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Abstract. The neutron-weighted phonon density of states of the superconduct- 
ing Bao.sKo.rBiOs, BaPbo.rsBio.uOs and BaPbo.rsSbo.zsO3 perovskites and their 
non-superconducting analogues, BaPbOs and BaBiOa. have been measured by the 
neutron time-ol-Right technique between 5 and 300 K. The spectra show very pro- 
nounced changes in the enerdes and intensities of the oxygen bending and breathing 
phonons, in sharp contrast to the more subtle situation encountered with the cuprate 
superconductors. There are also change in the lm-energy transfer redon, rdecting 
the structural and electronic variations in the series. The results are consistent with 
the predictions of theoretical models for a primarily phonon-mediated mechanism for 
superconductivity. 

1. Introduction 

The discovery of superconducting copper oxide system [I] has dramatically changed 
the traditional ideas about superconductivity. Despite the wealth of experimental 
and theoretical studies of the cuprates, the question of the pairing mechanism in 
these system still remains open. One common structural feature, however, is the 
presence of layers of corner-sharing CuO, units; these can be strictly square planar 
(e.g. in the electron-doped systems Nd,-,Ce,Cu0,-6 [Z, 3]), part of strongly elon- 
gated octahedral CuO, groups (e.g. in the hole-doped systems L+-* Sr,CuO,-, 
[4,5] or squarepyramidal CuO, units (e.g. in YB+Cu,O,-, [6] and the T' phases 
Ndz-,-,Ce,Sr,Cu0,-6 [7]). Furthermore, all the parent compounds of the high-T, 
copper oxides are characterised by strong antiferromagnetic exchange interactions; 
the Cu sublattice AF long-range order is, however, destroyed upon either hole- or 
electron-doping just before the onset of superconductivity [3,4,8,9], indicating the in- 
timate (albeit destructive) relationship between the magnetic and (super)conducting 
properties of the CuOz layers. 

The participation of phonons in the pairing mechanism through conventional 
electron-phonon coupling has been disputed but it is clear from inelastic neutron 
scattering studies that there is little difference in the phonon density of states (DOS) 
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between the superconducting (e.g. La,,,Sr,,,,CuO,) and their parent (e.g. La&uO,) 
compositions [IO], with no indication of any high density of low-frequency phonons 
in the superconductor. In general, all the observed phonon anomalies, when com- 
paring a superconducting oxide with its non-superconducting parent material, mainly 
affect the high energy part of the measured phonon DOS [ll], i.e. those modes in- 
volving motion of the oxygen ligands. However, different types of oxygen vibrations 
appear to be affected for different families of high-Tc cuprate superconductors 1121 
and a possible correlation between the frequency range of the phonon anomalies and 
the superconducting transition temperatures has been suggested 1121. in contrast 
to these subtle differences in the cuprates, substantial phonon softening6 of oxygen 
vibrations have been reported [13] for the perovskite superconductor Ba,,,K,,,BiO, 
(T, = 30 K) [14] which contains no Cu ions. These findings, combined with tunnelling 
spectroscopy measurements [15], provide evidence for conventional phonon-mediated 
pairing mechanism in the bismuthate superconductors. Recent INS measurements [16] 
on '*O isotopically substituted samples have provided further support for a phonon 
mechanism in contrast to earlier work which favoured electron pairing mediated by 
strong electronic excitations 1171. 

