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The upper critical field H.> and fluctuation conductivity were measured for highly oriented thin
films of YBa;Cu3O7-x. The H., results demonstrate the intrinsic anisotropy in this layered su-
perconductor. The broadening of the resistive transition under fields is interpreted in terms of

critical fluctuations.
quasi-two-dimensional material.

The fluctuation conductivity shows dimensional crossover as expected for
Using these data we determine the intralayer and interlayer

coherence lengths &.(0) and &, (0), and discuss the dimensionality of the superconductivity in this

material.

The recent discovery of high-T. superconductivity in
metallic oxides has generated great interest in the nature
of the superconductivity in these materials."? Since the
crystal structure is strongly anisotropic, the transport
properties are expected to depend on the crystal orienta-
tion. Indeed, their anisotropic nature has been observed in
resistivity,® critical-current-density,* and upper-critical-
field measurements.’>® Similarly, the fluctuations above
the superconducting transition are expected to reflect the
degree of anisotropy.

In this paper, we analyze the upper critical field, the
marked broadening of the resistive transition in a field and
the fluctuation conductivity above T, for highly oriented
thin films of YBa,Cu3O7-,. With the hypothesis of
strong thermodynamic fluctuations, we can self-consis-
tently account for all these properties and demonstrate
that this material is distinctly quasi-two-dimensional with
the superconductivity existing in the Cu-O (a-b) planes
(possible also in the chains) and with Josephson coupling
between planes.

In these experiments, we used polycrystalline epitaxial
thin films of YBa;Cu3O7-, with thicknesses ~1 um
grown on SrTiO3(100) substrates by electron-beam evap-
oration and magnetron sputtering. Preparation and char-
acterization of the samples were reported elsewhere.’"!!
The resistive transitions were measured using a four-point
probe dc method and the data used to determine both the
upper critical field H,,(T) and the fluctuation conductivi-
ty as described in detail below. For these resistance mea-
surements, the samples were patterned and chemically
etched into 400-um-wide strips by standard photolitho-
graphic methods. To get a good contact, the surface is
ion-milled, and then 100 A of titanium and 1000 A of
silver were evaporated sequentially on the films to form
contact pads; indium was then pressed onto these pads to
form the actual contact.

Figures 1(a) and 1(b) depict the zero-field and high-
field resistive transitions of a typical c-axis oriented (the ¢
axis is perpendicular to the film plane) sample 1. The line
indicates the resistive transition measured by a tempera-
ture sweep at a fixed field and the solid points by a field
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sweep at a fixed temperature. The resistive transition re-
gion clearly broadens as the applied field increases. One
striking effect evident in these data and evident in the data
of many groups>? is that as a magnetic field is applied, the
transition broadens dramatically but with only a small
effect in the region near the onset of the transition.

For homogeneous conventional type-II superconduc-
tors, the determination of H,; as a function of tempera-
ture is usually not sensitive to the criterion used to define
T.. This is because the resistive transitions do not dra-
matically change their shape as the field increases. The
customary choice of convenience for T, has been the point
where the resistance drops to half of its normal-state
value. An important starting point for understanding the
superconducting transitions of this oxide superconductor
YBa;Cu;07- is to understand the difference between its
transitions and those of conventional superconductors.
We propose below two alternative explanations, of which
the second is more attractive in our judgement.

One possible explanation for the observed broadening
invokes inhomogeneities and strong disorder. In this in-
terpretation, as a magnetic field is applied, vortex pinning
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FIG. 1. Temperature dependence of resistivity of sample 1 in
fields (a) perpendicular, and (b) parallel to the Cu-O planes. 7.
defined by linear extrapolation of the resistivity to p =0 is shown
in (b).
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at the weak parts of the sample degrades rapidly, reducing
the connectivity of the material and resulting in a strong
broadening of the transition. If this were the case, then
the upper (i.c., higher temperature) part of the transition
is more representative of the pure material’s upper critical
field. Taking this point of view, we can estimate H.>(T)
by defining T as the temperature at which p is 90% of its
extrapolated normal value (0.9py criterion). The shape
of the H.,(T) phase boundary determined this way is a
straight line. The Cu-O planes in c-axis oriented films are
parallel to the film plane so that we could readily estimate
both HS, and H%. The coherence lengths along the ¢ axis
£.(0) and in the ab plane £4(0) can be estimated from
the anisotropic Ginzburg-Landau relations. 12

For the above choice of T, (0.9py criterion), we find
£.(0)~2 A and £,;(0)~13 A. Since the H¥ for c-axis
oriented samples has been measured with the field parallel
to the thin-film plane, there was a possibility that the re-
sults might be affected by surface superconductivity. To
check this, we also measured H¥ for an g-axis oriented
sample using the 0.9py criterion. The field is perpendicu-
lar to the film plane in this case, and there is no surface
superconductivity. The result is very similar to the HZ of
the c-axis oriented films. Thus, our results appear free of
the effects of surface superconductivity.

