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Abstract. After briefly recalling the d + s model valid for some anisotropic high Tc superconductors, we
present a theory of electronic Raman spectra in that model and then compare it with new experimental
data obtained for an overdoped Y123 single crystal. The d+ s model appears to describe satisfactorily the
experimental results, indicating a possible doping dependence of the mixing ratio. We note that the Raman
spectrum of the overdoped Bi2212 could also be accounted for by the d+ s superconductivity model. The
case of Hg1212 (or Hg1223) is reexamined. It appears that the spontaneous breakdown of d-wave symmetry
may be rather universal in high Tc cuprates.

PACS. 74.72.-h High-Tc compounds – 78.30.-j Infrared and Raman spectra

1 Introduction

Perhaps the most gratifying event after the discovery of
high Tc superconductors by Bednorz and Müller [1] is that
d-wave symmetry seems now established in hole-doped
high Tc cuprates [2,3]. However it is worth noting that the
superconductivity of the electron-doped superconductor
Nd2−x Cex CuO4 appears to be of s-wave type [4,5]. The
d-wave symmetry of the order parameter may be tested
by the presence of nodes in ∆(k) seen by ARPES [6],
the T -linear dependence of the superfluid density ρS(T )
[7] and the T 2 dependence of the low temperature part
in the specific heat [8,9], the electronic Raman spectrum
[10a,b] and the thermal conductivity in a magnetic field
within the a − b plane [11,12]. Of course ∆(k) changes
sign four times,going around the c-axis,which is tested
by phase sensitive Josephson interferometry experiments
[13,14] for the generation of φ0/2 quantum flux in the
center of the tricrystal rings [15]. Indeed the tricrystal ex-
periment appears to be more versatile for this particular
problem. In this way, Tsuei, Kirtley and their collabora-
tors established the existence of d-wave like symmetry for
Y123, Tl2201, Bi2212 and Hg1212.

In this universal agreement, an early c-axis Josephson
tunneling experiment [16] between Y123 and Pb casted a
doubt,since this implied at least that the Y123 supercon-
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ductivity contains an s-wave component [17]. Therefore,
for this compound at least, the d + s wave model, whose
order parameter is given by

∆(k) = ∆[cos(2φ) + r] = ∆0
[cos(2φ) + r]

1 + |r|
(1)

is very natural [18,19]; we recall that the simplest d + s

model requires that |r| < 1/
√

2 [20]. Here φ is the angle
k (in the a−b plane) makes with the a axis. Very recently
the validity of the above d + s model was confirmed in a
similar Josephson tunneling experiment but with a single
twin in Y123 under the tunneling junction [21]. We recall
that the shape of the d+ s gap (1), with |r| < 1/

√
2, is a

four leaf clover with the size of the leaves in one direction
being different from the size of the leaves in the perpen-
dicular direction, so that the nodes are not at π/4, like in
the pure d-wave case (see the Appendix A).

So far the d+ s model has been tested only with Y123
single crystals. From the a−b anisotropy of the magnetic
penetration depth [22], a value of r = −0.3 could be de-
duced [18b]. On the other hand,the splitting of the peak in
the electron density of states observed by Maggio-Aprile
et al. [23] gives |r| = 0.25. Furthermore, we believe that
the distortion of the vortex lattice from a tilted square
as seen by SANS [24] and STM [23] is due to the s-wave
component in the d+ s wave superconductivity. Both the
study of the quasiparticle spectrum around a single vortex
[25] and the rhombic vortex lattice [26] suggests that the
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vortices are aligned along the nodal directions of ∆(k). If
this is the case,we would have r = −0.29 and −0.22 from
SANS and STM data respectively. s contributions of this
order of magnitude have also been inferred from the Ra-
man spectra of Y123 [27]. In this last publication only the
low energy part of the spectra has been considered, but |r|
was probably overestimated since the quasi-particle damp-
ing was ignored [27b]. Indeed one of the important ques-
tions to be answered is whether the low frequency linear
term in the B1g spectrum is due to the s-wave component
in the d + s model or simply to the quasi-particle damp-
ing [27b]. To do this, a systematic analysis of, at least, the
A1g, B1g and B2g spectra, as done here, is required. Very
recently, the temperature dependence of the phonons in
untwinned Y123 has been studied by Raman scattering
[28]. There are clear differences between the xx and the
yy polarized spectra which are also suggestive of d + s
mixing.