Three-dimensional perovskite bismuth oxide superconductors predate the high-T, 
cuprates. They were first discovered in the BaPb,-,Bi,O, solid solutions, the maxi- 
mum T, of 13 K being attained for z = 0.25 [18]. Such unusually high T, could only be 
produced because strong electron-phonon coupling existed since the density of states 
at the Fermi level was relatively low [19]. The more recent discovery of even higher T,s 
in the potassium-doped BaBiO, system 1141 naturally focused renewed attention on 
the pairing mechanism in these systems in comparison with the cuprate superconduc- 
tors. Powder neutron diffraction studies 1201 of the semiconducting BaBiO, oxide have 
shown the presence of two inequivalent Bi sites in the unit cell, resulting in two sets of 
differing Bi-0 bond lengths. Thus the structure may be described in terms of altemat- 
ing, corner-sharing BiO, octahedra with Bi-0 short (2.12 A) and long (2.28 A) bonds, 
resulting in a perovskite superstructure of dimensions \/Zap x fia, x 2ap. Conse- 
quently, BaBiO, is a mixed valency oxide [21] better represented as BaBio,,"'Bio.5V03 
showing the presence of a charge density wave (CDW) commensurate with the under- 
lying lattice. Early structural work on BaPb,,,Bi,,,,O, established its structure as 
tetragonal 1221 with a single (Pb/Bi) site, indicating that metallic and superconduct- 
ing behaviour is found in this system after the (Bi"',BiV) CDW has been suppressed. 
However, the crystal chemistry of this system is very sensitive to the preparative con- 
ditions employed and the existence of other polymorphs with a monoclinic structure 
and two (Pb/Bi) sites has recently been established [23]. In contrast, the crystal 
structure of B+,,K,,,BiO, has been reported as cubic [14] with both the CDW and 
the tilting distortion of the BiO, octahedra having been suppressed as a result of K 
doping. 

Crucial to evaluaiing mechanisms based on electron-phonon coupling is a knowl- 
edge of the phonon DOS, and its evolution with temperature and composition. In this 
paper, we report and discuss high-resolution measurements of the phonon DOS of the 
superconducting oxides B+,,K,,,BiO, (T,= 30 K)  [14], BaPb,,,,Bi,,,,O, ('I, = 13 K) 
[18] and BaPb,,,Sb0,,,0, (T,= 3.5 K) 1241 up to 100 meV using the neutron time-of- 
flight technique, at temperatures from 300 to 100 K. For comparison, we also report 
measurements for the non-superconducting reference compounds BaPbO, (metallic) 
and BaBiO, (semiconducting). Additional data were also collected for Ba,,,K,,,BiO, 
(and its parent BaBiO,) at temperatures above and below the superconducting transi- 
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tion temperature. We compare and contrast our results with previous investigations of 
the phonon properties of the bismuthate superconductors by either inelastic neutron 
scattering or optical vibrational spectroscopy. Reichardt et a1 [25] have measured 
the phonon dispersion curves and DOS of BaPbo,,Bi,,,,O, at room temperature, 
identifying low-frequency zone boundary rotational modes as well as the zone cen- 
tre breathing and ferroelectric modes. Raman scattering studies by Sugai el a1 [26] 
have established the existence of a number of soft modes in the same superconducting 
oxide, while low-resolution measurements of the scattering law by Masaki el a1 [271 
have provided evidence of differences in the high-energy part of the phonon spectrum 
between BaPbO, and BaPb,,,,Bio,z50,. Bq,,,K,,,BiO, has been studied by Loong 
et a[ [13,16] using inelastic neutron scattering at 15 K down to 15 meV and showing 
very pronounced differences in its phonon DOS when compared to BaBiO,. Molecu- 
lar dynamics calculations by the same authors generally agree with the experimental 
data, but predict additional features, especially at low energies, that necessitate mea- 
surements at higher resolution and lower energy transfers. 

2. Experimental procedure 

BaPbO, was prepared by asolution-based citrate sol-gel technique, using barium and 
lead nitrates as starting materials; firing temperatures of 400 "C (4 hours, flowing N,) 
and 850 OC (48 hours, flowing 0,, one intermediate regrind) were used. A similar 
method was adopted for the preparation of BaPbo~,gBio,,50, and BaPb0,,Sb,,,,0,. 
BaBiO, was synthesised by a solid state nitrate technlque [18] with firing temperatures 
of 800 OC. The B%,,K,,,BiO, sample was prepared according to the ceramic proce- 
dure described by Hinks el al [14], which does not require melting of the reactants. 
Powder x-ray diffraction measurements confirmed that the samples were monopha, 
sic. Four-probe AC resistivity measurements established superconducting transition 
temperatures of 13.1 K for BaPb,,,,Bi,,,,O, and 30 K for Bao,,5K,,4Bi03. 

