ (100 K) as a function of the mean-field critical temperature T mfc
for various YBCO films. The solid line has a gradient of −0.015 ps K−1.
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It is of interest to compare the measured relaxation time τµ = m∗µ(T )/q with the phase-
relaxation time τφ . Taking m∗ = 5m0, we have τµ = 2.843µ(T ) ps [32]. At 100 K,
µ = 20 ×10−4 m2 V−1 s−1 for samples with Tc = 85 K, giving τµ = 5.686×10−15 s. Also at
100 K, µ = 1 × 10−4 m2 V−1 s−1 for samples with Tc = 54 K, giving τµ = 2.843 × 10−16 s.
These values are small compared with τφ , which varies between 0.1 and 0.7 ps at 100 K. For
the samples analysed, we find that the ratio τφ/τµ decreases with increasing oxygen content
x, giving τφ/τµ = 47 for x = 6.9 and τφ/τµ = 2480 for x = 6.56. However, in the region
near the Tc–x (60 K) transition (figure 5), τφ varies sharply.

Although, in general, we find that our values of the coherence length and phase-relaxation
time are in good agreement with other published work, specific details vary. Previous results
have indicated that ξc(0) increases with oxygen content x [46], but we find that ξc(0) varies
in a complex way near the 60 K transition in the Tc–x phase diagram (see figure 10) and is
probably related to the formation of the O II superlattice [47].

Figure 10. Coherence length and phase-relaxation time as functions of the non-stoichiometry
factor x. The transitions occur close to the 60 K transition in the Tc–x diagram.

Our results were obtained for a number of films prepared using an in situ oxidation process,
whereas the results of reference [46] were obtained from a single film using an ex situ oxidation
treatment. In our in situ process the final oxidation takes place immediately after growth as
the film cools in the surrounding oxygen gas; during this process, the film structure changes
from tetragonal to orthorhombic. The ex situ process involves taking a fully oxygenated film,
after growth, and converting it to the required stoichiometry by heating in oxygen. This
suggests that the two oxidation processes may lead to different sets of lattice defects in these
non-stoichiometric compounds—a conclusion which was arrived at from previous mobility
measurements [32].
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5. Summary

We have presented measurements of the resistivity of r.f.-sputtered c-axis-oriented YBa2Cu3Ox

thin films as a function of temperature. The Anderson and Zou [43] formula was used to
extrapolate the normal-state resistivity into the fluctuation region. Paraconductivity data were
obtained first by fitting the measured data to the sum of LD and MT fluctuation theories using
a fitting parameter, C. The results obtained for optimally doped films are in general agreement
with other work. There was considerable scatter in the coherence length and phase-relaxation
time for films with different critical temperatures and oxygen contents. These results were
process dependent but appear to be related to the 60 K phase transition in the Tc–x phase
diagram and are probably related to the formation of the O II superlattice [47].
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