In the following, we will first present the theoretical
expressions of the electronic Raman spectrum for hybrid
pairing superconductivity at T = 0 K. Although the Ra-
man spectra expressions in the d + s model have been
given elsewhere [29] and applied to Hg1212 compounds,
it contained some errors which we will correct here. Then
the experimental procedure and the Raman spectra for
the Geneva Y123 crystals, with different doping levels are
given. In Section 4 we summarize these results and add the
reanalysis of the Raman data for Hg1212 (or Hg1223). We
find that the Raman spectra from the optimally doped and
the overdoped Y123 are fully consistent with d + s wave
superconductivity with |r| ≤ 0.15 and with a reasonable
amount of the quasiparticle damping. Also, surprisingly,
we find an excellent description of the Raman spectra from
overdoped Bi2212 with the d + s model with |r| ≤ 0.3,
which increases with oxygen doping. Even the Hg1212 (or
Hg1223) data can be fitted with a considerable amount of
damping and with |r| ∼ 0.1. Of course a symmetry argu-
ment [30] forbids d+ s wave superconductivity in tetrag-
onal crystals like the Bi and Hg compounds. Perhaps we
are witnessing here the breakdown of the tetragonal (or
pure d-wave) symmetry.

2 Formalism
The Raman spectra in d + s wave superconductivity are
expressed in terms of the Tsuneto function [31]:

λ = λ′ + iλ′′ (2)

λ′ =
4∆2(k)

ω
√

4∆2(k) − ω2
tan−1

(
ω√

4∆2(k)− ω2

)

× θ[4∆2(k)− ω2] +
4∆2(k)

ω
√
ω2 − 4∆2(k)

×
1

2
ln

(
ω −

√
ω2 − 4∆2(k)

ω +
√
ω2 − 4∆2(k)

)
θ[ω2 − 4∆2(k)] (3)

λ′′ =
π

2ω

4∆2(k)√
ω2 − 4∆2(k)

θ[ω2 − 4∆2(k)]. (4)

We recall that the Tsuneto function was well-known in
superfluid 3He [32a], charge density and spin density wave
[32b] and even d-wave superconductivity [32c] before the
Raman studies.

For the d+ s model, ∆(k) is given in equation (1) and
we will use: ω = 2∆0x. Then the spectra (for i = A1g, B1g

and B2g) are given by:

Si = Im

{
〈γ2
i λ〉 −

〈γiλ〉2

〈λ〉

}
(5)

where 〈...〉 means the average over the angle and the Ra-
man vertices are:

γA1g =
√

2
ε cos(2φ) + cos(4φ)

√
1 + ε2

,

γB1g =
√

2 cos(2φ), γB2g =
√

2 sin(2φ). (6)

In principle, in γB1g and γB2g , there is also an additive
constant term but it is easy to show that the contribution
of this term vanishes identically. The vertices are given for
tetragonal symmetry with small orthorhombic distortions.
This changes the (tetragonal) A1g vertex in a way that a
twofold component is to be added which is then the lowest
order A1g expansion function. Therefore the magnitude
of ε cannot easily be estimated. It turns out, however,
that the cos(2φ) and cos(4φ) contributions are additive
and, for simplicity, we will set ε = 0 in the following.
We will also drop higher order harmonics like cos(8φ)...
It is well-known that, in the pure d-wave case [10], the
screening (i.e. the second term in Eq. (5)) enters only
in A1g, while for the d + s case, both the A1g and the
B1g screenings are crucial, while the B2g screening term
vanishes identically. This feature appears to be unique to
the d+ s model, among possible proposed candidates for
high Tc superconductivity like d+is and d+g for instance.
Unfortunately this feature was missed in reference [29a].
The theoretical curves for B1g, B2g and A1g are shown in
Figure 1 for various |r| values: r = 0 (d model), |r| = 0.1
and 0.3 (d+ s model).

Within the d+s model (1) and in the small ω or x limit
(neglecting the constant ε in Eq. (6)), we get from (5):

SA1g ≈
π

2

(2r2 − 1)2

√
1− r2

(1 + |r|)x,

SB1g ≈
π

2

r2

√
1− r2

(1 + |r|)x, (7)

SB2g ≈
π

2

√
1− r2(1 + |r|)x.

