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ABSTRACT

We review the most reproducible currently available experimental data in
order to identify the pairing state of YBagCu3Oy_s5. The data include measure-
ments of: fluctuation specific heat, possible split transitions, Josephson effects,
Raman scattering, nuclear magnetic relaxation and Knight shift, infra-red reflec-
tivity, tunneling, low temperature specific heat, and electromagnetic penetration
depth. The anisotropy of the Knight shift seems to rule out triplet (‘p-wave ’)
pairing states, leaving two classes of candidate states: an ‘s-wave’ pairing state
or ‘d-wave’ states with line nodes. Each scenario is consistent with all of the
experiments only if special assumptions are made either about the excitation
spectrum or about the form of the gap function. The temperature dependence of
~ the penetration depth does not appear to be consistent with a pairing state with
line. nodes, unless certain Fermi liquid effects or scattering processes are present,

as in UPt;, suggesting that the pairing state may be conventional ‘s-wave’.
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L. INTRODUCTION

The purpose of this chapter is to discuss the experimental constraints on the
pairing state of YBa;Cu30;_;. This analysis may be viewed as premature for
two reasons: firstly, the data on certain potentially crucial measurements are not
yet of sufficient accuracy or reproducibility that unambiguous conclusions may be
drawn. Secondly, certain decisive tests have still not been attempted for a variety
of experimental reasons. No single experiment provides unambiguous evidence for
‘s-wave’ pairing. Furthermore, taken at face value, several experiments appear to
favour unconventional pairing states. Nevertheless, viewing the data as a whole
does suggest that ‘s-wave’ pairing is the most likely scenario, although the reader
is cautioned that several important caveats apply to this conclusion.

The importance of ascertaining the pairing state cannot be overstated. Both
microscopic properties (e.g. excitation spectrum) and macroscopic behaviour
(e.g. as described by Ginzburg-Landau theory) depend sensitively on the pair-
ing state. Many physical properties of YBazCu3Or_s indeed show anomalous
behaviour which could be attributed to an unconventional pairing state. How-
ever, since more prosaic explanations are always possible for each individual
exf:eriment, it is not straightforward to conclude that a particular anomaly is a
signature of unconventional pairing. Thus, in this chapter we have attempted to
find a consistent explanation for the entire data set. A further motivation for
studying the pairing state is that its unambiguous determination might help to
rule out some of the proposed microscopic mechanisms for superconductivity.

Throughout this chapter, we shall use the term ‘unconventional’ to mean
that the pairing state has lower symmetry than the point group symmetry of the

crystal. By contrast, a conventional superconductor has a pairing state with the
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Fig. 1. Gap function A(k) or alternatively the pairing amplitude < ¢;(k)ej(—k) >
as a function of position on the Fermi surface for a conventional or s-wave
superconductor (top), for a spatially anisotropic s-wave superconductor
(middle) and for an unconventional superconductor (bottom). The thick
line denotes the Fermi surface, and the hatched region is the gap. Note
that for the unconventional pairing state the gap has lower symmetry than

the crystal.



full point group symmetry of the crystal. This is illustrated in Fig. 1. Some
authors (including us, on occasion) use the terms ‘s-wave’, ‘anisotropic s-wave’
or ‘extended s-wave’ synonomously with conventional pairing. Strictly speaking,
s-wave pairing means that the superconducting gap function is isotropic. Some
authors also use the term ‘anisotropic’ to mean unconventional. Here, however,

the term ‘anisotropic’ is reserved for spatial anisotropy arising from the crystal

structure.

Most of the classic superconductors are conventional, but there are well-
known examples of unconventional pairing, including 3He, UPt; and possibly
UBe1s and CeCuySiz. Although it is still not possible to present unequivocal
conclusions about the pairing state in YBagCu3O7_g, this article will have served
a useful purpose if it alerts the reader to the fact that oft-quoted arguments in
favour of conventional pairing employ a variety of hidden assumptions that are

questionable.

Our modus operandi will be to examine a variety of high quality experiments
that could, at least in principle, distinguish among some of the different, group
theoretically allowed, pairing states. For each of the experiments discussed, we
shall summarize the logically permissible interpretations of the data within the
context of a group theoretic classification of pairing states to establish the con-
straints that the experiments im?osc on the possible pairing states. We shall
concentrate almost exclusively upon YBa;Cu3Or_s, since it is currently the most
extensively studied of the cuprate superconductors.

In writing this chapter, we have in mind a reader who may be expert in
one sub-field of high temperature superconductivity, but not necessarily familiar

with developments in other areas. Thus, we have attempted to be somewhat



pedagogical in our treatment and description of the various experiments.

We have made a number of omissions in this chapter, through lack of space,
knowledge or reliable data. We have aot discussed the thermoelectric efi'c:ct,1 -3
the effect of chemical substitutions on T, (discussed in the chapter by L. Greene
and B.G. Bagley in this volume), possible explanations of the curvature of Heg(T)
based upon unconventional pau"ing:‘s possible spontaneous strain dist:ortions,ﬁ_8
low temperature thermal conductivityg’m and collective mode effects. Any other

omissions are inadvertent.

The organisation of this paper is as follows. Firstly, in Section II, we discuss
some of the evidence that the superconductivity in YBasCu3O7r_; is associated
with electron (or hole) pairing. The relevant experiments here include measure-
ments of the flux quantum, observations of the ac Josephson effect, and observa-
tions of Andreev reflection. These measurements imply that the flux quantum in
YBa3Cu3Or_s has the standard value, and that the superconducting condensate
occupies a zero momentum quantum state. We will assume that these results
imply that YBa;Cu3Oy_s is a superconductor formed from Cooper pairs, and
we do not consider more exotic possibilities, such as condensation of charge e

bosons.

In Section IIl, we explain how group theory permits a classification of the
possible pairing states consistent with the crystallographic symmetry of YBa,-
Cu3O71_5, and we enumerate these states explicitly. We show, inter alia, that
there are unconventional pairing states that do not have nodes in the gap: this
has the important consequence that experimental findings indicating the absence
of nodes do not, on their own, imply that the pairing state is conventional. We

also show that the form of the Ginzburg-Landau free energy for some of the



pairing states differs from that appropriate for ‘s.wave’ superconductors. The
first part of this Section introduces concepts that are central to the main part of
this Chapter. Some readers may wish to omit the more detailed discussion of the
symmetry classification of states, which is discussed in the remainder of Section

I1I.

The remainder of this chapter addresses in detail the experimental evidence
for or against unconventional pairing in YBa;Cu307_s5. We have separated the
experiments and potential experiments into two categories: those that directly
reflect the structure of the order parameter, and those that probe the excitation
spectrum. The experiments that are sensitive to the order parameter structure
either count the number of components of the order parameter or reveal its
symmetry properties. The data that we shall mention here are: fluctuation
specific heat near T, fluctuation diamagnetism near T,, Josephson effects between
classic superconductors and YBa3Cu3O7_g, anisotropy of H.; in the basal plane,
and peak splitting effects due to strain. All of these experiments are reviewed in
Section IV. We shall conclude that, at present, experimental data in this category
do not rule out any of the candidate pairing states. In particular, we mention
that the observation of Josephson effects in a non-planar junction between YBa;-
Cu307_s5 and a classic superconductor does not rule out unconventional pairing

states, as is sometimes claimed.

-
.

Next, in Section V, we discuss the second class of measurements. These reveal
the existence of low-energy excitations below T for which one explanation might
be the presence of nodes in the gap. We discuss Raman scattering, infrared re-
flectivity data, quasiparticle tunneling, nuclear magnetic resonance experiments,

and low temperature specific heat.



These data do not, at first sight, give a cousistent picture of the excitation
spectrum. On the one hand, observations of Raman scattering, of nuclear mag-
netic relaxation rate and of quasi-particle tunneling in planar junctions show
strong evidence that low-lying excitations exist in the superconducting state. On
the other hand, point-contact tunneling experiments seem to show evidence for a
well-defined gap, although reproducibility is difficult in these measurements. The
‘interpretation of the infra-red reflectivity is a matter of controversy, but in our
opinion, the data do not provide evidence for a gap. The apparent existence of
low-lying excitations is, however, neither necessary nor sufficient to establish un-
conventional pairing in YBazCu3Oy._s. First, the low-lying excitations may have
causes other than nodes in the gap. Second, there are various triplet states that
are nodeless. Perhaps the strongest constraint comes from the measurements of

the Cu(2) Knight shift: the measured anisotropies seem to exclude triplet pairing.

In a separate Section (Section VI) we discuss the temperature dependence of
the electromagnetic penetration depth, which is sometimes considered to be the
strongest evidence in favour of ‘s-wave’ pairing. Such a conclusion is overstated.
In fact, most of the data are not in the asymptotic low temperature regime, and
therefore are determined principally by strong-coupling effects, inelastic scatter-
ing and the precise form of the gap function, all of which may conceal the presence
of nodes in the gap. The data are not consistent with weak-coupling ‘s-wave’ pair-
ing, but appear consistent with strong-coupling ‘s-wave’ pairing. The data have
not yet been systematically compared to predictions from unconventional pairing
states, taking into account strong-coupling corrections and realistic forms of the
gap function. It is probable, however, that the nodeless triplet states would also

fit the data if strong-coupling corrections were taken into account. The strongest
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Fig. 2. Typical Andreev reflection experimental arrangement.z O The electrons are

injected into the normal film with known energy with a point contact.



Further evidence for pairing is seen in the Shapiro steps which occur in the
I-V characteristics of Josephson tunnel junctions with an applied ac voltage of

15-17 . .
angular frequency w: The steps are found to have a spacing of hw/Qe.”

. < . 18-3 .
Lastly, we mention the observation of Andreev scattering. ° In this

technique, the sample to be studied is coated with a thin film of a non-
superconducting metal, and a current of electrons is injected into the film via
a point contact, as illustrated in Fig. 2. In the process of Andreev scattering,
an electron incident on the metal-superconducting boundary combines with an-
other electron in the normal metal and is absorbed into the condensate, leaving
behind a hole in the normal metal. Provided that the condensate consists of
pairs of electrons with opposite momentum and spin, the result of this process
is the creation of a hole with momentum and spin exactly opposite to that of
the incident electron. In principle (i.e. with a high quality interface and negligi-
ble scattering in the metallic film) the hole should return to the point contact,
increasing the observed current there, and, hence, decreasing the contact resis-
tance relative to the normal state. In a superconductor with a gap A, for a
bias voltage slightly less than A, all incident electrons produce a hole and the
observed resistance drops to one half of the normal state value. However if the
bias voltage is well above A, then the incident electrons are converted to quasi-
particles which propagate through the sample without the production of holes
at the metal-superconductor boundary. In this case, the junction resistance is
that of the normal state. The observation of Andreev reflection in accord with
theoretical predictions would imply that the condensate is formed from pairs of

electrons with zero net momentum.

Andreev scattering in YBa;Cu3O7_s has been observed by Hoevers et al?!
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Fig. 3. Plot of dV dl of a low-resisiance Au-I-¥Ba;Cuy0-_; coystal junciion vs.
biag V at two temperatures. The Sgure inset shows the dependence of the

‘gap’. (Alter Ref, 22.)



who used nonoriented YBa3Cu30y_4 films. Their sample was coated with a
0.25 um Ag film. When the sample was superconducting the resistance sharply
dropped below the normal state value when the bias voltage was decreased below
about 12.5 mV. The zero bias resistance was only 1% less than the normal state
resistance. Nevertheless, since the magnetic field dependence of the point contact
resistance was in good agreement with theory, it was concluded that Andreev

scattering was indeed being observed.

Recently Ong et al®* observed Andreev reflection from a single crystal on
whose chemically etched surface they had sputtered a gold film. In the supercon-
ducting state, below 10 K, they observed an abrupt decrease in the point contact
resistance at 7mV. The zero bias resistance was less than 30% of the normal
state value (see Fig. 3). Ong et al. were also able to track the gap-like feature as
the temperature was incrcalsed (see inset). It is interesting to note that the gap
vanished at 60K, even though the bulk T, of the sample was 90K, so presumably
the experiment was probing a surface phase of the oxygen depleted T. = 60K

material.

Having established that the normal state carriers are indeed paired in the
superconducting state, we now turn to the question of which pairing states are

consistent with the point group symmetry of YBa;Cu3O7_;.

