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Superconducting states with extended-s-wave symmetry have been suggested in connection with recent
angle-resolved photoemission experiments on Bi,Sr,CaCu,0g. In the presence of impurities, thermodynamic
properties of such states reflect a residual density of states N(0) for a range of concentrations. While properties
reflecting N(w) alone will be similar to those of d-wave states, transport measurements may be shown to
distinguish qualitatively between the two. In contrast to the d-wave case with unitarity limit scattering, limiting
low-temperature residual conductivities in the s-wave state are large and scale inversely with impurity con-

centration.

Introduction. Recent high resolution angle-resolved pho-
toemission (ARPES) experiments on Bi,Sr,CaCu,0Og have
been interpreted in terms of a highly anisotropic order pa-
rameter with a large gap in the (77,0) direction and two lines
of nodes near a small gap in the (r,7) direction.! While
alternative explanations consistent with an order parameter
A, which reduces the symmetry of the Fermi surface [e.g.,
d-wave, see Fig. 1(a)] have been put forward,? it is interest-
ing to consider the consequences of the simpler suggestion
that A, has the full symmetry of the crystal, but changes sign
[see Fig. 1(b)]. Fehrenbacher and Norman® have considered
the effects of potential scattering on such a state, following
earlier work on anisotropic-s states with nodes,** and shown
that small concentrations of impurities can lead to “gapless”
behavior in the density of states [i.e., with residual density of
states N(0)>0], followed by the opening of an actual in-
duced gap in the quasiparticle spectrum as the concentration
is increased further. The prediction of a range of impurity
concentrations over which ““gapless’ behavior is predicted is
important because microwave and NMR experiments, par-
ticularly on Zn and Ni-doped Y-Ba-Cu-O crystals®’ have
shown evidence of low-temperature thermodynamic proper-
ties reflecting the existence of a residual density of states.
They have been interpreted most often in terms of a d-wave
pairing scenario,’ 1% where the well-known effect of dirt is to
induce a residual density of states for infinitesimal
concentrations.!’ The intriguing possibility raised by the
ARPES experiment' is that many of the observations of
“gapless” behavior can be equally well explained by an an-
isotropic state with extended-s symmetry. We propose here
to examine this proposition critically.

Before beginning, it should be noted that the scenario
suggested by the ARPES work of Ref. 1 faces several diffi-
culties even if it can successfully account for the microwave
and NMR data. The most important of these is the set of
superconducting quantum interference device experiments'?
indicating that the order parameter A; changes sign under a
/2 rotation. While the extended-s order parameter dis-
cussed here indeed changes sign over the Fermi surface, the
symmetry of the expected tunneling currents is not, within
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the simg)lest theory, consistent with the observations
reported.’>!* Furthermore, the existence of a small gap in the
(7, ) direction in Bi,Sr,CaCu,0g has been questioned by
at least one other photoemission group claiming similar an-
gular and energy resolution.'> We do not address any of these
discrepancies in this work.

In the absence of definitive answers to the above ques-
tions, we assume the plausibility of the Argonne-U. Illinois
argument and investigate the consequences of assuming the
order parameter symmetry identified in Ref. 1 within a gen-
eralized BCS model. While these authors pointed out that
their data were consistent with an order parameter over a
realistic Bi,Sr,CaCu,Og Fermi surface with symmetry
A~ cosk,cosk,, we work here with an even simpler model
with cylindrical Fermi surface, in which case a rather good
fit to the data can be obtained by assuming A,
=Ay(|cos2¢|— 1), with Ag=35 meV and 7,=0.25, as
shown in Fig. 2. With this set of parameters, a BCS weak-
coupling approach yields the gap magnitude ratio
Ay /T.=2.92. Note that 7, controls the angular range over
which the s-wave order parameter is negative. The case
170=0 corresponds to a somewhat pathological state of type
(c), while 7y=2/m corresponds to equal positive and nega-
tive weights, (A;)=0, where (...) is a Fermi surface aver-
age. Other choices of basis functions may result in a some-
what better overall fit and avoid the cusp at ¢= w/4, but we
do not expect these details to affect our qualitative conclu-
sions.

a) b) c)

FIG. 1. Order parameters plotted over tetragonal Fermi surface:
(a) d,2_,> state. (b) extended s-wave state; (c) s-wave state with
gap minima at Fermi surface.
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FIG. 2. ARPES determination of energy gap as FIG. 3. Residual density of states N(0)/N, in extended-s state

Bi,Sr,CaCu,0g function of angle ¢ around Fermi surface. Data
from Ref. 1. Solid line: A;=Ay(|cos2¢|— 1), with 74=0.25.