It is worth noticing that the screening term does not play
any role in the x linear terms in formulas (7); it contributes
only to higher order terms. Note also that the low x linear
dependence of B1g, present in the d + s model, vanishes
with r and thus does not arise in the d-wave model whose
B1g spectrum starts with a cubic term [31].

Aside from the variation with frequency of the Ra-
man spectra in the d + s model, for (1 + |r|)x � 1 and
(1 + |r|)x � 1, we can evaluate analytically all the in-
tegrals involved at x = 1 and x = (1 − |r|)/(1 + |r|).
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Fig. 1. Theoretical prediction for theB1g , B2g andA1g Raman
spectra for the d+ s model as given in the text in equation (1)
for a cylinder-like Fermi surface and different |r| values. A very
small damping γ = Γ/(2∆0) = 0.006 has been added to the
frequency in order to control the integrals. The inset in (c)
shows the effect of screening in B1g symmetry (short dashed:
unscreened). For |r| = 0.3 all peaks are essentially at the same
position well below the maximum gap energy 2∆0.

This shows that the logarithmic singularities are com-
pletely eliminated from the Raman spectra of A1g and
B1g, yielding only single finite peaks in both spectra. It
has been suggested earlier [29] that the Raman spectra of
the optimally doped Y123 [10b,33,34] are more consistent
with the d+ s model rather than the pure d-wave one.

In the following, the experimental details will be pre-
sented concerning the Raman spectra of Y123. Then we
discuss the results and reanalyze the spectra of the Hg
compounds [35].

3 Experiments

The experiments were performed in back-scattering geom-
etry using a double monochromator with single-channel
detection and the resolution set at 8 cm−1. For excitation
the Ar+ line at 476 nm was selected. The maximal power
was 4 mW in order to keep the laser-induced heating below
15 K. The beam was focused to a spot of approximately
50×150µm2. For the study of the excitations we were in-
terested in, the polarizations of the incoming and outgoing
photons were always parallel to the planes. The coordi-
nate system is locked to the Cu-O bonds with x = [100],

Table 1. Approximate positions of the pair-breaking maxima.

oxygen doping 7.0 6.93 6.5

Tc(K) 87 92 ∼ 54

ωpeak(cm−1) B1g 470 550 *

B2g 380 400 220

A1g 380 400 *

(* not observed [40]).

x′ = [110], etc. All symmetries refer to a tetragonal point
group. B1g phonons and the continuum are projected out
with x′y′ polarization. Excitations transforming like A1g

cannot be accessed independently and are seen with con-
tributions of B1g and B2g type whenever the polarizations
are parallel.

Since the orthorhombic distortion in Y123 favors the
d+ s mixing, this compound will be in the main focus of
the present paper. The crystals were grown in BaZrO3,
which has been shown to be completely inert and to fa-
cilitate the preparation of samples with a purity of bet-
ter than 99.995% [36]. All crystals were post annealed
in pure oxygen and quenched. Temperatures and oxygen
partial pressures were adjusted according to the calibra-
tion of Lindemer et al. [37]. The resulting oxygen con-
centrations were 6.5, 6.93 and very close to 7.0 for the
samples that we call under-doped, optimally doped and
over-doped, respectively, in the following. The magneti-
cally determined respective Tc values (transition widths
δTc) were 53.5 K (δTc = 3 K), 91.5 K (δTc = 0.3 K)
and 87.0 K (δTc = 1.0 K). From the frequency of the
apex-oxygen vibration the doping level of the samples can
be checked independently [38] to an accuracy of approxi-
mately ± 0.03. The respective numbers are 6.53, 6.93 and
6.96. For the highest doping level it cannot be excluded
that, at least at the surface, the desired content of 7.0
could not be maintained during the course of the exper-
iments. The transition width after the experiments was
indeed larger by almost a factor of 3.