10



III. THE POSSIBLE SYMMETRIES OF THE PAIRING STATE
A. SYMMETRY AND THE SUPERCONDUCTING STATE

In this Section we show how to enumerate all the possible superconducting

states by using group theory. Qur discussion is based upon the work of many

2325
authors.

All superconducting states may be classified according to their symmetry
propertiesx.2 ® Close to T., this classification can be formulated entirely in terms of
the macroscopic Ginzburg-Landau order parameter, and requires no knowledge of
the microscopic details of the superconductivity. Away from T, for orthorhombic
and tetragonal crystals, the classification scheme is not changed, unless there is

a distinct phase transition to another superconducting state’®

The central symmetry argument that we shall use is that the order parameter
must transform according to an irreducible representation of the symmetry group
of the crystal. To see why this is so, it is sufficient to look at the first term in
a Ginzburg-Landau expansion of the free energy density, f[Aag(k)]. The first

terms in the Ginzburg-Landau free energy are:
FlA] =a,'jA:AJ’+...O(A?)+‘..O((VA")2), (3.1)

where for brevity we denote (a3; k) by the symbol ¢, and use the Einstein sum-
mation convention. At high temperatures the superconducting state is unstable,
i.e. the matrix a;; is positive definite. On lowering the temperature, the super-
conducting transition occurs when the matrix a;; ceases to be positive definite,
i.e. when an Veigenva.lue first becomes negative. Let that eigenvalue be denoted

by o'(T — T.) and the corresponding eigenvectors be ;(a), a=12,...D. Then

11



group theory tells us that, neglecting accidental degeneracies, these eigenvectors
transform into one another according to an irreducible representation of the sym.-
metry group. The degeneracy of the eigenvalue, D, is the dimensionality of the
irreducible representatior. Close to 7., where Ginzburg-Landau theory is valid,

the gap matrix can be written as a linear combination of the unstable eigenvectors
—(a)
z

D
Av=Y na®. (32)
a=1

The set of D quantities 7= (n1,73,...,7p) is called the order parameter. Thus, a
D > 1 dimensional irreducible representation will give rise to a multi-component
order parameter. Physically distinct superconducting order Vpara.mcters therefore
correspond to different irreducible representations of the symmetry group. For
each possible order parameter, there is a Ginzburg-Landau free energy density,
the minima of which are the possible superconducting ground states.

To clarify the above discussion we now give some concrete examples of un-
conventional pairing states and their gap functions. First, it is helpful to rewrite

the gap matrix A,g(k) in the standard form:
Bas(k) = i(AR)+ 5 - d (B, (33)

where o= (oz,0y,0;) and az,o:;,a', are the Pauli matrices. Fermi statistics
implies that the scalar function A(k) is even, A(k) = A(-k), and that the
spin-space vector d (k) is odd, d (k) = — d (—k). For lattices with inversion
symmetry, the irreducible representations can be classified according to their
parity. The above results show that for an even parity representation, only the

scalar function A(k) is non-zero, while for the odd parity representations only

12



d (k) is non-zero. These are said to be singlet or triplet states respectively, since
A(k) and 3 (k) transform, according to the § = ¢ and S = 1 representations
respectively under rotaticys ig spin space. As examples, in an 1sotropic system,
conventional singlet ‘s-wave’ pairing corresponds to a gap function A(k} = Ag;
one possible singlet ‘d-wave’ state world have a gap function A(k) = Agx (kzky).
We also mention three triplet states which are important in superfluid 3He. The
first is the Balian-Werthamer (BW) state P (k) = Ag % (kz,ky,k;). The second
is the axial, or Anderson-Brinkman-Morel, state 2 (k) = (€1 + 1é3)- 7530, where
é1 and é;3 are orthogonal unit vectors and 30 is an arbitrary vector in spin-space.
The third is the polar state d (k) = £ Egg, where £ is a unit vector. Of these, the
BW state has an energy gap which is non-zero everywhere on the Fermi surface,
the axial state has point nodes of the gap on the anisotropy axis £ = é; x &3, and

the polar state has an equator of nodes in the plane perpendicular to .

We are now ready to enumerate all the possible irreducible representations
which may correspond to the superconductivity in YBagCu3Os_s. The only
difficulty is to determine the symmetry group of the normal state, since some
knowledge of the microscopic details is required. In particular one needs to know
whether the spin-orbit coupling is important or not in the Ginzburg-Landau free
energy density, and whether the appropriate crystal point group is orthorhombic

or tetragonal. -

This last point deserves further comment. Superconducting YBasCu3O7_;
is known to possess orthorhombic symmetry: why then should we even contem-
plate expanding the order parameter in a tetragonal basis set? The answer lies
in the fact that we normally perform the group theoretic analysis assuming that

there are no accidental degeneracies present. However, in YBa3Cu3Or_s, only

13



a relatively small distortion would be required to make the crystal symmetry
tetragonal, suggesting that the eigenvectors ;(“) could be nearly degenerate. In
such a situation, it would be appropriate to describe the system as tetragonal,
with an orthorhombic perturbation. On the other hand, if YBagCu3Or_s were
quite markedly orthorhombic, then no vestige of the degeneracy of the tetragonal
representation would remain. The tetragonal symmetry may be important if the
superconductivity is primarily associated with the nearly square CuOj planes,
while the orthorhombic symmetry group may be relevant if the pair condensa-
tion energy on the CuO chains is comparable to that on the CuO; planes. In
light of these uncertainties, we shall consider the four possible combinations of
orthorhombic or tetragonal symmetry with weak or strong spin-orbit coupling.

For brevity we shall give the full details only for the simpler orthorhombic case,

and simply summarise the results for the tetragonal case.

B. ORTHORHOMBIC SYMMETRY

If the point group is the orthorhombic (Dj;,) group and the spin orbit
coupling is unimportant, then the possible superconducting states are derived
from the irreducible representations of the group SU(2) x Dz,. The repre-
sentations of the relevant spin rotation group are singlet or triplet, which are
to be combined with one of the eight irreducible representations (IRs) of Djj:
Ayg, Byg, Bag, Bag, A1u, By, Bau, Bau (in the notation of Tinkham“). As we men-
tioned earlier, with singlet states only the even parity IRs can occur, while for
triplet states, only the odd IRs occur. We thus have a total of eight possible
irreducible representations for the superconductivity in YBa;Cu3Oq_s, which we

can denote as: lAlg, lBlg, Ing, lng, 3 Atu, }B1a, 2By, 3 B34, using the notation

14
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24411 where I' is the representation. Each of the singlet representations 15 ope

dimensional, while the triplet representations are three dimensional,

We can now derive the possible gap matrices for each of these represertations.
For each of the four singlet IRs the gap function can be written down immediately
(see Table 1). Here X,Y, and Z denote sin(kya)}, sin(kyb}, and sin(k.c) with a,
b and ¢ being the orthorhombic lattice constants. For example from Table 1,
we find that the 131, phase has A(k) = ngXY,ﬂ where 7 is a temperature
dependent number which vanishes as VT =T near T.. The value 7g is equal to

Inl, which is determined by minimising the free energy density

2

2m;

flnl = o (T = Te)n|? + Blni* + Vi i (3.4)

Of the four singlet states given in Table 1, the first corresponds to the usual
singlet ‘s-wave’ pairing, while the others are ‘d-wave’ states. It should be noted
that for all of these pairing states the Ginzburg-Landau free energy density (Eq.
(3.4)) has the form familiar from the theory of conventional (i.e. ‘s-wave’) super-

conductors.

Now we consider the possibility of nodes in the gap. The existence of nodes
depends upon two factors: the topology of the Fermi surface and the symmetry
of the state. This is a very important point, because even if the symmetry of
the superconducting state requires the existence of zeros in the gap function,
this will only give rise to a vanishing energy gap if the gap function happens to
vanish on the Fermi surface. We will shortly encounter examples of triplet states
that are nodeless precisely because the gap function vanishes at points in k-space

which do not lie on the Fermi surface. For definiteness, we shall assume here

15
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that the Fermi surface has a shape similar to that calculated by band tl:u:ol‘y,28
i.e. essentially cylindrical with the axis along k,.zg In this case the '4;, state
(s-wave) is the only singlet state with a gap that is non-zero everywhere on the

Fermi surface. The other three singlet states have line nodes in the gap.
We now classify the possible triplet states in exactly the same way. The only
complication is that the triplet Ginzburg-Landau order parameter is a spin-space

vector 7= (m1,7m2,73). The Ginzburg-Landau free energy density is slightly more

complicated than before:

[ . hz L
flnal = &' (T = To)nima + Bi(nime)® + Balnunal® + 3 Vi M Vi T (3.5)
tj

The equilibrium states are obtained by finding the spatially uniform minima of
Eq. (3.5). The minima depend upon the sign of B3/ If Ba/B1 < O, then
ns x (0,0,1), and if 83/81 > 0, then n, x (1,1,0). Both of these vectors are
unique up to arbitrary rotations in spin-space. Either of these minima could
occur for each of the four triplet irreducible representations, so there are a total
of eight possible states of distinct symmetry (see Table 2). The quasiparticle

excitation gap is zero for a triplet state whenever
ldk)?=]d x d| (3.6)

so in Table 2 all the (a) type states discussed above have line nodes of the
gap, while the (b) type states have a gap that vanishes on all of the Fermi
surface. This completes the classification of all twelve possible symmetry-distinct
superconducting states that may occur in an orthorhombic crystal in which the

spin-orbit coupling is weak.

18
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The classification of states ig sﬁghtly different for the triplets if the spin-orbit
coupling is significant, since it breaks the three-fold degeneracy of these states.
In the strong spin-orbit coupling case the states are made up of irreducible rep-
resentations of the point group D, alone, and are given in Table 3. These states
correspond to one dimensional representations, so the Ginzburg-Landau free en.
ergy is the conventional one of Eq. (3.4). Observe that on the YBa3Cu30q_;
Fermi surface the A;4 and Bj, states have a quasiparticle excitation gap that is
non-zero everywhere, while the other two states have point nodes on the Fermi
surface. This example illustrates the important point that ezperimental obser-
vation of a gap that is non-zero everywhere would not be sufficient to establish
‘s-wave’ pairing.

In conclusion, there are a wide variety of possible states for the case of or-
thorhombic symmetry, including unconventional states with no gap nodes, point,

or line nodes, and even states with surfaces of nodes.

C. TETRAGONAL SYMMETRY

The classification of superconducting states in a tetragonal crystal proceeds in
mu.ch the same way as in the orthorhombic case. There is little point in discussing
all the tetragonal states here, but for completeness we list them in Tables 4, 5, 6,
7, and 8. In fact the number of symmetry distinct states is considerably greater
for tetragonal crystals than for othorhombic. This is because the tetragonal point

group has both one and two dimensional irreducible representations.

Here we shall just give one example for the tetragonal group, which illustrates
the additional complexity arising from having a two-dimensional irreducible rep-

resentation of the point group. The cases with one dimensional representations
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may be worked out in precisely the same way as for the orthorhombic states listed
above. We shall consider a singlet state which belongs to the E, representation
of the tetragonal (Dyy) point group. This representation is two dimensional and
thus the order parameter of the superconducting phase is a pair of complex num-

bers, (7z,7y). The Ginzburg-Landau free energy dt:msity",'0 for this situation is

quite complicated:

flml = &'(T = Tntni + Bi(nim)? + Balniml? + Bs(Im|* + Imal*)

K . K . .
+§;: Vin; Vinj + R(Viﬂi Vini +Vin; Vi i)
K3 . 2
+2—T;;| vimil! + le: il (3.7)

There are three distinct types of minima to this free energy; the order parameter
(m1,n3) may be either a vector like (1,0), (1,1) or (1,i), depending upon the
relative sizes of the parameters 33/0; and 33/6:. (See Fig. 4.) The basis functions
for the E, representation are the pair of functions XZ and YZ (X, Y and Z as

defined above). See entries 1E,(a), ! E;(b), and 'E;(c) in Table 4. All of these

phases have line nodes on the YBajCu3Oy_s5 Fermi surface.
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IV. ORDER PARAMETER STRUCTURE

This Section is concerned with experimental probes that directly reflect the
structure of the order parameter. The first subsection discusses the use of fluc-
tuation effects to count the aumber of components of the order parameter. The
second subsection describes the phenomencn of a split transition, which is ob-
served in some samples. The third subsection discusses Josephson effects be-
tween YBa;Cu307_5 and conventional superconductors. The fourth subsection
describes a proposal of Gorkoy to search for exotic angular dependence of the
in-plane upper critical field. In most of these experiments, positive observation
of the phenomenon would be unambigucus evidence for an unconventional pair-
ing state. However, the failure to observe any one of these phenomena would
eliminate only some of the non-conventional pairing states. The exception to
this state of affairs is the potential suppression of the Josephson effect in planar v

junctions.

