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We have measured the resistance along the a and b axes on several untwinned single crystals of
YBa,Cu;0,_5. To extract the fluctuation part of the conductivity three methods were applied which
deal with the contribution from the chains in different ways. The fluctuations along a and b were found
to be roughly equal for all samples while the chain fluctuations were about half an order of magnitude
smaller. For all samples and regardless of choice of analysis methods we also obtain good agreement
with the three-dimensional XY model for critical fluctuations in the region close to T,.

INTRODUCTION

The study of superconducting fluctuations in high-
temperature superconductors (HTSC) is a very active
field. Several attempts have been made to measure the
fluctuation contribution to conductivity,!™> magnetiza-
tion,>* and magnetoconductivity.®’ The first study of
paraconductivity in single crystals! contains references to
earlier work on polycrystalline samples. Analysis of
these experiments, except for magnetoconductivity, re-
quires estimation of the normal-state properties.

In this paper we focus on the conductivity fluctuations
in YBa,Cu;0,_5 (YBCO) and report on results of resis-
tivity measurements along the a and b directions of natu-
rally untwinned single crystals. The atomic structure of
this compound implies an anisotropy in the ab plane.
This has also been observed experimentally.®” 1 The
common point of view is that Cu-O chains act as metallic
conductors and thus do not contribute to the fluctuation
conductivity.® "1 Here we find that there are supercon-
ducting fluctuations in the chains but that they are about
half an order of magnitude smaller than the fluctuations
in the planes.

The sensitivity of high-T, superconductors to impuri-
ties and stoichiometry raises the question if and how such
defects influence the fluctuation analyses. Furthermore,
due to the poor knowledge of the normal state, it is not
straightforward to deduce these fluctuations from the
measured resistivity. This is particularly true for the b
axis, where the controversial question of the chain contri-
bution to the conductivity presents difficulties.

We have dealt with these problems in the following
way. By studying several samples, common features in
the fluctuations can be identified, which are independent
of the slightly varying properties between samples. We
present results for seven independent measurements
along the a and b axes for different samples of
YBa,Cu;0,_5. For the b-axis fluctuations we employ
three different methods of analysis based on different as-
sumptions of how to treat the chain contribution to the
conductivity. These analysis will be described below.
Some differences between samples and different methods
of analysis are found, in particular, concerning the tem-
perature range of normal-state fits. Nevertheless, for all
samples and all methods of analysis, we find roughly the
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same magnitude of the fluctuations along the a- and b-
axis directions and a critical fluctuation region with an
exponent p in Ao ~T? of p~—1 up to about 0.02 in re-
duced temperature In(T /T, ).

EXPERIMENTAL TECHNIQUES

YBCO single crystals were grown using the self-flux
method.'! Approximately 1 g of YBa,Cu;O,_s was
crushed and dissolved at a temperature of 1000°C in the
ratio 1:6.5 in a mixture of BaO and CuO (28-72 mol %).
This charge was allowed to cool slowly in a Y,0; stabi-
lized ZrO, crucible in a horizontally directed tempera-
ture gradient of about 5-7°C/cm. At the bottom of the
crucible about 20 free-standing crystals could be
recovered. The crystals were further annealed for a few
days at 460°C in oxygen in order. to optimize the oxygen
content. Some of the crystals were found to be untwinned
when examined under polarized light. The approximate
sizes were 0.5X0.1X0.01 mm?,

Electrical contacts were prepared by applying strips of
silver paint, followed by heat treatment in flowing oxygen
at 460°C for 1 h. We used a four-probe in-line contact
arrangement. The size of the contacts were of the order
0.05X0.1 mm? In one case (sample No. n501) it was
possible to put eight contacts on one crystal, thus ena-
bling direct measurement in both the a and b directions
on the same crystal. In another case (sample No. n1000)
a crystal was cut in two untwinned pieces, one along a
and one along b, from one crystal, again making measure-
ments in two directions possible.

The resistance was measured with a standard four-
probe method using a digital multimeter (Solartron
SB7081) with thermal compensation. The measuring
current was 1 mA with a corresponding sensitivity of 10
p). The temperature was monitored using a calibrated
Pt resistor with a maximum error of +50 mK and a rela-
tive accuracy of 0.5 mK.