Results for the optimally doped and the overdoped
samples are shown in Figures 2 and 3. The spectra at the
B1g andB2g symmetries are raw data while theA1g contri-
butions have been obtained by substracting the xy (B2g)
spectra from the x′x′ (A1g + B2g) data. All phonons are
generally included. Well pronounced pair- breaking peaks
are found in all symmetries (see Figs. 2 and 3), the po-
sitions of which are listed in Table 1. Since the transi-
tion temperatures of the two samples differ by less than
5 K, one would not expect serious differences in the spec-
tra [39]. However the B1g pair-breaking feature is shifted
by more than 20% downwards in the overdoped sam-
ple as already found by Chen et al. [34b]. The B2g and
the A1g maxima seem to scale roughly with Tc in agree-
ment with results for other doping levels in Y123 [40] and
Bi2212 [41]. The experiments and the subsequent fits to
the data have a twofold purpose: (i) to check the maximum
admixture of an s component to the predominant d sym-
metry of the gap, and (ii) to look for an explanation
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Fig. 2. Experimental data for the B1g , B2g and A1g spectra
for optimally doped Y123 and theoretical curves for the d+ s
model for various |r| values. To account for finite resolution
and quasiparticle lifetime a small damping γ = 0.12 has been
added. An admixture of an s component up to |r| = 0.1 is
compatible with the data. Then 2∆0/Tc = 9.3. Larger mixing
leads to discrepancies in both the B2g and A1g spectra and to
exceedingly large values of 2∆0/Tc up to 11 for |r| = 0.2.

Table 2. Fitting parameters used for the differently doped
Y123 samples.

∆0(cm−1) |r| ∆(cm−1) 2∆0/Tc γ

underdoped (6.5) 175 0 175 8.5 0.14

(Tc 60 K)

opt. doped (6.93) 275 0 275 8.5 0.13

(Tc = 92 K) 300 0.1 273 9.3 0.12

340 0.15 283 10.6 0.10

overdoped (7.0) 275 0.15 240 9.0 0.06

(Tc = 87 K)

of the downshift of the B1g maximum in the overdoped
sample which exceeds the magnitude expected from Tc by
a factor of 4. Since fits using a pure d-wave model have
already been presented [42], we check here the compati-
bility of small s contributions to the gap. In Figure 2, fits
with r = 0, r = 0.1 and r = 0.2 are shown. The respective
parameters are listed in Table 2. The phonons have not
been substracted as two of them depend strongly on tem-
perature and are normalized in the superconducting state
[42,43]. Nevertheless the qualitative trends are seen imme-
diately. It turns out that, for the optimally doped sample,

Fig. 3. Experimental data for the B1g , B2g and A1g spectra
for overdoped Y123 and theoretical curves for the d+ s model.
Here γ = 0.06 and 2∆0/Tc = 9.0. While the B2g and the A1g

peaks scale essentially with Tc [40,41] the B1g maximum moves
to lower energies much faster. This can be explained with in-
creasing |r| for higher doping levels. As one can visualize from
(c), |r| = 0.15 seems to be the biggest admixture compatible
with the Raman spectra.

a 10% admixture of an s component is still compatible
with the data while 20% leads to a serious deviation in
the spectral shape in the B2g and A1g symmetries. Here a
broadening of γ = Γ/(2∆0) = 0.12 has been used in order
to account for finite resolution and quasiparticle damping
of not specified origin. Therefore the linear part at low
energies is strongly enhanced as compared to the theoret-
ical curves with small damping (Fig. 1). As the accuracy
of the data is not sufficiently high for a quantitative com-
parison of the response in the limit ω → 0, such as in
Bi2212 [41b], we do not have to worry about the actual
size of the broadening. In the overdoped sample, a much
better fit can be obtained with a higher s contribution of
|r| = 0.15 (Fig. 3 and Tab. 2). If r is chosen this way, the
maximum gap energy 2∆0/Tc is, once again, of the order
9 as at all other doping levels (Tab. 2). We note that this
is a possible explanation not only for Y123 but also for
heavily overdoped Bi2212 where all pair-breaking max-
ima are at the same position [41] which can be obtained
with |r| = 0.3 (see Fig. 1). The problem with Bi2212 is
that d + s is not compatible with the symmetry of the
distortion in this compound, if it occurs in the way one
would expect from the superstructure in the BiO2 layers
[44]. This subject has to be clarified before a fit to those
data is justified.
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4 Discussion

In this section, we discuss that Raman spectra obtained
for the Geneva Y123 crystals, the overdoped Bi2212 sam-
ple, and we reanalyze the Saclay Hg1212 (or Hg1223) crys-
tal data.