Consequences of order parameter symmetry. It is some-
times stated that measurements of penetration depth, angle-
resolved photoemission, thermal conductivity, and nuclear
magnetic relaxation experiments provide evidence for gap
nodes, but do not determine if the order parameter changes
sign. This is because experiments of this kind are normally
assumed to measure properties sensitive to the order param-
eter A, only through the Bogoliubov quasiparticle spectrum,
E,= \/§,2€+|Ak|2. Since E; does not depend on the sign of
the order parameter, all three states shown in Fig. 1 should
have the same (linear) low-energy density of single-particle
states N(w), and all properties deriving directly therefrom.
Systematic impurity-doping studies of transport properties
can in principle help to identify the order parameter symme-
try, however. Unconventional states like the d,2_,2 state
[Fig. 1(a)] possess nodes on the Fermi surface for symmetry
reasons, whereas their existence is ‘“accidental” in the
s-wave case [Figs. 1(b) and 1(c)]. In the d-wave case, su-
pression of gap variation in k-space can only result in an
overall supression of the order parameter magnitude,
whereas in s-wave cases (b) and (c), it results eventually in
the elimination of the nodes. In many-body language, the
crucial point is that the off-diagonal impurity self-energy
3., is nonzero in s-wave states 1b and 1c, but vanishes in the
d-wave state la. In the isotropic s-wave state, a large 3,
cancels the diagonal self-energy 3,6 leading to Anderson’s
theorem,!” whereas in extended-s states this cancellation is
only partial. A large 3,; furthermore prevents the formation
of a scattering resonance at the Fermi surface, leading to
clean limit low-frequency transport coefficients which in
extended-s states for T<<T_ vary relatively weakly with tem-
perature. By contrast, in the d-wave (or other unconventional
state where 3,;=0), resonant scattering leads to transport
properties which vary strongly in temperature for
T<T..'8 2 In this sense the characteristics attributed to
extended-s states here are also valid qualitatively for any
mechanism which generates an off-diagonal self-energy in a
d-wave state as well, e.g., tetragonal symmetry breaking or
locally induced s-wave components due to impurity poten-
tials.

Single-particle properties. The disorder-averaged matrix
propagator describing any of the states (a)—(c) above is writ-
ten

vs normalized scattering rate I'/T., for ¢=0. Dashed line:
179=0.25 obtained from fit to data of Ding et al. (Ref. 1).

> 1)

where the 7/ are the Pauli matrices and Ay is a renormalized
unitary order parameter in particle-hole and spin space. The
renormalized quantities are given by @=w—2y(w),
&=&+35(w), and A=A +3,(w), where the self-energy
due to s-wave impurity scattering has been expanded
3=3,7 . The relevant self-energies are given in a self-
consistent ¢-matrix approximation’>?° by

TG,
T+ GA-G5
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1_62+G%—G% ’

P 2
where I'=n;n/(7N,) is a scattering rate depending only on
the concentration of defects n;, the electron density »#, and
the density of states at the Fermi level, Ny, and we have
defined G ,=(i/2wNy)2Tr[7%g]. The strength of an indi-
vidual scattering event is characterized by the cotangent of
the scattering phase shift, ¢c. The Born limit corresponds to
c>1, so that 2‘1’= *+I'yGO, while the unitarity limit corre-
sponds to ¢=0. We have defined the normal-state impurity
scattering rate as I'y=I"/(1+c?); note that in the high-T,
cuprates the total scattering rate at 7, includes inelastic scat-
tering and is expected to be much larger for clean samples.

A crucial feature of the physics of d-wave superconduct-
ors is that an infinitesimal concentration of impurities pro-
duces a finite density of states N(0)>0 at the Fermi level,!!
leading to temperature dependences characteristic of the nor-
mal state in all transport quantities. Solving the self-
consistency equations at w=0 for the extended-s wave state
under consideration leads immediately to the conclusion that
such “gapless’ behavior is possible only for a range of scat-
tering rates I'<I",, however.? This is illustrated in Fig. 3. A
low frequency expansion in the gapless regime yields
Lo /To=mno(1+c?).

