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near the edge of the superconducting transition in Bi2Sr2CaCu20&+5

G. Balestrino, M. Marinelli, and E. Milani

A. A. Varlamov
Forum: Project on Condensed Matter Theory of Consorzio Interuniuersitario Nazionale per la Fisica della Materia (INFM),

Fi renze-Pisa, Italy

L. Yu
International Centre for Theoretical Physics, P 0 B.ox. 586, strada Costiera 11, Trieste, 34100, Italy

and Institute of Theoretical Physics, Chinese Academy ofSciences, Bejiing 100080, China
(Received 10 July 1992)

The experimentally observed increase of the transversal resistance near the edge of the transition in
Bi,Sr,CaCu2O8+z epitaxial film is analyzed on the basis of a recent theoretical proposal on its Auctuation
origin [L. Ioffe, A. I. Larkin, A. A. Varlamov, and L. Yu, Phys. Rev. B (to be published). It is shown
that the excess resistance in a wide range of temperatures increases logarithmically as the superconduct-
ing transition temperature is approached from above, in agreement with the theoretical consideration.
These results are also compared with the available data on YBa2Cu307 compounds.

I. INTRODUCTION

The maximum in the temperature dependence of the
resistivity of the high-T, superconductors near the edge
of a transition has a long history. This type of semicon-
ductor behavior was often observed in ceramic samples.
As the quality of samples has been improving and single
crystals are becoming available, the shape of the transi-
tion for in-layer measurements has appeared to be more
and more traditional, ' i.e., a linear temperature depen-
dence in the normal state and a sharp drop at T, . At the
present time, the quality of samples permits one to mea-
sure reliably the conductivity not only in the ab plane,
but in the c direction as well. As a result, the increase of
the transversal resistance was observed unambiguously
for Bi2Sr2CaCu2O& compounds. ' The situation is less
clear for YBa2Cu307 compounds where the temperature
variation of the transverse resistance is strongly sample
dependent.

As remarked by Anderson, the difference in the tem-
perature dependence of the longitudinal and transverse
resistivity is the most difficult point to explain in the
framework of conventional Fermi-liquid theory. Recent-
ly, a possible interpretation of this difference was
identified with a striking dissimilarity in the role of super-
conducting fluctuations in the ab plane and c-axis direc-
tion. It turns out that the usual paraconductivity in the
case of transversal current shows up only in the second
order of the interlayer transparency (fourth power of the
transverse hopping integral). On the other hand, the less
singular, as a function of the reduced temperature, nega-
tive contribution, originating from the decrease of the
single-electron density of states in each layer due to the
presence of Auctuation pairing, is proportional to the first
order of transparency and becomes more important. It
gives rise to a logarithmic increase of the transverse resis-

tivity, which can be observed in a sufficiently wide range
of temperatures. As a consequence, these two competing
contributions of opposite sign with very different temper-
ature dependence lead to the appearance of a maximum
in p(T) in the immediate vicinity of the critical tempera-
ture.

In this paper we first report our experimental results
on the transverse resistance of Bi2Sr2CaCu208+& epitaxial
films and we show that they cannot be fitted by a simple
power-law temperature dependence in a suNciently wide
range or by a more sophisticated empirical formula '

below 150 K (Sec. II). Then we briefly outline the
theoretical results of Ref. 5 in a form more convenient
for comparison with experiments and more likely to
make this paper self-contained (Sec. III). Furthermore,
we fit the data with the theoretical formulas of Ref. 5 and
the agreement turns out to be very good in a wide range
of temperatures above T, (Sec. IV). We consider this as
strong evidence in favor of the fluctuation origin of the
resistance increase near T, . Finally, we make some con-
cluding remarks and comments on the difference between
YBazCu307 and Bi2Sr2CaCu20s (Sec. V).

II. EXPERIMENT

The investigation of the Auctuation conductivity in
high-T, superconductors requires careful measurements
of the resistivity behavior above the transition tempera-
ture. In the case of in-plane fluctuation conductivity in
Bi2SrzCaCu208 systems, the experiments indicate a two-
dimensional behavior of Auctuations in a wide range of
temperatures —4(in[(T —T, )/T, ] (—2 (see Ref. g).