4.1 Overdoped and optimally doped YBCO

First of all, the Raman spectra at the B1g, B2g and A1g

symmetries from the overdoped Y123 crystal are well de-
scribed by d + s superconductivity with ∆0 = 276 cm−1

(397 K), |r| = 0.15 and Γ/(2∆0) = 0.06 as seen from
Figure 3.

A similarly good fit is done for optimally doped Y123
with ∆0 = 300 cm−1 (431 K), |r| = 0.1 and Γ/(2∆0) =
0.13. But we see clearly that |r| = 0.2 cannot fit B1g, B2g

and A1g consistently (see Fig. 2). Therefore, except for the
fact that we need a somewhat larger damping, the Raman
spectra from the optimally doped Y123 is fully consistent
with the d+smodel. Earlier STM data from the optimally
doped Geneva Y123 crystal [23] gave ∆0 = 350 K and
|r| = 0.22 to 0.25 (see Sect. 1). Therefore the Raman data
may suggest a somewhat larger ∆0 and smaller |r|. But
we do not consider this as a serious discrepancy, since the
effect of the damping was not introduced in the earlier
theoretical analysis of the STM data [18b]. Also we note
that the Geneva Y123 crystal has consistently smaller |r|
values (∼ 0.2) than the other Y123 crystals (|r| ∼ 0.3 as
seen in Ref. [18b]). We note that Strohm and Cardona
[27] find fairly large values, 0.2 < |r| < 0.4, which are,
however, not compatible with the full spectra (see Fig. 1).

4.2 Optimally and overdoped Bi2212

According to reference [30], there will be no symmetry rea-
son that the d+ s model applies to the overdoped Bi2212.
Furthermore the diagonal distortion on the crystal surface
seen by STM on Bi2212 [44] rather suggests a d+g pairing.
But both the observed electron density of states [44] and
the present Raman data do not support this possibility.
On the other hand, the d+s model with 2∆0/Tc = 8.5 and
0 ≤ |r| ≤ 0.3 (with r = 0 at the optimally doped Bi2212
and small damping, (i.e. Γ/(2∆0) ≤ 0.1) could describe
very well the observed Raman spectra.

The approximate constancy of ∆0/Tc for different oxy-
gen dopings is very intriguing. It does not only hold for
samples close to optimal doping but seems to work also
for fairly low doping levels (see Tab. 2). At first sight, this
appears to be similar to what is obtained for pure d-wave
superconductivity in the presence of impurities in the uni-
tarity limit [45], where ∆(Γim, 0)/Tc(Γim) = constant and
Γim is the quasiparticle scattering rate due to impurities.
But we cannot extract ∆(Γim, 0) from the Raman data.
Therefore in spite of the symmetry question, it appears
that the d+ s superconductivity provides the best model
to describe the Raman spectra of the overdoped Bi2212.
Also the continuous increase of |r| with the oxygen doping

Fig. 4. Reanalysis of the Raman spectra on Hg1212/Hg1223
of references [35] within the d + s model with (dashed line)
|r| = 0.1 and (full line) |r| = 0.3. Here only a very small
damping has been added (γ = 0.008).

in that compound is quite parallel to what happens in the
Y123 case.

4.3 Reanalysis of the Raman spectra from Hg1212
(or Hg1223)

The very same Raman spectra were presented in refer-
ences [35a,b], once for Hg1212 and the other time for
Hg1223. Indeed, chemically [46], one always gets a mixture
of both phases. In reference [29a] the Raman spectra were
analyed using the d+ s model since the g + s model pre-
sented in references [35a,b] cannot be reconciled with the
tricrystal experiment of Tsuei [47]. On the other hand, the
Hg compounds are, at least on the average, tetragonal, and
d + s pairing is not allowed. Therefore, in reference [29a]
a possible breakdown of d-wave symmetry was proposed.
However three points are missing in reference [29a]: (i)
the Coulomb screening term, crucial in the B1g spectrum,
was forgotten [29b]. Indeed such a term eliminates the two
logarithmic singularities of the unscreened B1g spectrum
and produces a single and finite broad peak, which is more
consistent with the experimental data; (ii) the possible
rescaling of the amplitudes of the different spectra, com-
ing from band structure effects [31], was not considered.
A reanalysis of the spectra of reference [35], which incor-
porates these two points is shown in Figure 4 for |r| = 0.1
and 0.3 and a rescaling factor of 2/3 for B1g. It is clear
that such a reanalysis is not satisfactory: we need a too
large value of |r| = 0.3 to reach a very good fit for B2g,
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Table 3. d+ s fitting parameters used for Hg1212/Hg1223.