The inelastic neutron scattering measurements were performed at the Institut 
Laue-Langevin, Grenoble using two time-of-flight spectrometers: IN6, operating in 
neutron-energy-gain with incident neutron wavelength of 5.12 A and IN4, in neutron- 
energy-loss with wavelength of 0.84 A. Such a combination allowed us to record data 
both at low temperatures (5-45 K) with better resolution at high energy transfers 
(down-scattering mode, the instrumental energy resolution varying from 6 meV at 
25 meV to 4 meV at 80 meV) and higher temperatures (100-300 K) with better res* 
lution at low energy transfers (upscattering mode, the instrumental energy resolution 
varying from 0.1 meV at 1 meV to 3.5 meV at 25 meV to 17 meV at 80 meV energy 
transfer). Data were collected as follows: BaBiO, (IN6, 300 K, 200 K,  100 K; IN4, 
45 K, 5 K) ;  Ba,,,K,,,BiO, (IN6, 300 K, 200 K, 100 K;  IN4, 45 K,  5 K); BaPbO,, 
BaPb,,,5Bi,,,,0, and BaPb,,,Sb,,,,O, (IN6, 300 K). Corrections were made for the 
aluminium can contribution by running an empty sample can. Vanadium was used 
as calibrant, allowing determination of the relative efficiencies of the counters. The 
TOF spectra were collected over the full range of scattering angles (IN6, 10-115'; IN4, 
10-97O) and in order to improve data statistics, they were summed, though with loss 
of momentum transfer resolution. Within the framework of the incoherent approxi- 
mation [28], the spectral distribution function P(&,p)  is given by 
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where S(Q, w )  is the uncorrected symmetrized scattering law and the dimensionless 
variables & and 0 are related to momentum and energy transfer through 

- h2Q2 hw 
(I=-- 

2MkT ’=- kT 

where M is an average atomic mass. The spectral distribution function P(&,p)  can be 
corrected for instrumental background, Debye-Waller and multiphonon contributions, 
using approximate analytic procedures in a self consistent manner [29]. This results 
in a corrected one-phonon spectral distribution Pl(6,  p), from which the generalized 
or ‘neutron-weighted’ phonon DOS is obtained: 

G ( w )  = exp(2W)Pl(6,p) (3) 

where exp(-2W) is the Debye-Waller attenuation factor. For polyatomic compounds 
like the present oxides, G(w) is related to the partial phonon DOS g&) for each atom 
i through the expression 

where ui is the total neutron scattering cross section for atom i, mi its mass and ci 
its concentration (xi  ci = I). 

3. Results 

The generalized (‘neutron-weighted’) phonon density of states G(w) (equation (3)) of 
all the samples measured in up-scattering mode between 0 and 100 meV at 300 K are 
shown in figure 1. BaBiO,, B+,,K,,,BiO, and BaPb,,,,Bi, 250, show PDOS which 
extend smoothly to = 90 meV with some instrumental broadening contribution to 
the high-energy tail. In contrast, in our experiments, we found that our multiphonon 
and background corrections were incomplete for the BaPbO, and BaPb,,,,Sb,,2,0, 
samples. The remon was the presence of substantial incoherent contributions to the 
scattering, extending up to 150 meV, presumably because of adsorbed water; this 
hydrogen contamination was substantially reduced, but not completely eliminated, 
after heating the samples at 200 ‘C under vacuum for 24 hours. The generalized 
PDOS of BaBiO, and Ba,,,K, ,BiO, were also measured at 200 and 100 K and were 
found to be essentially identical to the room temperature data. Figure 2 shows the 
spectral distribution functions P(6,p)  (equation (1)) between 0 and 100 meV for 
BaBiO, and B+,,K, ,BiO, in down-scattering mode at 5 K. Data were also collected 
at 45 K (i.e. just above the temperature of zero resistance in the superconductor) 
and as is demonstrated in figure 3, there is no discernible difference in the phonon 
spectrum of the superconducting sample above and below T, within the resolution of 
our instrument. 

From both molecular (MD) [13] and lattice (LD) [25,30] dynamics calculations, it is 
known that the frequencies of 0-stretching vibrations towards the central metal (Pb, 
Bi, Sh) atoms of the octahedral units lie around 60 meV, while the 0-bending modes 
cover a range from 10 to 35 meV. Furthermore, the frequencies of the phonon modes 
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Figure 1. Generalized phonon density of states G ( w )  for (a) Bao.aKo.rBi03; (b )  
BaBiOa; (e)  EaF'bo.rsBio.2s03; ( d )  BaF'bo.rsSbo.zsOa and (e) BaPb03 between 0 
and 100 meV at 300 K (upscattering mode). 

arising from the A perovskite site cations are near 15 meV, while the vibrations of the 
B-site cations reach values of np to 20 meV. 