The short coherence lengths obtained by this analysis
imply that critical fluctuations may be important and sug-
gest a second interpretation of the observed broadening in
H_,. If critical fluctuations occur, it is known that

H,(T) =do/27E(T)?
= [®g/27£(0) [T, (0) — T.(FDV/ T (0N},

where v is the coherence length exponent that is rigorous-
ly greater than the mean-field value v=%.'>!* Assuming
that the broadening in the field is only due to critical fluc-
tuations and that T is given by a linear extrapolation of
the resistivity to p=0 as shown in Fig. 1(b), we test this
hypothesis as follows. Fitting H¢, to the above formula as
in Fig. 2, we find v=0.65+0.02 and &.(0) =162 A
for three different samples: sample 2 made by electron-
beam evaporation, sample 3 made by magnetron sputter-
ing, and the single-crystal data of Iye et al. 8 Hence, the
exponent v appears to be universal. The same plot for

B(T) =do/27E(T)Eas (T)
= [®/27E.(0) 4 (0)1{[T.(0) — T.(H)/T.(0)}*

shows similar behavior except that the exponent v is found
to be 0.80+0.07. Also, taking £,5(0) =16 A from the

¢, data, we find £,(0) =2.2+1.0 A. The fact that the
coherence lengths determined using the 0.9py criterion
agree with the values determined assuming critical fluc-
tuations likely reflects that the upper part of the transition
is further from the critical region and thus approaches the
mean-field value for v.

Let us now turn to the question of the dimensionality of
these superconductors and then to their fluctuation con-
ductivity. Since £.(0) is smaller than any separation be-
tween Cu-O planes, YBa,Cu307—, is a quasi-two-dimen-
sional system, and &£.(0) is related to the interlayer cou-
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FIG. 2. Test for critical fluctuations from H¢, data of three
samples: two c-axis-oriented thin films (samples 2 and 3) mea-
sured by us and the single-crystal data of Iye et al. (Ref. 8).
The periodicity s =11.7 A was used. The data yield a critical
exponent v=0.651+0.02 and an in-plane coherence length
£.5(0) =16 %2 A as described in the text.

pling. If YBa,Cu3O7-, is quasi two dimensional, dimen-
sional crossover effects should be present. Unfortunately,
only a small temperature range below T, can be covered
by measuring the upper critical field of YBa;Cu3O7-x be-
cause of the rapid increase in H,; as T is reduced. As a
result, no crossover in H,, data was observed. Moreover,
it is not clear what would be the influence of critical fluc-
tuations on this crossover. On the other hand, measure-
ment of the fluctuation-enhanced conductivity o' can cov-
er a large temperature range above T.. In addition, if we
are far enough above T, mean-field theory should apply,
and we can use standard formulas to fit the fluctuation
conductivity. The fit will of course have to be restricted to
outside the critical region. In addition, fluctuation con-
ductivity measurements provide a complementary way to
determine £.(0) and to establish the dimensionality of
YBa,Cu307—,. Only c-axis oriented samples were mea-
sured to make sure that the current flows mainly along
Cu-O planes. The deviation of the measured resistivity
from py(T), defined as Ap(T), measures the excess con-
ductivity o'(T). Simple algebra yields o'(T)
=Ap(T)/p(T)pn(T). Outside the critical region, o'(T)
is a function of &= (T — T)/T™ only, where T™ is the
mean-field transition temperature, hence the determina-
tion of 7™ is of primary importance to the determination
of o'(T). The T™ was determined by extrapolating the
linear three-dimensional (3D) region of a o'~ % vs T plot
as in the inset of Fig. 3, since as T— mf &' should
diverge as (T —T™) =12, Note that 7™ > T, and typi-
cally the shift is of 1 ~2 K, which is a rough measure of
the size of the critical region above T.. This is self-
consistent with our assumption of critical fluctuations
close to T, and mean-field behavior above T™ > T.. The
data in Fig. 2 imply that the critical region below T is
much larger than the one above T.. This result is contrast
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TABLE 1. The results for fluctuation-conductivity measure-
ments and the parameters for LD theory.
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FIG. 3. Fluctuation conductivity above T/ for samples 1, 4,
and 5 compared with the Lawrence-Doniach (LD) theory. The
results for YBa;Cu3O7-; thin films show 2D to 3D crossover in
qualitative accord with theory. In plotting this figure, £.(0) was
taken as 1.85 A. The inset shows o'~ 2 vs T to determine T,

to the prediction of the inverted XY model by Dasgupta
and Halperin. '’