On the other hand, the experimental investigation of
the Auctuation conductivity along the c axis has to be
carried out either on single crystals or monocrystalline
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FIG. l. Resistivity vs temperature curve for an epitaxial
Bi2Sr&CaCu2O8 film grown on a 2.5'-misoriented NdGa03 sub-
strate (squares). For comparison, the resistivity vs temperature
curve of a Bi2Sr2CaCu&08 film grown on a well-oriented
NdGa03 substrate is also reported (solid line).

films. Unfortunately, to our knowledge, no one has suc-
ceeded so far in growing truly monocrystalline films of
Bi2Sr2CaCu208 with the c axis in plane. Moreover, single
crystals of Bi2Sr2CaCu208, grown by the usual Aux

method, contain a large number of extended defects per-
pendicular to the c direction. To overcome, as much as
possible, this difhculty, single crystals are usually cleaved
into extremely thin ab-plane sheets. Therefore measure-
ments of p, (T) have to be carried out along the c crystal-
lographic direction on ab-oriented single crystal sheets of
a few pm thick only. Such a setup gives rise to an un-
avoidable degradation of the p, measurements which can
hinder the small Auctuation effects on the resistivity it-
self.

To avoid this problem, we have measured the resistivi-
ty of monocrystalline films grown by liquid-phase epitaxy
(LPE) on slightly ab-misoriented NdGa03 substrates.
LPE has proved to be a suitable technique to grow mono-
crystalline Bi2Sr2CaCuz08 films truly epitaxial relative to
the substrate. " The nice feature of the LPE films is
the very narrow mosaic spread (less than 0. 1 ). The
structural and transport characterizations of the
Bi2Sr2CaCu208 films have been discussed in Ref. 12. The
crystal NdGa03, which has an orthorhombic structure
with a =5.42 A, b =5.50 A, and c =7.71 A, turned out
to be a suitable substrate for the Bi2Sr2CaCu208 films

0 0

(with lattice parameters a =5.41 A, b =5.43 A, and
c =30.81 A). The (001)-oriented NdGa03 slices provide
a satisfactory in-plane match between the a and b lattice
parameters of the film and substrate and, therefore, can
be used to grow ab-oriented Bi2Sr2CaCu208 films.

We have grown Bi2Sr2CaCu208 films on NdGa03 sub-
strates slightly misoriented relative to the (001) plane.
The misorientation angle 4& (the angle between the nor-
mal to the physical surface of the film and the c-
crystallographic axis) was between 1' and 3', i.e., much
larger than the mosaic spread of the epitaxial
BizSr2CaCu208 films. Nevertheless, N values of a few de-

grees will still allow the growth of good quality epitaxial
films. In Fig. 1 the behavior of resistivity vs temperature
is shown for a film grown on a NdGa03 substrate with
+=2.5 . For comparison, the behavior of resistivity vs

temperature for a typical film grown on a well-oriented
substrate (with 4 much smaller than the mosaic spread)
is also reported in the same figure. The resistivity for the
film grown on a misoriented substrate shows a nonmetal-
lic behavior with a maximum close to the transition tem-
perature. The film thickness is 1 pm.

The resistivity measurements were carried out by the
standard four-probe technique on a narrow strip 50 pm
wide and 1 mm long. The strip was obtained by the stan-
dard photolithographic technique. The rnisorientation
between the strip and ab plane was 2. 5 . Since the ratio
of p, /p, b=10, the resistance of the strip, even for a
misorientation as small as 2.5, is still dominated by the
contribution along the c axis. As a rnatter of fact, the
resistivity shown in Fig. 1 just above the transition tem-
perature is larger than that found for films grown on
well-oriented substrates (with a misorientation smaller
than the mosaic spread of the film) by a factor of about
300. A straightforward estimate of p, from the data of
Fig. 1 gives p, (90 K)-1 Ocm, in good agreement with
resistivity values reported from measurements on single
crystals. All these considerations imply that the contri-
bution from the in-plane conduction in Fig. 1 is negligi-
ble.