∆0 (cm−1) |r| ∆ (cm−1) 2∆0/Tc γ

400 0 400 9.1 0.2

440 0.1 400 10.0 0.2

although the fit for B1g remains poor; in particular, no
value of |r| ≤ 0.3 could account for the large ω linear term
of the B1g spectrum. Moreover there is no way to match
the peak position of A1g (not shown in Fig. 4) within this
approximation. It seems that a large quasiparticle damp-
ing must be considered [27b]; (iii) therefore such a damp-
ing γ (≡ Γ/(2∆0)) = 0.2 has been introduced in Figure 5
for r = 0 and |r| = 0.1, yielding a much better fit for all
the Raman spectra. The fitting parameters are collected
in Table 3. It is interesting that even r = 0 (pure d-wave)
gives quite a good fit, although the fit with |r| = 0.1 looks
slightly better particularly in B1g symmetry. Of course
there is a small bump in A1g, which is not accounted for
by the theory. The shape of the bump, however, suggests
that it is due to defect-induced phonons. Contributions
from disorder-induced Raman scattering can well be sub-
ject to symmetry selection rules and must not show up
at all polarizations. In addition, these features are fully
consistent with the disorder due to the mixed nature of
the Hg1212 / Hg1223 crystals. Reference [35] discarded
the presence of impurities as the observed Tc = 126 K
is rather high. However a careful resistivity measurement
and a series of Raman spectra in the normal phase are
required to decide this issue. As the Hg-based compounds
are apparently a mixture of phases, it is highly desirable to
study the single layer compound Hg1201, which, although
not free of defects [48], seems to grow as a well-defined
phase [46]. In spite of these problems, it seems that the
d+ s model with a small |r| value of 0.1 describes the Ra-
man spectra of Hg1212 (or Hg1223), if a damping some-
what larger than for the Geneva Y123 crystal is used. If a
g + s model is applied with the same vertices γi as used
here, i.e. truncated after cos(4φ), the discrepancies with
the data are much more serious (see Appendix B).

To summarize, we have analyzed the Raman spectra
for Y123, overdoped Bi2212 and Hg1212 (or Hg1223) com-
pounds. All these systems are well described in terms of
d+swave superconductivity with |r| of the order of 0.1, al-
though the symmetry prohibits [30] d+s pairing in Bi2212
and Hg1212 (or Hg1223) unless the tetragonality of these
compounds is broken globally or locally. On the other
hand, Tl2201 and Hg1201 have the tendency to have a
local orthorhombic distortion [48]. Also we have learned
that the electronic Raman spectra provide a rather subtle
insight into the symmetry of the superconducting order
parameter. In another context, the breakdown of d-wave
symmetry has been seen in a small circular disk of Tl2201
by a very sensitive magnetotorquemetry experiment [49].
Therefore it is perhaps not so surprising that d + s wave
superconductivity works so well in all these different hole
doped high Tc cuprates.

Fig. 5. Reanalysis of the Raman spectra on Hg1212/Hg1223
of references [35] within the d + s model for |r| = 0.1 and a
bigger damping than in Figure 4, γ = 0.2.
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Appendix A: d + g and g + d models

We present here some results obtained from the d+ g and
the g + d models with the gap ∆(k) given by:

∆(k) = ∆[cos(2φ) + r sin(4φ)]. (A.1)

The d + g model (for |r| < 0.5) is likely to be the case
if the crystal distortion is in the diagonal direction as is
the modulation occuring in the Bi2212 compound [44].
On the other hand, the g + d model (for |r| > 0.5) would
appear unphysical, at least if one is only concerned by
small deviations from d-wave superconductivity.

As shown in Figures 6 and 7, the gap shape for d+ g
exhibits 4 leaves for |r| < 0.5 and 8 leaves for |r| > 0.5,
with a two-fold symmetry with respect to the diagonal in
both cases (as compared with the two-fold symmetry with
respect to the axis in the d + s model that we show here
in Figure 8 for |r| = 0.2 for comparison). Figures 6 and
7 illustrate this with |r| = 0.2 (d + g) and |r| = 0.7 (g +
d). The four leaf structure, |r| < 0.5, is consistent with
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Fig. 6. The gap shape for the d + g model of equation (A.1)
for |r| = 0.2.