A. COUNTING THE NUMBER OF COMPONENTS OF THE ORDER PARAMETER

One measure of the structure of the order parameter is the number of in-
dependent components. An attempt was made to ascertain this number from
detailed measurements of the shape of the specific heat curve near the su-
perconducting transi’cion,:”'32 where the contribution to the specific heat from
Gaussian fluctuations was observed for the first time. Measurements have also

. . . ., 33--3 .
been reported of fluctuation contributions to the conductivity; ? the magnetic

1 and the thermopower.“ In these cases too, the temperature

susceptibility;m
dependence of the data is consistent with the interpretation that Gaussian fluc-

tuations - the lowest order fluctuations about mean field theory - are responsible
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for the observations. Note that there is no a priori reason for there to be a wide
temperature range over which Gaussian fluctuations are observable; however, for
YBazCu3Or_s this does seem to be the case empirically. Fluctuation effects in
the specific heat have also been observed by Fossheim et al’* The magnitude of

the specific heat peak in their data is, however, only about one half that observed
by Inderhees et al’?

The basic procedure by which the Gaussian contribution to the specific heat
is obtained has been described previously.‘s In that analysis it was possible to

identify the fluctuation contribution to the specific heat of the form

-1/1

T-% " (4.1)

I.

Cﬂuct =Cz

where the plus sign applies above T, and the minus sign below. For states with

a single complex order parameter, the ratio of the amplitudes C; and C_ is

1
C+/C-=— (4.2)

which is independent of the spatial anisotropy as well as the other Ginzburg-
Landau parameters. A larger amplitude ratio implies that the superconductivity
is described by a multicomponent, and therefore unconventional, order parame-
ter. The observation of an amplitude ratio with the value 1/+/2 implies that either
the pairing is ‘s-wave’ or it is an unconventional state with a single component

order parameter.

The measurements of Ref. 31 did indeed show a significantly larger amplitude
ratio (3.5 < C4+/C- < 6.4) than could be explained by a conventional Ginburg-

Landau theory (C4+/C- = 0.7), apparently ruling out a conventional pairing
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state. In order to identify thoge Pairing states consistent with the cata, the
ratio C4+/C_ must be calculated using the Ginzburg-Landau free energy decsities
appropriate for the varioys unconventional nairing states, as discussed in Section
II1. The result of this analysis*® ;g that all of the triplet states with weak spin-
orbit coupling as well as the ‘d-waye’ states 'E, a-c (see Table 4) are consistent

with the fluctuation data.

Several studies have searched foy an aiternative explanation of the anoma-
lously large fluctuation specific heat ampilitude ratio. In one study, it was shown
that electromagnetic interactions, neglected in the Ginzburg-Landau model, can-
not account for the enhanced amplitude ratio!’ The effact of sample inhomo-
geneities has also been irwcstiga.tcd_:‘6 and it was found that the data could be fit
by using conventional s-wave Ginzburg-Landau theory, provided that a distribu-
tion of T.’s occured in the sample.

A subsequent measurement of the specific heat of an untwinned region of
a single crystal found an amplitude ratio which is smaller than that inferred
previously, and which may be consistent with that of a conventional Ginzburg-
Landau i;heox'y.“9 If confirmed, this result would still be inconclusive in the sense

that both conventional and unconventional pairing states could be consistent

with the new data.

The principal problem with the analysis of the fuctuation specific heat is
that the background subtraction is delicate. In order to extract the fluctua-
tion contribution, it is necessary to remove both the phonon background and
the mean-field electronic specific heat. If the fluctuations are observed over a
sufficiently small temperature interval, these background subtractions above and

below T can be approximated by linear functions of temperature. However, if
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the fluctuation specific heat is fit over too wide a temperature interval, devia-
tions of the background from linearity are difficult to ascertain, and contaminate
the inferred fluctuation contribution. Indeed, in Ref. 44, the authors fit the
background to a quadratic form, but neglect to include the mean-field electronic
specific heat below T.. Whilst it is quite clear that the fluctuation effects are
present in this data, it was not possible to make a convincing fit to Gaussian
or critical fluctuations even if one takes into account the electronic mean-field

specific heat>®

Measurements of the fluctuation diamagnetism above T also effectively count
the number of components of the order parameter. Detailed data have been
reported in Ref. 41, and have been fit by assuming conventional pairing. So
far no attempt has been made to use these data to test the hypothesis that the

pairing is conventional, but this certainly should be done.

In summary, early measurements of the Gaussian specific heat amplitude
ratio implied that the pairing state is unconventional. One recent measurement
on an untwinned sample gives a value of the ratio which is consistent with both
conventional and certain unconventional pairing states. More work is required in

this area before firm conclusions can be drawn.

B. SPLITTING OF THE TRANSITION

We turn now to an effect that exists only when the order parameter has two
or more complex components. As shown in Section III above, states with more
than a single complex order parameter are associated with irreducible represen-
tations of the symmetry group with dimension, D, greater than one. In this case

external perturbations that lower the symmetry, such as a strain or magnetic

22



142 P~ “
140 F - -
| //\‘ (3) X
138 = 0'. ., | -Q."'#
— F "f E.‘_o”...o"°. . 1
SURREC) S -
o ;
2 1.3 t ‘
S
> 1
’__ 1.‘0 = ',’: -:
~ i BN (b)
-3 7

136 Y.
1% 4 Lo
1.32F /'

82 86 90 9% 98
Temperature (K)

Fig. 5. Specific heat curves Cp/T vs T around T for different samples (a) This
sample shows a single sharp transition whereas (b) the other sample shows

a split superconducting transition. (After Ref. 57.)



field, can split the multi-dimensional representation into several representations

of lower dimensionality. This splitting of the degeneracy implies that the differ-

ent components of the order parameter no longer become non-zero at the same

Tc. There are, therefore, slightly different T.'s associated with the different com-

ponents. In a measurement of, for example, the heat capacity close to T, this

effect could then lead to two separate pea.ks?l_’ss Such a splitting was recently
54,55

seen in the heavy fermion compound UPt3, confirming earlier suspicions that

its superconductivity is unconventional.

This effect could also occur in YBa3Cu3Or_; if, for example, it is a singlet
superconductor with a two component order parameter, (7z,7y), transforming
according to the tetragonal E, representation. The degenerate basis functions
for this representation may be chosen to be XZ and YZ {where as in Section III
X=sin(kza) etc.] and the gap function is A(k) = 7, XZ +nyY Z. Then the slight
orthorhombic distortion of the crystalline lattice may split this two-dimensional
representation into two one-dimensional representations. The functions XZ and
YZ are no longer degenerate, since the x and y axes are not equivalent; this
gives rise to distinct T.’s for each component, say 77 and TY. At the higher of
these transitions, say T, there is a phase transition from the normal state to
superconductivity with (nz,7y) x (1,0). Below that temperature there may or
may not be a second phase transition at TY. There would be a second transition if,
in the absence of the orthorhombic distortion, the stable ground state is (nz,7y)
(1,1) or (7z,my) < (1,i). There would not be a second transition if the tetragonal
ground state were (7z,7y) « (1,0). This example illustrates that, while positive
observation of a split phase transition is decisive evidence for a multi-component

. order parameter, and hence unconventional pairing, the absence of a splitting is
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not conclusive, and may be consistent with either a single or multi-component

order parameter,

There are two examples in the literature ™" of observations of split super-
conducting transitions in YBazCu3Oy_5. However, they are not consistent with
each other in either the magnitude of the splitting or in the peak shapes. In the
study of Ref. 57, a second superconducting phase in addition to the ordinary 90
K orthorhombic phase was sought by high resolution X-ray diffraction, but was
not found. The data of Ishikawa et al. are reproduced in Fig. 5, and are reported
to be rt:ptoduciblc:.5 * An early observation’ of a possible split transition did not
appear to be reproducible in subsequent measurements on other samplea.‘ ’

There is a crucial difference between the possible peak splitting observed in
YBa;Cu307_s and that more convincingly seen in UPt3. In UPts, the splitting
is observed in the best samples, and its magnitude is not sample dependent. On
the other hand, for YBa;Cu3Or_g, the splitting seems very sample dependent,
being absent in some of the samples with the sharpest phase transitions. This may
indicate that the split transition in YBazCu3O¢_s is due to local inhomogeneities

rather than being a transition between superconducting phases.

There is a clear way to rule out sample inhomogeneity as a cause of a split
transition. If the split transition is caused by a near degeneracy between two
order parameter components, thén the temperature interval between the two
transitions should change when a magnetic field is applied.5 ? This effect has indeed
been observed®® in UPt3. Unfortunately it is not clear whether this technique
would work in YBa3Cu3O7_g since the effect of an external magnetic field of even
1.5T causes a large broadening of the critical region.3 ? This broadening may be

so severe as to make it difficult to observe the field dependence of the splitting.
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C. JOSEPHSON EFFECTS

The Josephson effect between a conventional superconductor (such as Nb or
Pb) and YBa3Cu307_;5 may be used as a probe of the pairing state. The Joseph-
son effect has been observed in superconductor-insulator-superconductor(SIS)
junctions where one of the superconductors is YBajCu3O7_s5 and the other is
a conventional one such as In’"®! Flux quantization and persistent currents
have also been observed in superconducting rings consisting of part niobium and
part YBagCu3QOq_s in zserie:z:,,w'63 which also indicates that a non-zero Josephson
coupling exists between Nb and YBa;Cu3Oy_s. It is sometimes stated that the
Josephson effect cannot occur between a singlet and a triplet auperconduc,tor:s ‘
because the singlet and triplet superconductor order parameters transform dif-
ferently under spin-space rotations. The observations might be taken as evidence
that YBagCu3O7_s is a singlet superconductor. Unfortunately the evidence is
by no means conclusive: there are two effects which can cause the Josephson
coupling to be non-zero, even for triplet-singlet junctions. These are spin-orbit
coupling, on either side of or inside the junction, and paramagnetic impurities
in the junctionf55 Therefore, these experiments do not rule out the possibility of
triplet pairing.

Can the above experiments rule out ‘d-wave’ pairing? Again, the answer
is no. In general there is no selection rule forbidding the Josephson coupling

66,67
between s- and d-wave superconductors.

The only selection rule for Josephson effects between conventional and uncon-
ventional superconductors requires planar junctions that preserve some crystallo-
graphic symmetry (such as a two-fold axis or mirror plane) of the YBa;Cu3O7_;5

crystal. In this case, for many of the unconventional superconducting states that
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could occur in YB&:CW(}; -5, the Josephson =fect is forbidden wh =1her or not
spin-orbit coupling is prese:mt.68 As an example, suppose that YBa;Cu;O,_6 is
a ‘d-wave’ superconductor with a gap function of the form A(k) x (X7 - Y2
where, as before, X' = sin(k,a) etc. Imagine that a planar Josephson Junction
is fabricated perpendicular to the crystal c-axis and that the interface 's free
from defects. Under 90° rotations about the c-axis, the YBayCu:Qs_s gap func
tion changes sign. If the other superconductor js ‘s-wave’ then its gap function
would be invariant under this rotation. This difference implies that there c..
be no Josephson coupling between the two superconductors in this planar junc-
tion, and hence no observed Josephson effect ** Similar symmetry arguments are

possible for a variety of planar junction orientations and unconventional pairing
states; a summary of the various selection rules has been given by Gorkov
Such a planar junction has been fabricated by Greene ¢ al.,69 who made a
YBaj;Cu3O7_5-Au-Pb junction perpendicular to the YBa;Cu3Oq_5 c-axis. The
junction did show some signs of Shapiro stepsin a microwave field, suggesting that
the ac-Josephson effect was indeed occuring. If confirmed, this observation weld
eliminate a large number of the possible pairing states; in particular, it would rule
out all singlet pairing states other than ‘s-wave’. Such a crucial experiment neads
to be checked, especially to see whether the Josephson effect becomes stronger or
weaker as the junction quality is improved. The poorly developed Shapiro step
structure in Ref. 69 may indicate that in an ideally planar junction, the Shapiro
steps would be absent. It is important to check this, since even small deviations

from a perfectly planar junction invalidate the selection rules.
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Fig. 6. Angular dependence of H.s in the basal plane of a tetragonal crystal. The
different curves are compufed for the following values of the anisotropic
gradient terms in Eq. (3.7): P1: Pa: Py=(a)1:1:0;(b)1:1:05 (c)
1:1:1;(d) 1:1:2;5(e) 1:1:4;(f) 1:1:10.0. (After Ref. 71.)