Various models have been proposed to explain the
unusual nonmetallic behavior of the out-of-plane conduc-
tion of Bi2Sr3 Ca Cu208+& compounds, including
interplanar tunneling' and percolation conduction
enhanced by defect scattering. ' A simple empirical ex-
pression was first proposed to explain the behavior of the
electrical conductivity along the c axis in the case of
YBa2Cu307 s (Ref. 6) and then extended to
Bi2Sr3 Ca„Cu20s+s (Ref. 7):

p, (T)=p~T exp

where a is about 0.7 and 6 represents a small activation
energy of the order of 10 meV. However, attempts to fit

p, (T) with the above expression in the whole range from
room temperature to the transition temperature were not
fully satisfactory. Below about 150 K the experimental
curve of p, (T) deviated from the empirical expression (1).
The deviation was particularly evident between 100 K
and the transition temperature where the experimental

p, (T) greatly overshoots the empirical formula. It was
also noted in Ref. 7 that "precisely in this temperature
range the ab-plane electrical resistivity deviates from a
purely linear temperature dependence. "An attempt to fit
our experimental data using the empirical formula (1)
gave quite poor results similar to those described in Ref.
7.

III. THEORY

As mentioned in the Introduction, there has been a re-
cent proposal to interpret the increase of the transverse
resistance near the transition temperature in terms of su-
perconducting fluctuations. Here we summarize the
main results of this theoretical consideration.

In order to calculate the transverse component of the
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Auctuation conductivity in a layered superconductor, we
adopt the electron spectrum in the form of a modulated
cylinder:

g(p) E(p) sF u+( pll~ pF)+w cos(pia),

where p=(p~~, p~) is the electron momentum, w the elec-
tron hopping integral between layers, and a the interlayer
distance.

The transverse Auctuation conductivity may be easily
expressed in terms of the analytically continued operator
of the electromagnetic response Q "ti(co)

[Qi(~))'
o,"= lim (3)

~~0 l CO

The diagrams for Q "ti are presented in Fig. 2. We con-
sider the case of a clean metal (Tr)) 1), and in the calcu-
lation of paraconductivity, we neglect the electron
scattering described by the relaxation time ~. We focus
on the most interesting case of low transparency w « T„
which is materialized for Bi2Sr2CaCu208 compounds and
gives rise to an unusual competition between different
contributions and a crossover at temperatures
T —T, «T, for the ab in-plane Auctuation conductivi-
ty. However, the hierarchy of the Auctuation contribu-
tions in the c direction differs dramatically from the in-

(a)

(c)

FIG. 2. Diagrams for the di6'erent fluctuation contributions
in the operator of the electromagnetic response.

layer situation and leads to a nontrivial increase of resis-
tivity at the edge of transition in the c direction, as we
will see below.

A. Transversal paraconductivity

The calculation of the Aslamazov-Larkin (AL) contri-
bution [Fig. 2(d)] is performed in the usual way' with
velocities

BE,
u (p)= = —wa sin(p a),

Bp,

in each external vertex of the diagram. The fluctuation
propagator (the wavy line in Fig. 2) for layered supercon-
ductors has been discussed repeatedly (see, for example,
Refs. 8 and 16):

1 1L (q, tv) = ——
p [(T—T, )/T, ]

—into/8T, + 2gq~~ +6'(w Iv~) sin (qua /2)

T —T
Q2

e

8 wa

16a vF

where p is the density of states and i) =7/(3)vF /48m' T, is the well-known parameter of the Ginzburg-Landau theory in
the clean case.

After a straightforward calculation of the diagram Fig. 2(d), one finds the general expression for the AL contribution
to the transverse conductivity when T —T, «T, :

2 T T 1/2 T T 1/2 2 T —T,$2+ $2+ (6)
e e

where SO=7/(3)w /8n T, is the parameter characteriz-
ing the effective transverse size of the Cooper pair in the c
direction,

1/2
l(3D) 8 27T

8a 7g(3)
wa Ta
VF T —Te

1/2

and the behavior of the paraconductivity is evidently
three dimensional, because the size of the Cooper pair is

oa

[(T—T, )/T, ]'i(T)=

and its ratio to the lattice constant a determines the
dimensionality of the fiuctuating Cooper pairs [at the
crossover temperature T„—T, -w /T„ the condition
gi(T„)-a is fulfilled]. One can see from (6) that in the
immediate vicinity of the transition, when gi( T) ))a
(T —T, «w /T, ),

much larger than the interlayer distance.
At temperatures higher than the crossover point

(T —T, )w IT, ) gi(T) &a, one finds from (6) a quite
surprising result:

aoD) 7&(3)e wa
AL 2+a vF

w

T.