Because of the large contact sizes, as compared to the
sample dimensions, accurate determination of the resis-
tivity was difficult. Therefore we fixed the resistivity at
100 K to the mean values of our measurements, i.e., 100
ucm for p, and 60 Q) cm for p,. These values are on
the high side within previous reports.”!'>!? The T,’s of
our crystals were in the range 91-92 K with transition
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FIG. 1. Resistivities along a@ and b of an untwinned single
crystal (sample No. n1000). The solid lines are linear fits to the
data. Shown in the inset are the derivatives used for determining
T..

widths of approximately 0.2 K. T, was defined as the
inflection point of the R-vs-T curve. Shown in Fig. 1 are
the transition curves for a typical sample together with
an inset showing how T, was determined.

METHODS OF ANALYSIS

The methods of analysis were the following.

(i) The traditionally accepted way to estimate the
normal-state resistivity in HTSC is to fit a straight line at
high temperatures and extrapolate it to low temperatures.
The fluctuation conductivity Ao ; is then extracted from
the measured p; by

Ao, =L _L (1)

Cop g
where i is the a or b direction and n denotes the normal
state.

(ii) From the crystallographic structure it is tempting
to assume that the Cu-O chains act as one-dimensional
conductors, thus contributing only to the b-axis conduc-
tivity. A simple model has been suggested®'®!? to con-
sider the a-axis resistivity equal to the resistivity of the
Cu-O, planes, and the resistivity along b as a parallel cir-
cuit between chains and planes. The chain resistivity

Temperature (K)

FIG. 2. Difference between the estimated normal states along
a (circles) and b (triangles) for a typical crystal. The solid sym-
bols were used to define the normal state.

Pchain €an then be calculated from the measured p, and p,
by

PaPp
= . 2
Pchain Pa—Ps ()
Pchain 18 fitted in the normal state to a second-order poly-
nomial, and in the fluctuation region Ao is obtained from
the difference between the calculated chain contribution
and the extrapolated polynomial.

(iii) Using the functional form for the chain resistivity
obtained in (ii), we can alternatively calculate the b-axis
resistivity, again considering p, to result from a parallel
circuit of chains and planes.

n n
P planep chain

e 3)
pplane +pchain

Ps=

where ppy,,. is assumed equal to p;. The fluctuation con-
tribution is now obtained from Eq. (3) and the measured
Py by

Ao,=———. (4)
Pp Py

RESULTS

To determine the normal states in the methods de-
scribed above, we fitted the assumed functional depen-
dences to the part of the resistivity curve where no no-
ticeable deviation was found. This is illustrated for
method (i) in Fig. 2. All results have been collected in
Table I together with the temperature intervals used.

TABLE 1. Overview of the samples studied and the different normal states.

Measured prn (@ cm) pn defined from

Sample along T, (K) (with T in K) (see Fig. 2)
twbl b 92.02 6.6+0.58T 140< T <180
twb2 b 91.28 1.740.65T 140< T <200
twa2 a 91.73 13.5+1.05T T >205
n1000 a 92.03 —0.8+1.18T T >200
n1000 b 92.05 12.54+0.52T 130< T <210
n1000 chain 140+4-0.00227* T>170
n1000 chain 93.4+0.46T +0.001177 T > 100
n501 a 91.84 35.1+0.73T T >200
n501 b 91.86 23.2+0.38T 150< T <200
n501 chain 13040.00217* T > 100
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FIG. 3. The fluctuation contribution to the conductivity
along a and b for several untwinned single crystals as obtained
from Eq. (1). Solid symbols are used for b-axis fluctuations and
open symbols and crosses for the a axis. The straight line has
the slope —1/3, which should describe critical conductivity
fluctuations in the 3D XY model.

When applying method (i) above we found that a
straight line could be fitted to p, above about 200 K. For
Pp» On the other hand, clear deviations from linearity
were observed at higher temperatures, and successful
fitting was possible only over a limited temperature
range, about 150-200 K (see also Fig. 2 and the inset of
Fig. 4 below). Extrapolating these linear fits and using
Eq. (1), we obtain Ao, which is plotted vs e=In(T/T,)
on a log-log scale in Fig. 3. Evidently there is good agree-
ment between different samples and the fluctuations
along a and b are of the same magnitude. There is howev-
er a general trend for the fluctuations along a to persist to
higher temperatures than those along b.
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FIG. 4. The resistivities along the a and b axes and the resisi-
tivity along the chains calculated with Eq. (2) for sample No.
n501. The curves are the fitted normal states. For the b axis the
dashed line is a linear approximation and the full line was calcu-
lated from Eq. (3). The inset shows an enlargement for the b axis
at high temperatures.
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For the two crystals that were measured along both a
and b, we calculated the chain resistivity using Eq. (2).
Shown in Fig. 4 are p,, p;,, and p,.;, for one single crys-
tal. To estimate the normal-state resistivity of the chains,
we assumed a second-order polynomial. For one of the
crystals (sample No. n501), the temperature dependence
was found to be purely quadratic above 100 K. The other
crystal (sample No. n1000) exhibited this behavior only
above 170 K. If, however, a term linear in T was includ-
ed, successful fitting down to 100 K was possible. The
corresponding fluctuation conductivities for both analy-
ses are plotted as filled and open squares in Fig. 5. For
both samples it can be seen that the chain fluctuations are
about half an order of magnitude smaller than the fluc-
tuations in the planes, i.e., along a, which are plotted as
circles. One may also note that the chain fluctuations for
the two samples coincide well when the same tempera-
ture interval is used for defining pf; ,;, albeit the function-
al forms of the normal states are different.