Can the same experiments which seem to fit the “dirty
d-wave” scenario also be explained by extended-s states?
The difficulty is how to fix the actual impurity scattering
rate, I', given the known concentration. One way is to at-
tribute the additional extrapolated T— 0 resistivity to impu-
rity scattering, such that the elastic and inelastic rates add
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incoherently. If one attempts such an analysis for Zn-doped
Y-Ba-Cu-O crystals using results from, e.g., Chien et al.,?!
one finds that I'/T.=0.3—0.5 per 1% Zn. Since Zn-doping
studies of Y-Ba-Cu-O indicate gapless behavior up to several
per cent Zn, it would appear that an extended-s picture is
plausible for Y-Ba-Cu-O only if one assumes 7, close to the
critical value 2/7r for which (A,)=0.> We are not aware of
similar doping studies in single crystal Bi,Sr,CaCu,0Og, but
assuming for the moment that Zn scatters equally strongly in
this material, we see from the dashed line in Fig. 3 that a
well-developed gap in the excitation spectrum should be in-
duced in Bi,Sr,CaCu,0g by a few per cent Zn doping. Note
that the results shown in Fig. 3 are not sensitive to changes in
the scattering phase shift ;.

Transport properties. Electrical and thermal conductivi-
ties, as well as sound attenuation, will be considerably dif-
ferent in extended s- and d-wave states, as suggested by the
following argument. Any dc transport coefficient L(7T) in a
system characterized by well-defined single-particle excita-
tions will vary with temperature roughly as
L(T)~N(o=T)1(w=T), where N(w) is the density of
states and 7(w) the relaxation time. In the clean d-wave
case, resonant scattering gives 7 (w)=23((w)~N(w) !
up to logarithmic corrections, yielding L(T)~T?. In the
Born limit, ¢>1, similar arguments yield L~const. for
d-wave transport coefficients.

Impurity-limited transport in the extended s-wave state
will be qualitatively similar to the d-wave case if the scatter-
ing is weak, ¢>1. In contrast to the d-wave case, however,
for c—0 (and 7y<€1) resonant scattering does not occur,
since the denominator of the ¢ matrix, c>—Gj+G?
=(1— 79)%.*° A simple low-T estimate accounting for nodal
quasiparticle contributions gives L~Ly(1—27,) as T—0.
The exact behavior in this range will be influenced by self-
consistency effects and the leading frequency dependence of
the ¢ matrix. The resultant temperature dependence will then
be intermediate between the strong and weak scattering lim-
its of d-wave transport coefficients.

Example: Microwave conductivity of extended-s super-
conductor. In Ref. 23, expressions for the complex conduc-
tivity of an anisotropic s-wave superconductor were derived.
We do not reproduce these rather lengthy expressions here,
but merely comment that a fully self-consistent numerical
evaluation confirms the qualitative picture of low-frequency
transport described above. Some typical results are shown in
Fig. 4 for a model in which inelastic scattering has been
neglected entirely. The limiting conductivity as T—7T, is
therefore the impurity Drude result, oq=ne?/(2mly),
which for I y<<T_ is much larger than the actual conductivity
in the cuprates at the transition, o(T.), indicated roughly in
the figure. At low temperatures T<<T., inelastic scattering
may be neglected and the results displayed are valid. The
most important qualitative feature of the results is that for
10<2/mr, the effective limiting value of the conductivity in
the extended-s state is nonzero and generically much larger
than o(T.) in clean systems, such that o=o(T—0)/
o(T.)>1. This residual conductivity diminishes as
70— 2/7, when the result should be qualitatively similar to
the d-wave conductivity with resonant scattering due to the
vanishing of the off-diagonal self-energy. Note, however,
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FIG. 4. Conductivity of extended-s state, A,/7T.=2.92,
I'/T,=0.1, c=0, 5,=0.1, 0.25, and 0.5 (solid lines). Also shown,
T'/T.=0.01, 5,=0.25 (dashed line).

that for generic values of 7, e.g., that apparently appropri-
ate for Bi,Sr,CaCu,0yg, the residual conductivity scales in-
versely with the impurity scattering rate I, in contrast to the
resonant d-wave case where the residual conductivity is in-
dependent of I" to leading order.