Figure 3 shows values of o' for several of our samples
compared with the prediction of Lawrence-Doniach (LD)
theory. Within the LD theory the fluctuation-enhanced
conductivity in the a-b plane is 2

o'(e) =e2{1+[26.(0)/s1% ™1} ~V2/16esh , 6))

where ¢=T/T™ —1 and s is the layer periodicity. In this
equation we note that o' will diverge as & ~'/2 (3D behav-
ior) when the temperature is close to 7™, and that o' will
go as ¢! dependence (2D behavior) at sufficiently high
temperature such that 2£.(T)/s <1. The dimensional
crossover temperature is

To=TM{1+[2¢£.(0)/513 . Q)

Since the relevant temperature range is far from Tt
and inelastic scattering seems to be important in this ma-
terial,'® the Maki-Thompson contribution'”!® was not
considered. Moreover, since the coherence lengths are
very short [£.(0) is comparable to atomic distances], there
is no theoretical need to consider a high-energy cutoff.

A 2D-to-3D crossover behavior is evident in accord with
the LD theory in Fig. 3. The dimensional crossover tem-
perature T for every sample determined from this plot is
listed in Table I. The LD theory curve was calculated as-
suming T, =1.1T™, which is the average value observed
for the three samples. In Fig. 3, we note that the experi-
mental data lie below the theory by a factor 1/C, which is
different for each sample. This C factor for each sample
is also listed in Table I. One possible origin for this scal-
ing factor is that the current flow in the film is still not
uniform on a submacroscopic scale, due perhaps to poor
grain boundaries, microcracks, or uneven oxidation, in
spite of the much improved quality of these epitaxial films.

In such an event, the resistivity determined by the geome-
trical dimension of the film would be too large by some
factor. It is interesting to note that the derivative of the
observed normal-state resistivity dp/dT scaled by the ob-
served factor C shows a very close correlation among the
samples listed in Table I. This suggests that dp/dT scaled
by factor C, which we take as the true dp/dT, is an intrin-
sic property of this material just as one might expect. In
addition, it brings the fluctuation conductivity theory and
data into better agreement.

Using the observed Ty, we obtain £.(0)=1.5~2 A
from Eq. (2) with s =11.7 A (see Table I). There is some
ambiguity about the correct periodicity to determine
£:(0). However, since 2£.(0)/s depends only on To/
T™~1.1, we obtain directly that 2£,(0)/s~0.3 for our
samples independent of the correct interpretation of s.
Thus, in any event, these data show that YBa;Cu3;O07— is
a quasi-two-dimensional-layered superconductor.

The results of our short coherence lengths and effective
dimensionality differ from those of Freitas, Tsuei, and
Plasket, ! Worthington, Gallagher, and Dinger,° and Gal-
laghar et al.” Freitas et al.'® have examined the fluctua-
tion conductivity for polycrystalline materials with single
coherence length. However, since YBa;Cu3O7-, has a
intrinsic anisotropic nature, single crystals or oriented thin
films are preferred to study the effective dimensionality.
Worthington et al.® and Gallagher et al.” used single crys-
tals and measured H.,(T) inductively. Note that these
authors define &.(0)%=ady/[270.69T.(dH¢,/dT)z,]. Us-
ing our definition of £.(0), their values become 5.8 and
3.6 A, respectively. If we arbitrarily take a p/py =0.5 cri-
terion as has been commonly done, and assume a linear
fit, our data yield £.(0)~3.8 A. However, there is
marked curvature at low fields in contrast to the p/py
=(.9 criterion or as done in Fig. 2.

It is worth examining the implications of the short
coherence lengths and the effective two dimensionality of
the superconductivity in YBa;Cu3O7—-,. Assuming that
the superconducting layers are the Cu-O planes and that
there is one carrier per unit cell, the density of the carriers
in the unit area nyp~3.3%x10!* cm ~2. For an in-plane
coherence length of 16 A, this corresponds to a maximum
of four pairs per coherence volume, much less than in con-
ventional superconductors. Such a low number of pairs in
a coherence volume is related to the presence of critical
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fluctuation at the transition. It also implies that within a
BCS-like picture most of the Fermi sphere participates in
the pairing interaction.

In conclusion, we have argued in this paper that
YBa;Cu3O7-, exhibits quasi-two-dimensional supercon-
ductivity with very short coherence lengths, and that the
transition exhibits critical fluctuations with a correlation
length exponent of ~0.65.
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