D. ANGULAR DEPENDENCE OF He

The final probe of order parameter structure that we mention is the angu-
lar dependence of the upper critical field Hez in the basal plane. The reason
why this is potentially a powerful probe of the superconducting pairing state is
that H.z and its angular dependence are determined entirely by the Ginzburg-
Landau equations describing the superconductor. As we have emphasised above,
many unconventional superconducting states give rise to Ginzburg-Landau ihe-
ories which are considerably more complicated than the usual one. For the con-
ventional Ginzburg-Landau free energy density, the angular dependence of Hc
arises only from the effective mass tensor m;; in Eq. (3.4). The angular de-
pendence of H.3(¢), where ¢ is the angle in the basal plane, is therefore given
by an ellipse, whose principal axes are determined by m;;. However, for some
unconventional order parameters, such as those corresponding to the tetragonal
E representation, there are many gradient terms in the free energy, as shown
in Eq. (3.7). Consequently, for fields in the symmetry plane, H.3(¢) can be a
complicated function ' of the angle ¢ between the external field and the in-plane
crystal axis. For example, in the case of the singlet E-representation tetragonal

states, Burlachkov ' has shown that

P; + P

ac, 1/2
= p

1
- i(p} + (2P3 Py + P})cos? 2¢)/ V41 (4.3)

where P; = 1/2m;, i = 1...4, as defined in eqn. (3.7). When plotted as a

function of ¢, this gives the characteristic rosette shape shown in Fig. 6.

There have, as yet, been no experimental measurements of the angular de-

pendence of Hc3 in the basal plane, as far as we are aware. There are two
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experimental difficulties which must be overcome. First, this measurement must
be pcrformed On an untwinned crystal so that any rosette structure is not mis-
taken for the superposition of two ellipses. Second, many measurements of H,.,
in YBagCu3Oq_; are complicated by irreversible effec:tﬂ.72

What would one anticipate sceing in YBazCu3QOy.s, which, after all, has
an orthorhombic structure? If there are no accidental near degeneracies, then
the only possible outcome is an elliptical angular dependence. On the other
hand, if, as seems likely, there are accidental near degeneracies corresponding to
orthorhombic perturbations of the tetragonal pairing states, then it is possible
that one would obtain a tetragonal rosette structure with a weak orthorhombic

distortion superimposed. If such a result were to be obtained, this would be clear

evidence for unconventional superconductivity.

V. LOW-ENERGY EXCITATIONS

A. OVERVIEW

One of the most well-known predictions of BCS theory is the existence of the
energy gap for quasi-particle excitations. The quasi-particle energies in a singlet

superconducting state are given by
Ep =& +|A(k)]?, (5.1)

where ¢, is the normal state quasi-particle energy measured relative to the chem-
ical potential, and A(k) is the gap function. The original BCS theoryn treated
an isotropic system, and the gap function was a single temperature dependent

constant. In a real system, with crystalline anisotropy, the gap function depends
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on ine momentum k. The threshold energy required to break Conper paes :s
the minimum value of 2|A(k)| on the Fermi surface, 28,;,- Both speciros=opic
measurements and low temperature properties depend sensitively on A:.. Hote
tie iuportant distinction between the gap function, A(k), and the envigy sqp
for quass-particle czcitations, Amin-

The quasi-particie energies in a triplet superconducting state are given by
Bl=d+|d (k)P £]d k)= d k) (5.2

where the different signs are associated with the different quasi-particle spin

polarizations. Again, one can define

S

Smin "“‘mi“{\/i d (k)P £] d (k) ?i(k)p}, s

The symmetries of unconventional states often require that A ... vansnes.
For example, consider a superconducting state that is unconventional be. s uas
gap function changes sign under reflection through a mirror plane of the crysial,
Then A(k) must vanish on the mirror plane, so A = 0. For a wouocn -
sup‘erconductor, there are no symmetry reasons for A ;, to be zero. Howw:cr,
for a dirty superconductor with paramagnetic impurities, the excitation gap mu,

74,75
be zero.

When A = 0, there is no energy gap for quasi-particle excitations, and
the low temperature behaviour of the system is very different from that of a
conventional superconductor, for which A ;;, # 0. In this Section, we review
various experimental probes of the excitation gap of YBaCu3O7_;5 in the hope

of determining whether A ;. is zero.
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Fig. 7. The zero temperature density of quasi-particle states for several types of
superconductors. In each figure, the evolution of the density of states in
going from the clean to the dirty limit is shown. Starting from the upper
left hand corner and proceeding clockwise these are: (a) a conventional
superconductor (after A. Griffin and V. Ambegaokar, in Proc. Int. Low
Temp. Phys. Ohio (1964), J.G. Daunt et al. (eds.), p-524.) (b) a nodeless
Balian-Werthamer state (c) an axial triplet state with point nodes and (d)
a polar triplet state with line nodes. (The plots for the three triplet states
are from K. Ueda and T.M. Rice, in Theory of Heavy Fermions and Valence
Fluctuations, T. Kasuya and T. Saso (eds.), (Springer-Verlag, Berlin, 1985),
p.263). Notice that in all cases the density of states has a peak in the clean

limit, although in the ABM and polar cases there is no minimum gap.
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Although many of thege Probes reveal the presence of low energy excitations,
as we will see, much care must be exer-ised in their interpretation. Indeed, to infer
the existence of nodes, one must he able to argue that the low energy excitations
arise from the carriers, not from local moments, phonons, impurity phases, or
dead surfaces. At low temperatures it is uniikely that the low energy excitations
are due to gapless ‘s-wave’ superconductivity, since the Drude scattering rate 1/
. 76 , . .11
is small compared to typical values of the zero temperature gap function, that

are observed in some experiments.

Many experiments have not found a clear minimum excitation energy that
could be identified with Amin- Neverthless it is common for authors to report
excitation gap values, based upon the observation of a peak in the density of
states. This might correspond to the excitation gap if YBa3CusOr_g is & zonvea-
tional superconductor. However even if the superconductivity in YBaCu3Oq_g
is unconventional, such a feature might still occur, and could correspond to the
gap maximum Amax. This is illustrated in Fig. 7. Furthermore if one wiches
to identify a particular feature in the density of states as originating from a su-
perconducting gap function, it is important to show that the feature vanishes as

T — T, and is absent above T..

B. RAMAN SCATTERING

We now turn to our discussion of the various classes of experiments, which
appear to indicate the presence of low energy excitations, beginning with a dis-
cussion of the results of Raman scattering from YBagCu;O-,_g.n-“ These ex-

periments show evidence for low-lying excitations, both from direct observations

of an electronic background, and from measurements of temperature dependent
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Here x and y refer to the orthorhombic a and b axis directions. (After Ref.

90.)



phonon linewidths.

5.1.1 ELECTRONIC CONTINUUM

The most striking feature of the Raman scattering intensity plotted as a func-
tion of energy shift is a backgrourd that is present for polarizatioas {y',y') (A}
and (y',x') (Biyg) at all temperatures studied, both above and below T.. Fig. &
shows the data below 7T.. The datz show the presence of Fano anti-rescnances
in the Ajy phonon peaks at 115cm™! and in the By, phonon at 330cm™!, which
have been interpreted as suggesting that the background is an intrinsic bulk elec-
tronic effect, not associated with the surface. The presence of a sharp unsplit
peak at 500cm™! from the A, bridging oxygen mode indicates that the surface
layer is not oxygen depleted.gz'93 Furthermore, for temperatures T <« T, the
continuum background is depleted at small w, again indicating that the contin-
uum is associated with a superconducting region of the sample. The Raman
background continuum has also been observed in Big,gSt]_gC&CU)OgH_;g‘ with
features at w = 250cm ™! (xx) and 550cm ™! (xy), in T13Ca3Ba3Cu3Oyo (2223),95
in (Laj—zSr; )3 CuO4,96 and in Bao,eKoABiO;;.gT'98 This universality also suggests
that this background is an intrinsic feature.

In a superconductor with a non-zero excitation gap A,;,, there should be
no Raman scattering intensity below w = 2A. . The data shown in Fig. 8
do not show any minimum gap Ap;p, although they do show the appearance
of a depleted region at low frequencies well below T.. Furthermore, in a su-
perconductor with an excitation gap, the Raman intensity should show a sharp
peak at a characteristic excitation energy 2A. Indeed there are broad maxima at
350cm™?! (Ay4) and 550cm™! (Byy). One possible interpretation of the depletion

is that it arises from an unconventional pairing state with nodes. In this case
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there would be no minimum excitation gap, a depleted region, and the broad
features at 350cm™! and 550cm™! would then be ideatified with the appropriate
Fermi surface averages of this presumed anisotropic gap function. Unfortunately
such an explanation seems unlikely, since the 550cm™! feature does not move to
significantly lower frequ@ncies82 in the oxygen depleted superconductor YBa,-
Cu3Og.s, for which the transition temperature (T"=50K) is smaller than that of
YBazCu3O7_5. The 550cm ™! feature also does not vanish as T — T, and there-
fore cannot be a gap feature.’ Furthermore, it is difficult to imagine how the
Fermi surface variation of the gap function associated with either nodal struc-
tures or other gap anisotropies could lead to linear behavior in the B, spectrum
for frequencies as large as 241% Evidently, the feature at 550cm ™! is not a super-
conducting gap, but instead is intrinsic to the normal state. The significance of
the 350cm ™! feature it is not yet clear; however, the 350cm™! feature (2A/kpT,
=5.5) occurs at about the same energy relative to T as the gap like feature at
20meV (2A/kgT. = 6.0+0.1) often observed in tunnelling conductance data (see

Section C).

The normal state Raman scattering spectra cannot be straightforwardly as-
cribed to intra-band particle-hole excitations because the scattering intensity
would be non-zero only up to a frequency gqvy, which is estimated to be of or-
der 20cm™!, and not 500cm™? as observed. Here q is the inverse of the optical
penetration depth and vy is the Fermi velocity. The estimated frequency range
of intra-band excitations neglects elastic and inelastic scattering; however, the

. 76
measured scattering rates  are too small to account for the spectrum.

An alternative explanation of this continuum has been given by Monien and

100

Zawadowski (MZ)." On the basis of band structure ca.lculmtions,103 they argue
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that the B); Raman scattering component is due to interband excitations be-
tween the CuO; plane bands and the O(4) bridging oxygen band. If the crossing
between these two bands occurs sufficiently close to the Fermi surface, as shown
in Fig. 9, then a By, background with characteristic linear behavior occurs. MZ
explain the absence of an excitation gap, Amins below T¢ in the By spectrum
by supposing that the gap function has a line of nodes on the YS boundary line
of the Brillouin zone where the band crossing occurs. The possible pairing states
with such a line of nodes are the d-wave states transforming according to xBzg
(kgky), 1Ey (kzk; and kyk,), and the p-wave state (without spin orbit coupling)
3E4(a) which transforms like k,. |

5.1.2 PHONON LINEWIDTH

We conclude our discussion of Raman scattering experiments with measure-

8,89,9

ments of phonon linewidths. These provide further evidence” o suggesting
that there are low energy excitations in superconducting YBazCu3Or_s5. We
assume that the lifetimes of the Raman active phonons are determined by the
coupling to an electron-hole continuum. In a single band model, the phonon
linewidth is proportional to the single particle density of states. By determining
the phonon linewidth at different wavenumbers and temperatures, it is, therefore,
possible to get a crude indication of the behaviour of the density of states. In a
conventional system with a clean gap, A,;p, the linewidth of any phonon whose
frequency is smaller than A ;, should first increase as T becomes smaller than
T., reaching a maximum when the peak in the single particle density of states
crosses the optical phonon frequency. As the temperature is reduced further,

the linewidth should dramatically fall to a value below that in the normal state

because of the gap in the single particle density of states.