As shown in Fig. 4, the temperature dependence of the
conductivity for most of the low temperature range may
mimic a linear behavior. This is intriguing, given the linear-T
conductivity observed in microwave experiments on clean
Y-Ba-Cu-O crystals,® but the large residual conductivity pre-
dicted (unless 7, is close to 2/7r) would seem to be incon-
sistent with recent studies indicating that o(T—0) is very
small in twin-free samples. We are not aware of similar ex-
periments on high-quality Bi,Sr,CaCu,Og single crystals.
One final point of interest is that the form of o(T) is only
weakly dependent on disorder, as shown in the figure; of
course the overall conductivity scale o, depends inversely
on impurity concentration.

To illustrate the comparison of these results with those
expected for a d-wave superconductor, we plot in Fig. 5 the
conductivity in a d,2_ > state in the resonant (¢=0) and
Born (¢ =10) limits, together with an example of intermedi-
ate strength scattering (c=1) chosen to give the same effec-
tive o(T—0) as the extended-s conductivity for 7,=0.25.
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FIG. 5. Comparison of conductivity of clean extended s-wave
state (dashed line), 7,=0.25,A,/T.=2.92, T'/T.=0.1,c=0 with
d,2_ 2 state, A/T,=2.14, I'/T,=0.1, ¢=10,1, and 0.
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Even in the last case the qualitative differences between the
s- and d-wave results are manifest. The dependence of the
s-wave result on the scattering phase shift and impurity con-
centration are found to be quite weak, except in the case
c>1, for which the result is qualitatively similar to the
d-wave Born result, since the denominator of the ¢ matrix
becomes irrelevant. Given the uncertainty regarding the ori-
gin of the residual conductivity in the high-T. materials it is
perhaps useful to give estimates for other transport coeffi-
cients. For example, since the coherence factors are essen-
tially the same for the electronic thermal conductivity
ko /T as for o(T), it is straightforward to see that the large
residual conductivity in the extended s-wave state implies a
large linear-7 term in the thermal conductivity of order
H1—-2m) 'yv%T/F ~» Where vy is the Fermi velocity and
7y is the normal state linear specific heat coefficient. Such
a term has not been observed below 2 K in single crystal
Bi,Sr,CaCu,0g (Ref. 24) but there are data at some-
what higher temperatures which are consistent with
09=K (T—0)T; /K. (T)T> 1.5 The linear term in « at
low T in Y-Ba-Cu-O appears to be quite small.?
Conclusions. We have shown that, although gapless be-
havior in thermodynamic quantities qualitatively similar to
d-wave states is to be expected for a range of impurity con-
centrations in extended-s states, transport properties are quite
different in the two states. In particular, residual 7—0 con-
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ductivities (o and «/T) are expected to be large and to scale
inversely with impurity concentration, in contrast to the reso-
nant d-wave case. Such experiments can therefore be used in
conjunction with Josephson measurements to settle the ques-
tion of order parameter symmetry. Existing transport data on
Y-Ba-Cu-O single crystals appear to restrict possible s states
to those where the average of the order parameter over the
Fermi surface is nearly zero, whereas the Bi,Sr,CaCu,0g
material may be consistent with a large average value
(7179=0.25). Further measurements on the latter system, par-
ticularly systematic doping studies to search for an impurity-
induced gap and to test impurity scaling of residual conduc-
tivities,will be necessary before the ARPES identification of
an extended-s symmetry order parameterl can be proven. A
careful determination of the temperature dependence of
over the 1-30 K range in Bi,Sr,CaCu,0g would be of great
value in this regard.

Note added in proof. Very recently the authors of Ref. 1
have pointed out that the “bump”” in the Bi,Sr,CaCu,Og gap
function near ¢=m/4 may be a superlattice effect. In this
case available experimental data on Bi,Sr,CaCu,0Og seem un-
likely to be compatible with an anisotropic s-wave state of
the type considered here for any 7,.

Numerical work was perfomed on the Cray YMP at
Florida State University.
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