2

T —Te

First of all, the critical exponent 2 in this range of tem-
perature follows zero- (not two-) dimensional behavior of
fiuctuation conductivity (as, for example, in granular su-
perconductors). Of course, the fiuctuating Cooper pairs
are two dimensional (2D) and contribute as 2D objects to
the Auctuation conductivity o.

AL in the ab planes. '
However, their motion in the c direction has a hopping
character, so due to the necessity of replacement in the
next layer of both electrons during the Cooper pair life-
time At —1/(T T, ) the appropriate ch-arge transfer be-
comes possible in the second order of the barrier tran-
sparency only and the critical exponent changes from 1
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to 2. This is the fact that rejects the effective zero-
dimensionality of the Cooper-pair motion in the c direc-
tion.

Another important feature of (9) is that o~(L ' turns
out to be proportional to w, i.e., the second order of the
interlayer transparency in the language of the Lawrence-
Doniach model. ' It means that besides the natural an-
isotropy of the obtained result, an additional small pa-
rameter 50 is contained in it. As we will see below, this
feature changes drastically the usual hierarchy of the
Auctuation contributions. Contrary to the in-plane case,
the contributions from the first three diagrams in Fig. 2
have to be taken into account for considering transverse
conductivity.

B. Particular role of density-of-states fluctuations

In the case of o Ii, the contributions from the first three
diagrams cancel each other exactly for dc Auctuation con-
ductivity. In contrast to the in-plane situation, in the
case under consideration such a cancellation is no longer
valid. In fact, the AL contribution is proportional to w .
One can easily see that the contribution of the Maki-
Thompson- (MT)-type diagram [Fig. 2(c)] gives nonvan-
ishing results only in the fourth order of w, too (but it is
less singular as a function of the reduced temperature in
comparison with o.~L). On the contrary, the contribution
of the first two diagrams turns out to be proportional to
w and hence in the problem under discussion it will be
of primary importance.

As discussed earlier, ' ' these two diagrams describe
the effect due to the change of the single-electron density
of states. In fact, some electrons in each layer are in-
volved in fluctuation Cooper pairing in every moment,
and hence the number of electrons participating in
charge transport (tunneling current) in the c direction
effectively decreases.

In the above discussion of paraconductivity, there was
no need to discuss electron scattering. Now, considering
single-electron conductivity, we have to take into account
some scattering mechanisms because they set the limit of
the conductivity itself. The origin of electron scattering
was discussed in detail in Ref. 5, and now we adopt the
simplest case Tr) 1 (but not very large) and evaluate the
expression for single-electron conductivity,

oi(co)= 2e f — f de Ui ImG "(p E+cu)2 d p ~ 2r)n(E)
(2~)'

X ImG "(p, c.), (10)

where n (e) is the Fermi distribution.
The advanced Green's function G (p, e) has to take

into account both electron scattering (to all orders of the
perturbation theory) and the possibility of fluctuation
pairing of electrons (to first order only). It is convenient
to express it in terms of the self-energy operator

GA(pe)[GA(pE)]2/A(p8)

where

and

& (p, E„)=Tgf,I. (q, 0 )G, (q —p, Q.—e ) .dq

(13)
Accomplishing the analytical continuation of (13) and

carrying out the integration over frequencies, one can
find for the density of states (DS) contribution [for the
two-dimensional region w /T, ~ T —T, && T, and to
leading order of T, I( T —T, ) only]

2 2 2
m e (T )2

wa

7$(3)a
T.

ln
T —T

C

(14)
UF

T(») = T (15)
32~' T, T

(of course, if this point belongs to the range of tempera-
tures where both formulas are valid) and the resistivity
decreases as the temperature is lowered further. At
T,„—T, —w IT„ the crossover from zero-dimensional
behavior [Eq. (9)] to three-dimensional behavior [Eq. (8)]
occurs. At this temperature gi(T„)—a and in some
sense the barriers between the metallic layers disappear.
Here o.~L

' does not contain w (but w only). The
effective size of Cooper pairs exceeds the interlayer dis-
tance, and at these temperatures the only scale left in the
system is gi.