33



28

(a) (€}  lagq
22 4 I
— 336
- 18 g
£ i =
L pd
e X : Q
!-:EM 332 =
%13 } 118 8
i By
1 ¥ :.‘
114 Q.
) (b)
9 112
7 - 110

o 00 200 300 0 100 200 300
TEMPERATURE (K) TEMPERATURE (K)

Fig. 10. (a) and (b) Full width at half maximum linewidths of 340cm™" (flled tn-
angles) aad 116cm™! (open squares) phonons respectively. (¢) 340cm ™!
phonon frequencies (d) Observed (open squares) phonon frequencies for
the 116em ™! phonon. The data represents averages over many spectra and

error bars are standard deviations. Solid lines are guides to the eye. (After

ref. 78.)



. . . 78,89
The linewidths of two Raman actjve phonons have been determined, %9 and

the results are very interesting, First, consider the temperature dependence!39
of the linewidth of the phonon at 340 cm~?, shown in Fig. 10. The linewidth
indeed rises as T is reduced below T,, but it then falls to a value larger than that
of the normal state. This might be interpreted as evidence that there is no gap
in the density of states. Alternatively, if there is a gap with 2851 < 340cm; !

then as the temperature is lowered, a local peak in the density of states initially

below 340cm™! might be pushed up past 340cm™!, giving rise to the observed

. 104
behaviour.

The situation is quite different for the linewidth of the Ay phonon78 at 116
cm™!, shown in Fig. 10. Here, the linewidth continually falls as T decreases
below T.. This suggests that there is no peak at 2A in the single particle density

of states at w = 116cm™! at any temperature.

We conclude that the Raman data do not provide evidence for a gap in the
single particle density of states. On the other hand, it is not yet known whether

the low energy excitations indicate the presence of gap function nodes.

C. INFRA-RED REFLECTIVITY

Next we consider the infrared reflectivity (IR) experimentsxlos_'118

which can,
in principle, reveal an energy gap and show whether or not there is a significant
density of states within that gap. Unfortunately the interpretation of these data

is rather controversial at this time. There seem at present to be three conflicting

interpretations of the data.

(1) The IR measurements reveal a small gap of 220cm L.
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Fig. 11. Reflectivity, R, as a function of frequency, v, for a sample of YBa;Cu3O:_;
. with T. = 50K, at several temperatures as labeled in the main part of the

figure. Inset: R over a wider range of v at T=20K and 270K. (After Rei.

113.)
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Fig. 12. Finer detail of the low frequency reflectivity for two samples of YBaj-
Cu3O7_s with depressed T.'s indicated. For each plot the lower points
are taken just above T. and the upper points are taken at T=20K. The
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t9) T i ' . \ . : iy
t2) The [R measurements are incapable of observing & #3p due to the small

scattering rate.

(3) The IR measurements show a large gap of 480cm L

We shall discuss each of these three interpretations in turn, and their implications

for possible gap nodal structure.

The first of the interpretations of the IR reflectivity data is due to Thomas
et al.ns Consider the reflectivity data for a single crystal of oxygen depleted
YBa3Cu3O7r_s with T. ~ 50K shown in Figs. 11,12 and 13. A prominent feature
in Figs. 11 and 12 is a region where the reflectivity is unity to within calibration
errors (< 2%). In this region the reflectivity remains constant for w less than
about 100cm™! (for the T.=50K sample). Above this frequency the reflectivity

- ) ) us
gradually decreases. By examining different materials (Lao_assro,uCuOg“ and

Ba.Pb(l_,)BizOzgmo'121 ), Thomas et al. argue that the frequency of the second
feature is consistent with the weak coupling BCS prediction of 2A = 3.5kpT..
This energy corresponds to about 220cm™! in YBa3Cu3Oy_s with T, = 90K. If
this unit reflectance feature is indeed the gap, then the absence of low frequency

absorption provides evidence against a pairing state with nodes (or any other
forﬁl of gapless superconductor).

However, as discussed by Timusk et al.,lm the interpretation of this feature
as a gap is consistent only if the scattering rate 1/ is not too much smaller
than the gap 2A ;5. Values of 1/7 can be estimated from the data of Thomas
et al. above 270K, giving 1/7 ~ 1.9kgT. Extrapolating to below T¢, this would
correspond to 130cm~!. Therefore the gap-like feature could not be a true gap.
The interpretation of Thomas et al. would be valid only provided 1/7 is constant

below T. rather than continuing to decrease as 2kgT. If the interpretation of
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Timusk e¢ al. i rec ;
Timusk et al. is corre : ;
* rect, then, since the unit reflectance feature is ot a irue gap,

nothing can be inferred about the gap nodal structure from this da‘a,

We now come to the second interpretation of the IR data, that of the Florida.
McMaster collaboration. This group has analysed the conductiviiy, obtain.d b
a Kramers-Kronig analysis of the reflectivity data, and conciudes that in 1dc.
tion to the far-infrared Drude absorption, there is a broad absorption band in the

mid-infrared. Fig. 13 shows data from a typical optical conducti=itv “neasnre.

ment, with the mid-infrared band extending from 1000-5000cm ™. This analysis

L4
.

has been carried out for mosaics of 10-20 small (300-1500 pxm) crysta.ls,m tex-

. 107,109,110,111
tured ceramics™ T

and, most recently, thin films of YBasCusOr. o'*
For both single crystals and ceramics, the normal state conductivity can be writ-
ten as a sum of a Drude term, a temperature independent part associatea with

some unknown mid-infrared direct absorption process, and contributions from 6

infrared-active phonons, with frequencies w; and widths v;, 7 = 1,2,...6. They

use,
w
c=—Imelw 5.4)
2 Ime(w) (5.4
where the dielectric constant is
2 2 .2
[N — woD Whe :91‘“5 L fe e
elw) = T + = R + 3 T + € 9.5
wtiw/r  wl-w?-iwy, S wj —w? —wyj ‘
i=1,

According to Timusk et al,lm wpp=1.2eV is a temperature independent plasma
frequency, wpe is the temperature independent strength of the midinfrared feature
centered at w, = 0.25ev (2000cm~!) with width 4, = 0.6ev (5000cm~!) and
1/7=250cm ™! at 100K. These values are taken from data obtained from a crystal

mosaic of YBa;Cu3Oq_s with T, = 85K (determined by the Meissner effect). For
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a superconducting ceramic, Timusk et ai*®’ and Tanner et al’** find that the

normal state Drude absorption ig replaced by the London dielectric function

1 2

w W 2 S
— pD N ps 3 (73} & Ju) ,
e=-——g i bo)r 5—B Y ot (56)
w ) Wé -2 1WYe L_;vo w; — i - 1wy; N
i=1,

where the parameters in this equation are found to be essentially identical to
those in the corresponding normal state dielectric function. This is illustrated in
Fig. 14. As expected for a clean superconductor, all the Drude oscillator strength
below 2A appears in a delta function at zero frequency, leaving little oscillator
strength for transitions above the gap. According to this analysis, one should
interpret the onset of the absorption at 220cm™~! in Fig. 14 as the combined effect
of both the onset of midinfrared absorption and the strong contributions from
phonons at 277cm™! and 311ecm™!. Thus, this onset cannot be identified with a
superconducting gap. Most recently this group has obtained similar results for
highly oriented laser-deposited thin films!'? If this interpretation is correct then
the IR data would be of little use in determining whether states occur within the
gap.

We now consider the third possible interpretation of the infrared data, that
of the IBM group.l“’us'lm'lrr They performed measurments on single crystals
of YBa3Cu3Or_s with T.=92K. The conductivity data were analysed in terms of
a Drude function with a frequency dependent scattering time 7*(w) = 7(w)[1 +
A(w)] and a renormalized mass m‘iw) = my(l + AMw)]:

nelr*(w)

m*(w)[l — iwr*(w)]

o(w) =

(5.7)

According to this treatment, intraband absorption is responsible for both the far

and midinfrared features. Both this group and Thomas et al’® have analysed
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the damping rate, assuming that the frequency dependence of T occurred through
the emission of Boge excitations (Holstein processes). The coupling between the

carriers and the bosons, a? F(w), was obtained from the data for r(w) by usingln

w

L / o F(Q)(w — 0)d0. (5.8)

(W) w

v

0

Here o F is the Eliashberg function proportional to a density of excitations
modified by the inclusion of a factor (1 — cos §) to weight large scattering angles.
It was concluded that the absorption in the midinfrared region is associated with
the carriers emitting a Bose excitation with a characteristic energy of about
500cm ™). According to this picture, the 480cm~! feature is associated with the
superconducting gap, and corresponds to 2A = 8kpT,. Schlesinger et al’®® were
able to fit the reflectivity data in terms of the Bardeen-Mattiss formula using
2A = 480cm™!. If this interpretation is correct, then the data imply a large gap,
but with many low-energy excitations, since the reflectivity is less than unity well
below 500cm™1.

This interpretation of the data remains controversial at present. For example
Timusk et al. argued that: (1) when the system goes superconducting, the mid-
infrared band should shift up by 24, whereas no such shift has been observed.
(2) the slope of the temperature dependent dc resistivity should exhibit a bend at
temperatures large enough to begi.n thermally exciting the Holstein excitations,

which should be at about 300K;1 %8 this is not observed to occur until about 700K.

In conclusion, the infrared data does not yet, in our opinion, provide conclu-

sive evidence either for a non-zero gap or for a gap with nodes.
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D. TUNNELING CONDUCTANCE

Another class of experiments that can show the presence or absence of an
excitation gap is the tunneling conductance. These experiments provide a direct

observation of the superconducting density of states. In particular, the standard

theory gives
dI/dV ~ [t|3Ny,(eV ) N3 (5.9)

where Nyi,(E) and N; are the single particle densities of states on the supercon-
ducting and normal sides of the SIN junction respectively, and ¢ is the tunneling
matrix element. Measurement of dI/dV can, in principle, show whether or not
there is a well defined gap without low energy quasiparticles and, if so, what is

the magnitude of A ;.

Unfortunately widely different tunneling characteristics have been found in
various types of junctions. Furthermore the reproducibility for any particular
type of junction is often poor. Both of these problems are usually attributed
to the presence of a surface dead layer, which is insulating because of oxygen
depletion. The shortness of the coherence length (£c=2-4A, and £¢b=12-25A in
YBa;Cu307_s) makes surface conditions more critical than in classic supercon-
ductors. Various methods have been used to mitigate surface quality problems

including the use of: break junctions,1 H tunneling into ﬁlrr.ls,1 -1 freshly cleaved

. . cL e . . ,129
surfaces,l 2 point contact tunneling with tips driven into the surface’™"’

and,
most recently, chemically etched single crystals with evaporated metal flms. >
Nevertheless, most of these studies do not reveal tunneling conductances that

ressemble the classic density of states of a s-wave superconductor.
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An example of a typical tunneling characteristic for a planar YBa;s-
Cu3O7_5/Pb junction at low temperatures is shown in Fig. 13- The junction
was prepared by depositing metallic contacts on a chemically etched surface of
a single crystal of YB&ZCu307_6. This method seems to give reproducible re-
sults (for over 100 samples) even when one varies junction parameters, such as
counterelectrode materials and etch times. Fig. 15 shows a maximum in the
conductance at around 19 meV; furthermore, the low bias conductance drops as
T is decreased below T.. Although these data certainly suggest the depletion of
states around the Fermi level, they do not provide overwhelming support for a
superconducting state with a clean gap, Ap;,. In particular we see a weakly
temperature dependent zero bias conductance that is about half the conductance
at 7T0meV. The gap-like density of states peak at 19meV seems to correspond with
what is perhaps the most commonly reported value of the gap from tunneling

. 128
experiments.