Fig. 7. The gap shape for the g + d model of equation (A.1)
for |r| = 0.7.

Fig. 8. The gap shape for the d+ s model of equation (1) for
|r| = 0.2.

the Tsuei’s experiment [15] and the eight leaf one, |r| >
0.5, may still be as exhibiting odd numbers of nodes per
quadrant.

We will now present first the theoretical Raman spec-
tra in Figure 9 for |r| = 0.2 and 0.7. A linear initial slope
in B1g appears only in the unphysical region |r| > 0.5,
while, for |r| < 0.5, B1g always starts with a cubic term in
x. For |r| = 0.2, B1g exhibits a peak, while B2g and A1g

have broad maxima; in contrast, for |r| = 0.7 (the unphys-
ical region), B1g exhibits a second maximum at very low
energy where B2g and A1g are also both peaked. Such a
feature arises also in the density of states as shown below.

Fig. 9. Theoretical prediction for theB1g, B2g andA1g Raman
spectra in the d+g model (|r| = 0.2) and with the g+d model
(|r| = 0.7). Here a very small damping γ = 0.006 has been
used. A small g component, |r| = 0.2 as one might expect for
Bi2212 would be compatible with the experimental data,while
a big one, |r| = 0.7 can be excluded.

Fig. 10. The density of states for the d+g model for |r| = 0.2.

We note also that the screening term in (5) plays a role in
B2g but vanishes in B1g, contrary to the d+ s model.

The density of states curves are shown in Figures 10
and 11 for two values of |r|. It is given by:

N(E/∆)

N(0)
=∫ 2π

0

dφ

2π
Re

[
E/∆√

(E/∆)2 − [cos(2φ) + r sin(4φ)]2

]
· (A.2)

N(0) is the normal state density of states at the Fermi en-
ergy and is supposed to be a constant here.N(E/∆)/N(0)
exhibits one peak for |r| = 0.2 and two peaks for |r| = 0.7.
It is interesting to compare these results with the density
of states found in reference [20] for, respectively, the d+ s
model with |r| = 0.1 (see Fig. 16 in Ref. [20]) and a s+ d
model with |r| = 0.9 (see Fig. 14 in Ref. [20]). The only
difference is that, for small |r| values, the d + s density
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Fig. 11. The density of states for the g+d model for |r| = 0.7.

Fig. 12. Theoretical curves for the g + s model presented in
reference [35] for the B1g, B2g and A1g Raman spectra and for
different damping values γ, (a) γ = 0.006, (b) γ = 0.1.

of states exhibits two peaks, while the d+ g one has only
one peak. This comes from the fact the the d+s gap shape
has leaves of two different sizes (Fig. 8), while those in the
d+ g model are of equal size (Fig. 6).

For the time being, we are not aware of any specific
experimental data which could correspond to such behav-
iors. However we found it useful to give here the theoretical
predictions, in comparison with the d+s and s+d models
of reference [20].

Appendix B: Raman spectra in the g + s
model

As an alternative to d or d + s superconductivity, an ex-
tended s-wave model has been proposed in references [35]
for the interpretation of the data for Hg1212 (Hg1223).
We prefer not to call this order parameter an extended s-
wave, but rather g+s, since the g-component is dominant.

This g + s gap varies as

∆(k) = ∆0
cos(4φ) + r

1 + |r|
· (A.3)

For convenience the theoretical calculations for the re-
spective Raman spectra are reproduced here for differ-
ent damping values γ = Γ/(2∆0) = 0.006 and 0.1 and
|r| = 0.2 (Fig. 12). In contrast to reference [35], the ex-
pansion of the Raman vertices is truncated after L = 2
(or cos(4φ)), for the A1g symmetry. In this model, the
B1g and B2g spectra should exhibit the same shapes. In
addition, the A1g spectrum is much broader than the the-
orerital prediction and in the wrong place. Finally, the low
frequency variation of the data seems to be better repro-
duced for the d(+s) model. Although we need a relatively
large damping to account for the linear low-energy part of
the B1g spectrum (which, however, is comparable to that
used in Refs. [35]), we feel the d-wave superconductivity
cannot at all be excluded for the Hg compounds. The Ra-
man data can rather be understood quite well in the d+ s
scenario.
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