One can easily check that, because of the presence of a
small numerical coefficient in (15), in the case of not very
small w and even not very large T~ the position of max-
imum can occur at a temperature below the crossover
point T,„—w IT, . In this case expression (14) is already
not valid, and in order to find the position of maximum
one has to use the asymptotical expression (8) and evalu-
ate expression (13) for the case of three-dimensional fluc-
tuations. Simple analysis of formula (13) shows that at
temperatures below the crossover point O. Ds

' only weak-

ly depends on the reduced temperature and is mainly
determined by its value at the crossover point

The total Auctuation correction in transverse conduc-
tivity for temperatures w /T, ~ T —T, &&T, is deter-
mined by the sum of contributions (6) and (14).

Let us now discuss the results obtained. First of all,
the hopping character of the electron motion in the c
direction changes drastically the usual hierarchy of the
fluctuation corrections and, what is even more important,
it changes the sign of the correction in a wide range of
temperatures (if w ((T, ). Indeed, in spite of the dramat-
ic difference between the weak temperature-dependent
oD(s ' (-ln[T, I(T —T, )]) and the strongly
temperature-dependent o ~iL '

( —[T, I( T —T, ) ] ), the
presence of an additional small transparency coefficient(-w ) in the latter gives rise to the domination of the 2D
contribution in a sufficiently wide range of temperatures
above T, . The competition of these two contributions
leads to the appearance of a maximum in the temperature
dependence of the resistance at

Go (p, E)= E —g(p)— (12)
2 2 22' e

( )q
wa

Ds 7g(3) c
Tc

(16)
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Then, for the position of the maximum in this case, one
obtains the estimate

T(~D) T 1+ 703)
m c 26 2 (T )P

(17)

17.0—
E

& 165-
E

16.0—
~ 1H

15.5—

15.0 '

0
0

I

100

5

50 100 150 200 250

Temperature (K)

120

oooo~
oooo .oopooooooo»

140 160

Temperature (K)

FIG. 3. Enlarged view of the resistivity vs temperature curve
of the sample shown in Fig. 1. The solid line is the fit to the
theoretical expression (14), while the dashed line shows the be-
havior of the fitting function outside the fitting region. In the
inset the full resistivity vs temperature curve is plotted.

IV. COMPARISON OF THEORY
%KITH EXPERIMENTS

Now we try to interpret the experimental data of p, ( T)
reported in Sec. II in terms of the superconducting fluc-
tuation model proposed by Ioffe et al. The agreement
between the experimental data for p, (T) in the tempera-
ture range from 120 K until the nearest vicinity of the
critical temperature with the behavior predicted by the
fluctuation model turns out to be very good.

In order to fit the experimental data with the results of
fluctuation theory, we have to subtract the background of
the normal-state resistance in the c direction, pi(T). As
far as we know, the precise temperature dependence of
the c-axis resistivity is still an open question. Some data
show a more or less linear temperature dependence over
certain range (see, e.g. , Ref. 7), whereas some other data
show a different dependence above the transition temper-
ature (see, e.g. , Refs. 2 and 3). Our data show a rather
good linear temperature dependence over a wide range
starting from room temperature. Although we do not yet
fully understand the origin of such a dependence of resis-
tance in the c direction, we would assume it as the back-
ground. For this purpose p, ( T) has been estimated by ex-
trapolating the experimental data from room tempera-
ture. The excess resistivity ps(T) =p(T) p&( T) has —then
been fitted in the suitable temperature range 93 ~ T ~ 110
K using expression (14). In accordance with the above
theoretical discussion, the paraconducting contribution is
expected to be negligible because of the small value of the
hopping integral w. In Fig. 3 the resistivity behavior be-
tween 160 and 80 K is shown on an expanded scale for
the same sample of Fig. 1. The theoretical expression
(14) used to fit the experimental data contains only one
free parameter, namely, the prefactor of
ln[T, /(T —T, )]. The critical temperature T, used by us
in (14) has been determined independently according to
the usual criterium p(T, )=pi(T, )/2. We would like to
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FIG. 4. Enlarged view of the resistivity vs temperature curve

of an epitaxial Bi2Sr2CaCu208 film grown on a 1.3 -misoriented
NdGa03 substrate. The solid line is the fit to the theoretical ex-
pression (14), while the dashed line shows the behavior of the
fitting function outside the fitting region. In the inset the full
resistivity vs temperature curve is plotted.

emphasize that our fitting was done under the assumption
of a linear temperature dependence of the normal-state
resistivity, but a more complicated expression, as given in
(1), would obviously improve the quality of the fitting.
Nevertheless, we prefer the simplest way to test the ex-
perimental data with theoretical predictions.