The tunneling characteristics obtained from point contact studies are dra-
matically different from those of the planar junctions of Fig. 15. For exam-
ple the early data by Kirtley et al. on a single crystal of YBagCu3Or_s and
Laj_;Sr,CuO4 shown in Fig. 16 exhibit a sharp, clean BCS-like gap. Several

other point contact studies also find similar junction characteristics.>1"1*?

Unfortunately, the point contact data seem to be rather irreproducible. Dif-
ferent sets of point contact data exhibit gaps with size varying from sample to
sample. As an example, a large spread of point contact gap values have been re-
ported by Edgar et al,”3 who examined 30 point contact junctions with ceramic
YBa;Cu3O7_s and found that the separation between conductance peaks (which,

for lack of a better term, we will call 2A) was distributed from 28-65meV, with
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a marked peak in the distribution at 40meV.

One possible source of the variability in observed gaps is that, because of
oxygen depletion, the T, of the surface region is different from the bulk-T. and
depends upon the surface preparation. This is suggested by a number of stud-
ies 251283 IM 4 hat find the gap often (but perhaps not always'>") closing at
much lower temperatures (between 60-70K) than the bulk transition tempera-
ture. It has been observed that'*® 2A/kgT. is approximately constant (around
6-7).

A second possible problemm is that the gap may vary along the surface over a
distance of a few coherence lengths, because of local variations in stoichiometry.
This can explain why the point contact studies are less reproducible than the
sandwich junction experiments, since successive tip insertions would be ezpected
to reveal differing gap values, even for a single san:xple.1 i may also explain

why the high bias features present in the point contact studies (see Fig. 16) are

smeared out or absent in the sandwich junction data.

A third possible source of the spread of gap values in point contact studies is
that the different point contact junctions might be sensitive to different regions of
the. Fermi surface. Anisotropy in the gap, possibly arising from unconventional
pairing, would then also give a spread in the measured gap values. Measure-
ments of the gap anisotropy have been made in the broken film edge junction
experiments of Tsai et al’**1¥ The junctions were fabricated by first epitaxially
growing an oriented film on a SrTiO3 substrate, and then breaking the substrate
film (submerged in liquid He) at a pre-cut groove. The broken film was then

joined with Pb electrodes to form the tunnel junction. (See inset in Fig. 17).

The tunneling conductance shows gap-like features for junctions fabricated both
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Fig. 20. Conductance curves for vdrious applied fields in a high barrier Al-1-123
junction at 0.4K. At zero feld the superconducting gap of Al is observed.
The curve at 0.03T gives the conductance of normal Al into the oxygen
depleted (i.e. non-superconducting) surface layer of YBagCu3O7_4. At
higher fields a Zeeman gap A, = gupH opens up. Short horizontal ticks
indicate the zero level of dI/dV for each curve. (After ref. 136.)
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parallel and perpendicular to the c-axis; see Fig. 18. The identification of these
tunneling conductance features with the superconducting energy gap is strongly
supported by the temperature dependence as T —+ T¢Surfac°, as shown in Fig.
17. The magnitude of the gap differs by a factor of two depending upon the
orientation (for a given value of the surfacs T.), being larger for tunneling along
the a-b plane (see Fig. 19). The chserved anisotropy could be caused by an
anisotropic ‘s-wave’ pairing state, or by an unconventional pairing state. The
directions of the anisotropy might be used to rule out a particular pairing state;
for example, some of the the singlet ‘d-wave’ states have a gap node in A(k) for
k in the a-b plane, which would appear inconsistent with the large gap observed

in this direction.

How is it possible to reconcile the point contact studies, which show evidence
for a minimum excitation gap Apy;,, with the planar and break contact stud-
ies, which always show substantial zero bias conductance? This is, of course,
a very important question, since the existence of a well defined gap rules out
non-conventional singlet states. Perhaps a clue to the possible resolution of this
problem has been provided by Ong and coworkers,” who studied the magnetic
field behaviour of high resistance (more than 1 k(?) barrier junctions, fabricated
by evaporating Al film onto freshly grown crystals. The conductance curves for
this system are shown in Fig. 20. Although the oxygen-depleted surface area
was too thick to allow detection oi' the superconducting gap in YBazCu3Oq_g,
they were able to show that a Zeeman-like gap of size gug H with ¢ ~ 2.0 opened
up as the external magnetic field is increased. The interpretation suggested by
Ong et al. is that the Zeeman gap is a sign that spin exchange scattering from

. . . . 7-140
local moments occurs in the insulating layer. The theory of this processls 1
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T(T.) 2T 7 9 _
131(1‘) = Fc/dE(“g‘g‘)[Nz(E)+M’(E)] (5.10)
0
where
N(E) = <Re £ (5.11)
E? - JA(k)?

1s the anisotropic generalization of the BCS density of states and

[ Re_AK)
M(E) = <R \/ET-T(k)F>' (5.12)

Here < ... > denotes Fermi surface averaging, and f(E) is the Fermi function.

In the absence of anisotropy this becomes the usual result

Tc __27 of B+ &7
\(T) ~ T, TPE ET- AT

(5.13)
0

For any unconventional singlet or unitary triplet superconductor (one for which

d (k)*x d (k) = 0) the corresponding expression is:

TW(T.) _2T [ ., 0f
T(T) T. 6/dE( BE) Y(E). (5.14)

In either case, provided that there is a minimum in the gap, Ap;,, then
at low temperatures 1/7) should show an activated behaviour 1/Ty ~
exp(—A;n/kBT). On the other hand if the gap has nodes on the Fermi surface,
then 1/T} has the following power law behaviour at low temperatures: TS, T3,

. . . 142
or T for point, line, or surface nodes, respectively.
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The experimental data indeed show a power law behavior of 1/Ty below T.
of the planar Cu(2) site telﬁation.‘”'“‘ The data of Imai et al™** are shown
in Fig. 21. The data are best fit by a T3 power law at low temperatures, as
expected for a superconducting state with line nodes in the clean limit'*?

A second unusual feature of the NMR relaxation rate is the absence of a
Hebel-Slichter coherence peak just below T,:“s'146 as shown in Fig. 22. (Note

?
147,148

that earlier reports of a ccherence peak in 7O have not proved to be

reproducible.)

The Hebel-Slichter coherence peak149'150

occurs in s-wave superconductors
because of the divergence of the integrand in Eq. (5.13) at E = A. This leads to
a rapid rise in 1/T} as T drops below T.. For an unconventional superconductor,
one expects that the coherence peak will be substantially reduced or altogether
absent. This is because the anisotropy in the gap implies that the integrand
is much less singular than for an s-wave superconductor. The absence of the
coherence peak may thus be an indication of unconventional pairing in YBa;-
Cu3Oq_s5. However, it does not constitute conclusive proof, since the coherence
peak may be absent even for a conventional pairing state when there is magnetic
scattering.151 Other effects that might reduce the coherence peak include sub-
stantial gap anisotropy or strong electron-phonon coupling, which can broaden

the peak in the density of states. %1%

It is intriguing to compare the copper site relaxation rate data of Fig. 21 with
comparable data for the heavy fermion compound UPt3, which is now known
to be an unconventional superconductor. The data of Kohori et al. for %3Pt
relaxation '™ are striking in their similarity to the copper NMR data in YBa,-

Cu3Or_s, shown in Fig. 21, both in the low temperature power law and in the
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absence of the coherence peak. A T3 relaxation of 1/T: has also been observed

. 1432 .
in UBe13s. = This demonstrates that both the low T behaviour and the absence

of the coherence peak can indeed arise from an unconventional pairing state.

Even the normal state Cu relaxation data'>*"**! seem to be rather unusual.
The plane sites do not exhibit the Korringa law expected of a normal metal (i.e.
Tl'1 x T') above 1.35T, (116K), although the chain sites do follow the expected
behaviour. This has been observed in both fully oxygena.ted“‘ and oxygen defi-
cient'®® YBagCu3Or_s. Furthermore the magnitude of Ty 1 is enhanced by more
than an order of magnitude compared to the rate estimated from the density of

states calculated with band theory.lsc'l”

Both of these effects seem to require
that the antiferromagnetic correlations be taken into account in order to describe

both normal and superconducting relaxation rates.

A consistent picture of unusual copper nuclear relaxation in both the super-
conducting and normal state has been provided recently by Monien and Pines!**
These authors have analysed the Cu relaxation rates, using an RPA type expres-
sion for the spin-spin correlation function

_ XO(q,waT)
X0 ) = TR0 egle Dxolg,e, 1)’

(5.15)

and assuming a cylindrical Fermi surface. Here Jeff(q,T) is an effective antifer-
romagnetic coupling constant, assumed to be peaked at the antiferromagnetic
wavevector Q, N(0) is the quasiparticle density of states at the Fermi level, and
xo is the bare susceptibility. According to this theory, the antiferromagnetic cor-
relations enhance 1 /Ty by a factor of {1 — AY (T)]~? relative to the relaxation rate
neglecting antiferromagnetic correlations. Here X = (N(0)Jg(q, T)xo(g,T)) and

Y(T) is the Yosida function.>* '*® Using the zero temperature gap A(0) obtained
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from an analysis of Cu Knight shift data (see below), Monien and Pines varied A
to achieve the best fits to the temperature dependent Tl"1 data of Imai et al'**
Fits were attempted with a variety of pairing states, including a s-wave state,
an anisotropic s-wave state, a d-wave state, and a d-wave state with higher or-
bital angular momentum harmonics, ¢. The fits to s-wave or anisotropic s-wave
pairing, were unsuccessful below 0.37. because of the exponential temperature
dependence of the theoretical rate, which is not presént in the data. Above
0.3T,, a reasonable fit was obtained, provided a large (A = 0.7) antiferromag-
netic enhancement was used. The fit to the pure d-wave state was better, but
still deviated at low temperatures (using an antiferromagnetic enhancement of
A = 0.65). A good fit over the whole temperature range was obtained by using a

d-wave state with an admixture of higher harmonics.

2. KNIGHT SHIFT

Experimental constraints on the pairing state in YBazCu3Oq_;5 are also pro-
vided by NMR Knight shift data. These data are particularly important, since
they appear to eliminate the possibility of triplet pairing.

The measured shifts in NMR resonance frequencies are related to the static
magnetic susceptibility at the site of the nucleus. There are two distinct con-
tributions to the shift, a spin susceptibility part (Knight shift), and an orbital

contribution (chemical shift). Thus

Kap(T) = Kag(T) + K (5.16)

where K is the total shift, K is the temperature independent chemical (or Van

Vleck) shift and K 5(T) is the temperature dependent Knight shift; each of these

quantities is a tensor. For the plane copper sites, if one assumes that only the Cu
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d;3_y2 orbitals have significan hyperfine coupling or weight at the Fermi surface,

then Kaﬂ 18 proportional to the d;2_,2 spin susceptibility:

tha = Aaaxaq(T), a = G, b7c (5.17)

where a,b,c are the crystallographic axes and Aqq are the hyperfine coupling
) 181 . ..
constants. A more general form, introduced by Monien et ali" is discussed

below.

In Eq. (5.17), the temperature dependence of the Knight shifts is related
directly to the Pauli spin susceptibility in the superconducting state. We now
summarise some key facts about the spin susceptibility of conventional and un-
conventional superconductors. For a singlet superconductor (neglecting Fermi

liquid effects) this susceptibility is isotropic, and is given bywo
L 2
where the Yosida function Y(T) is the Fermi surface average of
/ dey
0

and where E, is defined in Eq. (5.1). From this we see that for singlet states

sech’(E'k/2KBT). (5.19)

x =0 for T = 0%

For a triplet state, rotational invariance in spin space is broken, and the spin
susceptibility is a tensor. For a unitary triplet state [one with d (k)*x d (k) = 0]
it is given by: )

R ds(k)dg(k
Xaf = Xn <5aﬁ - <[1 ~ Y (k,T)| Re [M_)_} >> , (5.20)

| d (k)|

where < ... > denotes the Fermi surface average and xn is the normal state
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susceptibility. From this one can readily show that Tr(x) = xa(2 + Y(T)] = 2xn
as T — 0. This result can also be shown to hold for non-unitary triplet phases
as well! 1% An important implication of this is that, for states with Xaa = X34,
it is not possible for Xqa to become less than xa/2 at zero temperature. We shall

soon use this result to show that the data are inconsistent with triplet pairing.