The fluctuations along b were calculated using method
(iii) above and are plotted as down triangles in Fig. 5. For
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FIG. 5. Fluctuation conductivity for two crystals. The cir-
cles are for fluctuations in the planes, i.e., along a. The squares
are for fluctuations along the chains. The triangles are for fluc-
tuations along the b axis, upturned assuming a linear normal
state and dowturned with a normal state calculated from the fits
to chain and plane resistivity [Eq. (3)]. For sample No. n1000,
we defined the normal state of the chains in two ways, with and
without a T-linear term. The corresponding fluctuations are
shown as solid and open symbols, respectively. The full line in
the lower panel has the slope —1/3 as predicted by the 3D XY
model. The dashed line has the slope —1/2 illustrating the
three-dimensional mean-field result.
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sample No. n1000 there are two possibilities for pg,i, in
Eq. (3) corresponding to second-order polynomials with
or without a term linear in 7. These results are plotted in
the upper panel of Fig. 5. For both samples and analysis
methods the fluctuations along b calculated from Eq. (4)
follow closely those along a in contrast to Ao at large € in
Fig. 3. It can also be noted that the normal state defined
in this way describes the data better at higher tempera-
tures than the linear fit used in method (i), as illustrated
in the inset of Fig. 4.

DISCUSSION

Obviously there are some sample-dependent differences
in our observations, see e.g., Fig. 3. Furthermore, de-
pending on the chosen analysis of the normal states, the
high-temperature behavior can be different, as illustrated
in the inset of Fig. 4. If we employ the simple picture of
a parallel circuit between planes and chains, we can show
that the chain resistivity is well described by a second-
order polynomial. In one case (sample No. n501) the
temperature dependence was purely quadratic. Such a
dependence was also reported in Ref. 12. The difference
between sample Nos. n501 and n1000 in this respect is
not understood.

Nevertheless, we are able to draw some general con-
clusions. The magnitude of the conductivity fluctuations
are roughly the same along a and b. This is approximate-
ly valid for all samples in the linear analysis (Fig. 3), and
it is also observed in the rather different analyses (iii) (Fig.
5). The magnitude of the fluctuations along the chains are
also roughly the same for both samples (Fig. 5) and about
half an order of magnitude smaller than the fluctuations
in the planes.
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Another important common feature for all samples
and analysis methods is the slope of Ao at low €. In all
cases we find Ac ~&~!/? from the lower limit of the mea-
surements of £=~0.001 to about £=0.02. The full
straight lines in Fig. 3 and in the lower panel of Fig. 5 il-
lustrate this critical behavior. It is consistent with the
three-dimensional (3D) XY model'® close to the critical
point. Further support for this model is obtained from
measurements of the penetration depth!* and the heat
capacity. 1’

In this case the critical region would extend to about
1.8 K above T,. The width estimated from the Ginzburg
criterion is about 0.1 K, 3 but according to Ref. 16 this is
an underestimate by a factor of 25. Support for this argu-
ment can be found in studies of the specific heat.!®

However, according to the XY model, Ao should
display a crossover from an exponent —1/3 to —2/3 in
the critical region before reaching the three-dimensional
mean-field exponent of —1/2. This is not observed. The
dashed line in Fig. 5 illustrates the mean-field result, and
it can be seen that there is a smooth crossover between
the exponents —1/3 and —1/2 in a narrow temperature
region around €=0.02. Similar observations have been
made for the g-axis fluctuations previously,? with an ex-
ponent —1/3 in the critical region and no indication of
an intermediate temperature region with a different criti-
cal exponent.
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