In Fig. 3 the solid line through the experimental points
represents the fit with (14). For temperatures lower than
93 K, expression (14) overshoots the experimental value
of p(T). This effect can be attributed to the increase of
the positive contribution from the paraconductivity [Eq.
(6)]. At about 86 K, the competition of these two contri-
butions determines the appearance of a maximum in
p( T). Then, as the temperature goes further down to T„
the resistivity decreases, in a qualitative agreement with
the theoretical prediction [Eq. (6)]. Unfortunately, the
small number of our experimental data points does not
permit us to fit the experimental results with the theoreti-
cal prediction in this region of temperatures.

For temperatures higher than 105—110 K, the results
of the theory summarized above are not expected to be
valid because of the assumption T —T, «T, adopted
above. However, the fit remains satisfactory up to about
140 K. This fact can be explained by the extremely slow
logarithmic temperature dependence of the fluctuation
correction.

The same measurements were performed on a second
film grown on a substrate with +=1.3 . The results ob-
tained for this film are shown in Fig. 4. Again, the fitting
is very good. The resistivity is lower than that of the first
film, as expected from the lower value of @.

V. DISCUSSION

Let us begin our discussion with an attempt to recon-
cile the position of the maximum in the experimental
curve with that of the theoretical prediction. This pro-
cedure depends strongly on an assumption about the
values of w and T~. The value of m for Bi2Sr2CaCu2O8
was estimated before from the crossover temperature
and from the anisotropy of the normal-state resistance as
co-15—20 K. T~~ 1 was adopted above. Hence the
crossover temperature T„—T, —w /T, -4—5 K and the
maximum in the temperature dependence of the trans-
verse resistance occurs exactly in the same temperature
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range. The estimation of the 6T =T —T, from for-
mula (15) with to —15 K and Tr even of order of 1 gives
AT' '-0. 5 K, which is almost one order of magnitude
less than the experimental value (b, T'" '=3 K). More
important is that T' ' turns out to be below the cross-
over temperature; hence, for the estimation of T, we
have to use the three-dimensional result T' ' [Eq. (17)],
which gives much better estimation of b, T —2 K (at the
same assumption Tr- 1).

Therefore we have to adopt that in our experiments on
Bi2Sr~CaCu208 films the crossover between OD and 3D
behavior of paraconductivity and the maximum in the
transverse resistance occur in the same range of tempera-
tures (a few degrees above the critical temperature). The
intermediate value of the parameter T~-1 is more or less
appropriate, as one would expect.

It is worthwhile to mention that in the recent experi-
ments of Baraduc et al. on YBazCu307 single crystals
the crossover from OD to 3D behavior has been observed.
The authors of Ref. 20, independently of Ref. 5, found
theoretically this unusual crossover behavior using the
Ginzburg-Landau approach and have observed it experi-
mentally. However, they did not find the maximum in
the temperature dependence of the transverse resistance
for YBa2Cu307 samples. A plausible explanation of this
discrepancy may come from the fact that the value of w
for YBa2Cu307 is larger compared with Bi2Sr2CaCuz08;
so paraconductivity (in spite of its proportionality to w )

still dominates the contribution originating from

density-of-states Auctuations in the entire region
T —T, «T, . One may note in this connection that some
YBa2Cu307 samples did show some not very pronounced
increase of the transverse resistance ' which may be asso-
ciated with the dependence of the hopping integral on the
oxygenation state of the sample. Hess et a/. have mea-
sured the c-direction resistance on BizSr2CaCuz08 single
crystals in the presence and absence of a magnetic field in
the c direction. The transverse-resistance increase near
T, is very similar to our data, but a detailed comparison
has to be made.

Finally, let us summarize the main results of this pa-
per. The experimentally observed increase of the trans-
verse resistance fo Bi2S 2CaCu2O8 epitaxial films in a
wide range of temperatures is found to be in good agree-
ment with the recently proposed fluctuation theory of
this phenomenon. Analysis of the experimental curve al-
lows us to conclude that the values of the hopping in-
tegral and the elastic electron-scattering time are in
agreement with the corresponding values extracted from
in-plane fluctuation conductivity measurements and the
anisotropy of normal-state conductivity.
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