Temperature dependent Knight shifts have been measured for the copper
sites in YBajCu3Or_5 by Takigawa et al! “, and have been repeated with an
improved method by Barrett et al’®® The data of Barrett et al. are shown in
Fig. 24. The data show that the ¢ component of the Cu(2) shift is temperature
independent whereas the ab components are equal and drop sharply below T..
The only states listed in the group theoretic classification of states in Section III
that show this behaviour are the four triplet states 3E, (g), (h), (i), and (j) of
Table 6. For each of these four states the temperature dependent susceptibility

is given by

Xag = Xndiag(l + Y (T),1 + Y(T),2)/2. (5.21)

Although these four triplet states seemingly provide a natural explanation for
the temperature independence of the Cu(2) site ¢ component of the Knight shift,
they do not provide a consistent interpretation of all the shift data. In particular,
in any of these phases the Knight fhift K3, falls to half of its normal state value
as T — 0. This implies that the total shift Koq(T) falls from KL + K3 (T.) at
T, to KE + K5,(0) = KL + K5, (T.)/2 at T = 0. Experimentally the total shift
K4 falls from 0.6% at T to 0.3% at T=0. Since K,q(0) ~ Kaqa(Tc)/2 this implies
that the chemical shift KX = 0, and hence that the chemical shift anisotropy

KL /KL should be very large. This is physically unreasonable; for a cubic crystal
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the anisotropy ratio is rigorously equal to 4. Furthermore, a detailed calculation
for LagCuQOy4 gives a possible range for the anisotropy from 4.1 to 4.3 which
was insensitive to the precise energy levels assumed for the copper and oxygen
sitesl.ws"166 The similarity of the local environment in the two crystals suggests
that this result would not change much for YBa;Cu3O7-s. In summary, the data

are not consistent with triplet pairing.

Are the data consistent with singlet pairing? If YBa;Cu3Or_s is a singlet
superconductor, then the chemical shifts should be given by the zero temperature
total shifts (since x(0) = 0). According to Ref. 165 this means KLE/KE =4.54
which is in approximate agreement with the theoretical estimate, given above.
The zero temperature values of the shift tensor are also consistent with calculated
values of the chemical shift'®® implying that K5 =~ 0. This implies a singlet
state, since x(0) = 0. We thus make the extremely important conclusion that
the Knight shift data not only rule out triplet pairing, but seem to be consistent
with singlet pairing.

If one accepts these arguments that the pairing is singlet, then the tempera-
ture independence of the K, shift for the planar Cu(2) site is mysterious. In a
singlet state, xq8(T) = x(T)éap; thus since K3, changes with temperature below
T., it would be expected that Ké’; would also be temperature dependent below T..
A resolution of this problem has been proposed by Monien et al’® and Barrett et
al’®® These authors, as well as Mila and Rice,1 %7 found that the assumption that
the Cu(2) nucleus couples only to the Cu dz1_3 orbital of the same atom cannot
simultaneously explain the anisotropy in the Knight shifts and the anisotropy
in the relaxation rates. Consequently, they considered additional couplings be-

tween the copper nuclei and electronic spins on the neighboring atoms, known
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as the transferred hyperfine coupling. In this picture one achieves a large trans-
ferred hyperfine interaction by allowing the oxygen po orbitals to hybridize with
the Cu 4s state, which has a substantial contact hyperfine interaction with the
Cu nucleus. Simple quantum chemical estimates have shown that this gives a
substantial coupling between neighboring Cu(2) atoms’®” and presumably also
between neighboring Cu(2) and O(4) bridging oxygen sites. In this model the
Knight shift is related to the Cu(2) electron spin susceptibility, Xapg) 20d the spin

susceptibility of the oxygen band, y*, by
Kap = (ve1ah?) " ((4as + 4B3g)x3s + Bhaxll (5:22)

where 7. and v, are the electron and nuclear gyromagnetic ratios, and B;ﬁ and
B:B are the transferred hyperfine couplings. Then the mysterious temperature

independence of K. can occur if it is assumed that A..+4BL ~ 0 and B2 x* ~ 0.

Using this idea of the transferred hyperfine interaction, Barrett et al!®® de-

velop a consistent picture of all components of the shifts, that is consistent
with singlet pairing. Barrett et al!®®  subtracted the K.(T) data from the
Kaa(T) data, eliminating the contribution from the hole susceptibility, x*, and
Monien et al.>® fitted the result to the Yosida functions of various conven-
tional and unconventional singlet states. The data were fitted variously to:
an s-wave state with 2A(T = 0)/kpT.=3.8, an anisotropic s-wave state with
2Amax(T = 0)/kpT.=4.3, a d-wave state with 2Amax(T = 0)/kpT.=29.34, and
; d-wave state with higher £ components, 2Amax(T = 0)/kpT.=6.26. The pure
d-wave state could also be reasonably well fit with a smaller Amax because of

possible scatter in the data points. This was done by using Eq. (5.19) together
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with the interpolation formula

1/2
T=Tc}

{ (T. - T) % 24
A(0)

A(T) = A(0) tanh (5.23)

. 158
Monien et al’™" found that all of these states fit the data; however for the ‘d-
wave’ case, A is unphysically large unless higher £ harmonics are included. The
higher £ harmonics are important, since they reduce the area of the Fermi surface,

close to the nodes, where the gap is small.
3. SUMMARY

The low temperature nuclear relaxation is not exponential in temperature;
this implies the existence of low energy excitations. The Hebel-Slichter coherence
peak is absent, which might indicate unconventional pairing. The Knight shift
anisotropies appear to rule out triplet pairing states. The Knight shift data can
be fit by assuming either conventional or unconventional (with line nodes) singlet

pairing.
F. Low TEMPERATURE SPECIFIC HEAT

The low temperature specific heat is potentially a straightforward probe of
the excitation spectrum in the superconducting state. At temperatures small
c.ompa.rcd to the Debye temperature, which has an average value'®® of 402K +
32K, the phonon contribution to the specific heat is proportional to T3. This

would be expected to dominate the electronic contribution in a superconductor

52



60 v ¥ Ty

50 r

40

30

C/T (mJ/Kz-mole)

20

10

A

A A AL A l A

0 25 S0

12 (k%)

Fig. 25. Low temperature, zero field specific heat of YBa;Cu3Or_s, plotted as

C(T)/T vs T2. (After Ref. 172.)

53



with a non-zero minimum energy gap at zero temperature, Ag:

Q

(T) ~ exp(—Ao/kBT). (5.24)

169171

Considerable interest was therefore aroused by the reports that in poly-

crystalline YBagCu3Oq_g, for temperatures between 2K to about 6K, the specific

heat could be fitted by the form
C ~ aT + AT°? (5.25)

as shown''? in Fig. 25. These measurements, on polycrystalline samples, have
been reproduced with the conclusion'®® that the average value of a is 4.66 £0.69
mJ/mol K2. Single crystals are too small to enable reliable absolute measure-
ments of the specific heat to be made; instead, some groups have attempted to
measure the specific heat of mosaics, but no consensus has emerged at the time
of writing.168 A detailed discussion of this topic may be found in the chapter by

Junod in this volume.

"Assuming that the linear term is indeed present, there are a number of possi-
ble explanations, of which unconventional pairing is the most exotic. The first of
these is that the non-zero value of a is associated with the presence of impurity
phases (chiefly BaCuOg4., which, at large concentrations, has been demonstrated

. . . . 173,17
to give a linear term in the specific heat b )y

but this is contradicted by two
observations: (a) some of the best quality data do not exhibit Schottky anomalies
at low temperatures, and (b) in the data shown in Fig. 25, the sample was char-

acterised by Raman spectroscopy, and the inferred concentration of BaCuO3+.

was too small to account for the observed value of a. A second explanation of

53



the linear behavior is that it is generated by the presence of two-level systems!™

However, the value of a, estimated on the basis of oxygen tunneling, is only about

1.4 mJ/mol K"

Unconventional Pairing can lead to a linear term in the specific heat in two
ways. First, if YBa.:zCu3O7_5 is in the clean limit at low temperatures, as the
point contact tunneling measurements suggest, then, assuming that the relevant
excitations are fermions, there would need to be surface nodes on the Fermi
surface. On the other hand, if YBajCu3Or_s is in the weakly dirty limit, then
line nodes could lead to a linear term in the specific heat (in fact, an infinitesimal
amount of impurity would lead to a linear term, with a coefficient dependent upon

the concentration of impurity).176

- Finally, we comment briefly on the situation in BizSr;CuQOg and BizSrj-
CaCu30s. In these superconductors, it seems that the linear term has a
very small coefficient at low temperatures and it may indeed be absent. T8
Chakraborty et all™ specifically tested their data for a T? contribution to C,
and concluded that it was not present, thus ruling out an unconventional state
with line nodes in these materials. There is another interesting difference between
po.wdered samples of superconducting YBagCu3Oq_s and Bi3SryCaCu30s. For
0.02K < T < 3K, the thermal conductivity is roughly proportional to T2 in
Bi;SrCaCu304, whereas in YBazCu3O7_s, below about 300 mK, the thermal
conductivity is proportional to T!° This behaviour is absent in insulating sam-
ples of YBagCu3O7_s. It seems that the presence of a linear temperature depen-
dence in the thermal conductivity at low temperatures may be correlated with

. . . 10 .
the presence of a linear term in the specific heat at low temperatures, a possi-

. e . . . . 79 .
ble indication that resonant impurity sca.’ctermg1 may be present in powdered
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YBa3Cu30q_;.

VL. ELECTROMAGNETIC PENETRATION DEPTH

No single set of Measurements is more widely cited as evidence in favour of
conventional pairing than that op the temperature dependence of the electro-

magnetic penetration depth, A(T).

A close examination, however, reveals that the interpretation of the data is
not completely clear cut. Furthermore, the data are not without their puzzling
discrepancies. In this section, we shall summarise the experimental findings and
consider what constraints these observations place on the identification of the
pairing state. We begin with a summary of the theory for the electromagnetic

penetration depth.

First, let us define the penetration depth for a general superconductor. The

starting point is the London equation

. e?
Ju = _'T'n—cKuuAu (61)

where j is the supercurrent, K, is the electromagnetic kernel, 4 is the vector
potential, m is the mass of the electron and ¢ is the speed of light in vacuum.

10183 ) is defined by

The penetration depth tensor

1 473
= m_czK (6.2)

For example in an isotropic ‘s-wave’ superconductor, A is isotropic and given in
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Fermi surface. These graphs assume that the component of the superfluid
anisotropy axis along the direction of the surface normal, £,, equals zero or
one for the polar or axial states. The temperature dependence of the gap

was based on the interpolation formula Eq. (5.23). (After Ref. 181.)



where Amax is the maximum value of the gap function over the Fermi surface,
and n is an exponent which depends on the type of node and the orientation of
the node relative to the magnetic field, E As an example, consider triplet states
on a spherical Fermi surface with unjaxial anisotropy. The possible values of n
are: n = 2 (axial state, P perpendicular to E), n = 4 (axial state, 1 parallel to
E), n = 1 (polar state, -Z parallel to ﬁ and the polar state with ? perpendicular
to E assuming £; = 1, where z is the direction of the surface normal), and n = 3
(polar state, -Z perpendicular to B and £; = 0).

In YBa3Cu3Or_s, the Fermi surface has the topology of a cylinder, and the
corresponding results for triplet states may be read off Tables 2, 3, 5, 6, 7, and 8.
Power laws with n = 1,2, 3,4 are possible for various field directions and pairing
states. For singlet states of relevance to YBajCu3Oy_s, the only possibilities are
states with line nodes intersecting at 90°, which have n = 1 in all directions,
and the state !Eg(c), which has nodes around the equator, and which has n =1
unless both the direction of penetration and E lie in the a-b plane, in which case
n = 3. Observation of these power laws as T — 0 could, in principle, discriminate

between possible pairing states.

Despite these asymptotic power laws, it is possible that certain unconven-
tional states with nodes could generate a A(T') which is indistinguishable from
the isotropic BCS prediction over much of the temperature range between 0K
and T.. An example is shown in Fig. 26, for p-wave and s-wave superconductors
and a spherical Fermi surface. There are plotted curves of A\(T') vs. T for a
variety of p-wave states, characterised by the local axis of gap symmetry ? In
particular, the axial state (which has point nodes on a spherical Fermi surface,

see discussion in Section III) with ? parallel to the magnetic field —é has almost
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precisely the temperature dependence of the isotropic BCS form.

It is not Only the nOda,l structure of the gap function that determines the

power law behaviour of the penetration depth at low temperatures. Two addi-

) ) 81,184
tional factors may be Important: Fermi liquid con‘ections1

181, 185
effects.

and impurity
In the first case, renormalisation of the electron mass leads to a
value of n = 2. In the second case, when the concentration of impurities ex-
ceeds a critical value, the value n = 2 is obtained, regardless of the pairing state

predicted in the clean limit.

It has become customary to fit experimental data for A(T) to the Gorter-

Casimir form
-1/2

AT) = A(0) [1 - (%—)4] : (6.6)

The Gorter-Casimir expression has no microscopic basis, but closely ressembles
the BCS result for type I sup¢.=:rconductoz's.186 The Gorter-Casimir formula is
purely empirical, and does not describe a gapped superconductor at asymptoti-
cally small temperatures, because it predicts that A\(T) — A(0) falls as T* rather
than exponentially in temperature. Even throughout the range 0.25 < T/T, < 1,
the Gorter-Casimir form for A(T') differs from that of a weak-coupling type II
s-wave superconductor, and is, in fact, closer to the temperature dependence
expected for a strong-coupling s-wave superconductor.1 8 Thus, it seems that
agreement with the Gorter-Casimir formula is indicative of one of two things:
if the data are in the asymptotically small temperature range, then the pairing
state cannot be conventional. Alternatively, if the data are not in the asymptoti-
cally small temperature regime, then strong-coupling effects are important. Most

importantly, in the latter case, this does not necessarily mean that the supercon-
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ductor is conventional, or even nodeless. One must check to see that there are no

states with nodes which could also enable A(T) to resemble the Gorter-Casimir

formula.

The use of the temperature dependence of MT) as a diagnostic of the pairing
state has been useful in the heavy fermion superconductors UBeys, UPt;3, and
CeCu;3Si3. From a series of reversible magnetisation measurements on super-
conducting UBejs, using a SQUID magnetometer, Gross et al*®? were able to
determine AXNT) = A(T) — A(0) in the temperature range 0.072 < T/T. < 0.6.
They found a very good fit of the form AA o (T'/T:)?, which they have interpreted
as evidence for an axial p-wave state in this material. Their results contrasted
strongly with those obtained on a Sn reference sample. Similar results have also

been re:ported188 for the heavy fermion superconductors UPt; and CeCu;Sis.
The situation for YBaCu3Q7_s is not quite as unambiguous. The temper-

ature dependent electromagnetic penetration depth has been measured in single

crystals of YBazCu3Or_s by low field dc ma.gnetisation189 and by muon spin

190 o . . .
resonance.  In addition, using a variety of techniques, measurements have been

$1-200 201,202

made on polycrystalline samples1 and on c-axis oriented films.

‘With the exception of the results of Refs. 195, 196, 197, and 201, the data
show a very weak temperature dependence at low temperatures, and throughout
the temperature range are roughly consistent with the Gorter-Casimir formula.
Some of the most recent data for single crystals are shown in Figs. 27 (dc
magnetisation) and in 28 (muon spin resonance). Both of these measurements
determine )g;, the penetration depth when the field is parallel to the ab plane;
at T = 0, A\5(0) = 1400A. In both cases, a fit to the Gorter-Casimir form is

obtained, and is interpreted as being consistent with ‘s-wave’ pairing.
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Fig. 28. The temperature dependence of (a) penetration depth of a single crystal of
YBazCu3Or_4(6 = 0.1) a.nd'(.b) ceramic YBagCu3Or_s5. The dashed curves
are fits to the Gorter-Casmir formula. The inset in frame (a) is < [AB|? >
as a function of § (open circles), along with the expected behavior, accord-
ing to Ref. 190. The inset in (b) shows the relative change in penetration
depth for T < 40K ploted against (T/T.)?. Results for Uhen from Einzel
et al.,ln assuming A(0) = 4200Aand A = 80004, are shown (dashed lines).

(After Ref. 190.)
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- Fig. 29. Low temperature dependence of A(T') showing the T? behavior. The dashed

line represents data for the heavy Fermion superconductor UBej; scaled to

T, =91K. (After Ref. 196.)
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Although the Gorter-Casimir formula provides a reasonable fit to the tem-

perature dependent penetration depth over the range 0 < T < T, the

data 1891190:198,200 ] ) , .
ata seem to be consistent with a low temperature behaviour of

the form

ST N
ab(T) ~ Ag(0) ZA(T> ’ (6.7)

A q5(0) T.

with 0 < 4 < 0.4. These bounds on A were cbtained from the data of Ref. 189.
The other data are consistent with 4 = 0.3 +0.1. In Ref. 189, two sets of data
are displayed (reproduced in Fig. 27). Even the data with the smallest values
of A seem to show a deviation from the Gorter-Casimir form at low temperature
(as can be clearly seen in Fig. 4 of Ref. 189), which may be consistent with the
form of Eq. (6.7). The data in the dashed line are also from single crystalline
samples, and are consistent with Eq. (6.7) with A ~ 2.0. Krusin-Elbaum et al.
suggest that these data result from flux leakage into the sample, although it is
not clear why leakage would result in a T? power law. In Ref. 190, the data on
sintered powdered samples of YBa;Cu3O7_s also exhibit a T? dependence at low
temperatures, but there are not enough data points for the single-crystal sample

to attempt to ascertain reliably the low temperature dependence.

There are a few reports in the literature of measurements that could not be
fitted to the Gorter-Casimir formula **1%819" %! The results from Ref. 196 are
shown in Fig.29. The authors used a low frequency mutual inductance method
on fine powders, with controllable particle size. This technique gives 6100A <
A.(0) < 6800A. They also find that AX T? giving a value of 4 =~ 0.5. This
value of A\.(0) is comparable to a lower bound reported in Ref. 190 of 7000 4,

on the basis of muon spin resonance measurements on a single crystal. Finally,
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there are two reportslgs'lw that AA x T

It is difficult to draw firm conclusions from the data because the theoret-
ical situation is not very well understood. In particular, it is not known how
strong coupling affects the theoretical predictions for many unconventional pair-
ing states. Rammer]“ has studied strong coupling efects for s-wave states, and
has exhibited the similarity between the temperature dependence of that case
and the Gorter-Casimir formula. For triplet states without nodes, it is plausible
that qualitatively similar results apply, and that the observation of a temperature
dependence close to the Gorter-Casimir formula would be consistent with these
states in the strong-coupling limit.

It is not possible, in our opinion, to rule out definitely a small T? contribution
to AX. This effect, if confirmed, might arise from point nodes; in this case,
possible dependence of the power law with orientation of the magnetic field should
be sought. Alternatively, it is conceivable that resonant impunty scattering is
responsible for this tetm,203 as is thought to be the case in UPt;u.rm

R 195,197
The observations

that A « T have not been confirmed in experiments
on single crystals; this seems to rule out singlet states with line nodes. The only
way in which the data could still be consistent with singlet states with line nodes
is if the slope of the gap function at these nodes were sufficiently large that the
temperature below which linear b.c_:ha.viour would occur would be unobservably
mall’®® Alternatively, temperature dependent Fermi liquid effects and scatter-
ing processes could conceivably conspire to produce the observed temperature
dependence.”g'203 Indeed, this is precisely what is believed to occur in UPts,

which is thought to have line nodes, but which exhibits the low temperature

behauviour188 AN x T3.
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In conclusion, it seems probable that the data are consistent with a nodeless
gap function, which can arise from both conventional and unconventional pairing
states. There is some evidence for a small T? contribution to A)X. Unless a

number of caveats apply, singlet states with line nodes are ruled out by the data.

The only other singlet state is the conventional ‘s-wave’ state.

VII. CONCLUSIONS

In this final Section, we will try to present a coherent picture built from
the many experiments which we have discussed. In our opinion, there are two
principal scenarios for the pairing state: one is that the pairing state is of the
‘s-wave’ variety, whilst the other is that the pairing state is ‘d-wave’, with line
nodes. Neither scenario is compelling at present, and neither scenario can be
firmly ruled out by the existing experiments. In fact, adopting either of these
scenarios requires additional assumptions, which we shall discuss in detail below.

We start by considering the probes of order parameter structure. At present,
these yield no firm evidence for or against unconventional pairing, but certain
experiments are at the point where a decisive test of the symmetry of the order
parameter could be attempted in the near future. Among the possible decisive

tests are:

(1) High accuracy specific heat fluctuation measurements on untwinned crys-

tals.

(2) Confirmation of the existence or absence of a double peak in the specific

heat.

(3) Confirmation of the presence or absence of J osephson effects between YBas-

Cu307_s and an s-wave superconductor, in planar junctions along specific
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crystallographic axes. Thig experiment is uniquely important, because a
conclusion about the pairing state can be drawn from each of the possible
outcomes.

(4) Angular dependence of H.; in the basal plane of an untwinned crystal.

None of these tests requires any input from a microscopic theory of super-
conductivity, which is why these experiments should be more easily interpreted
than probes of low energy excitations.

The remaining experiments all involve microscopic probes of the supercon-
ductivity. The strongest constraint comes from the inferred mdgnitudes and
anisotropies of the copper plane site Knight shifts, which seem to rule out triplet
pairing. An immediate consequence of this result is that the pairing state is sin-
glet; i.e. either ‘s-wave’ or unconventional with line nodes (presumably ‘d-wave’).

Can the remaining experiments eliminate either of these two possibilities?
First, consider the scenario that the pairing state is ‘s-wave’. The temperature
dependence of A(T') is consistent with this state, provided that strong coupling
corrections are present. ‘S-wave’ pairing is also consistent with the point-contact
tunneling measurements, which indicate that at low temperature, YBagCu3;O7_;
is a clean superconductor with a gap 2A/kpT. ~ 6. Fits to the temperature
dependence of the Knight shift are also consistent with ‘s-wave’ pairing. Other
experiments can be made consistent with ‘s-wave’ pairing only by invoking ad-
ditional assumptions. The tunneling characteristics of broken film and planar
junctions do not show a clean gap, perhaps because of paramagnetic impurities
in the junction. The absence of a coherence peak in the NMR relaxation rate is
difficult to explain by ‘s-wave’ pairing, but may be caused by inelastic scattering

processes important near T.. The most difficult measurements to explain are the
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low temperature T power law of Cy site T} relaxation and the observed small
frequency continuum in the Raman scattering intensity. These observations im-

ply the existence of gapless excitations that cannot be electron-hole pairs because

of the assumed non-zero gap.

The second scenario is that the pairing state is ‘d-wave’ with line nodes. A
singlet state with line nodes is consistent with the absence of the coherence peak
in the NMR relaxation rate at all sites, and with the T power law behaviour of
the low temperature Cu T ! Furthermore, the observations of the low energy
Raman scattering intensity and the zero-bias conductance observed in broken
film and planar tunnel junctions are consistent with nodes in the gap. However,
the penetration depth measurements seem to rule out this scenario unless the gap
function has a large slope near the nodes, or unless any temperature dependent
effects intervene from Fermi liquid corrections or scattering processes. The near
total infra-red reflectance below 100 cm™! may also be evidence against a state
with line nodes. Fits to the temperature dependent Knight shift data require a
- large slope of the gap function near the nodes. Finally, the well-defined gap seen
in the point-contact tunneling data may result from sampling only a portion of
the Fermi surface; moreover, the sharpness of this feature suggests that scattering

processes should be weak.

At present, neither ‘s-wave’ nor ‘d-wave’ can be conclusively ruled out. In the
‘s-wave’ case, the major outstanding problems are the vanishing of the coherence
peak and the identification of the low energy excitations seen in NMR relaxation
and Raman scattering. On the other hand, for the ‘d-wave’ case, more detailed
calculations of the penetration depth and the reflectivity are required, taking into

account possible Fermi liquid corrections or scattering processes.
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In summary, given the presently available data, it appears that triplet states
are ruled out by the Knight shift anisotropy, and singlet states with line nodes
seem to be ruled out by the temperature dependence of the penetration depth.
If both of these tentative results stand up to further scrutiny, then the only

remaining candidate state would be the conventional one.
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