The phonon spectrum of Ba,,,K,,,BiO, is relatively simple and is characterized 
by the presence of three very broad peaks at energies 15, 25 (actually a doublet at 
24.5 and 26.5 meV) and 60.5 meV at 300 K. Weaker features are also observable at 
10.5, 31.5,36,44,55.5 and 68 meV. No phonon feature shows any significant tempera- 
ture dependence. The high-energy bands are undoubtedly related to the 0-breathing 
phonons [16,25,30], while zone-centre T,, (IR-active) and T,, (silent) modes are ex- 
pected in the vicinity of the 25 meV energy range 1311. It is tempting to assign the 
two features at 24.5 and 26.5 meV to these T,, and T,, modes, respectively. At 
lower energies, the band at 15 meV has a remarkably high intensity compared to the 
other perovskite compounds studied (vide in&); this region involves primarily exter- 
nal modes with strong motion of the (Ba, K) ions as well as rotational modes. The 
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Figure 2. Measured epwtral distribution P(6.P) for Beo,sKo.rBiO~ (full 
M d  BaBiOa (+++)at 5 K (dorm-scattering mode). 

curve) 

Figure 3. Measural spectral distribution P(6,P)  lor Bao,sKo.&iOa above (45 K,  
+++) and below (5 K, full m e )  the supcrcoaducting t r d t i a r  temperstun 

low-energy tail in the generalized PDOS clearIy shows the presence of zone boundary 
phonons a t  10.5 meV with evidence of marked deviations from a Debye-like U' de- 
pendence with several structures, presumably arising from soft rotational phonons, 
apparent in the PDOS. Figure 4(n) shows the 0-40 meV expanded portion of the PDOS 
of Ba,,,K,,BiO,. 

The phonon spectrum of BaBiO,, on the other hand, is considerably richer in 
structure. This is to be expected since BaBiOs adopts a monoclinic structure, resulting 
from a combination of the orthorhombic distortion of the perovskite unit cell and the 
freezing of the breathing mode of the BiO, octahedra. The low-temperature results 
in down-scattering mode (figure 2) reveal a double-peak structure in the PDOS both 
in the 0-breathing and the 0-bending regions of the spectrum in sharp contrast to 
the singlepeak pattern apparent in the PDOS of Ba,,,K,,,BiO,. The major peaks 
occur at 71.5 and 63 meV, and again at 42 and 34 meV. In both regions the peaks 
show substantial shifts to lower frequencies for B%,,K,,,Eii03. Careful examination 
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of the PDOS in the up-scattering mode (figure l(b)) reveals further features at 25.5 
and 53 meV. The low-energy part of the phonon spectrum also appears extremely 
complicated with many structures apparent (at 5.8, 6.7, 8.2, 11 and 14 meV) in the 
region where both rotational modes of the BiO, octahedra and vibrations involving 
contributions from Ba are expected. What appears remarkable is t.he increased density 
of states in the 0-10 meV energy range compared to B%,,K,.,BiO, (vide supra) and 
the rest of the perovskites studied (vide infra). Temperature-dependent Raman studies 
of BaBiO, [26] had identified a soft rotational mode at G meV in excellent agreement 
with the substantially increased intensity observed in the PDOS at the same energy. 
Similarly, the ‘charge disproportionation’ mode has been assigned on the evidence of 
IR data [31] to features in the 12-13 meV energy range. Therefore, the increased 
intensity in the PDOS in the same range with the observation of two peaks at 11 and 
14 meV may be seen as the signature of the Bi”’-BiV superstructure in the doubled 
unit cell, through folding of the Brillouin zone. 

The phonon spectra of the three perovskites BaPbO,, BaPb,,,Bio,,,O~ and 
BaPb0~,Sb,,,,0, recorded at room temperature betwen 0 and 100 meV In up- 
scattering mode are very similar. We may recall that BaPbO, is a metallic perovskite 
which adopts a monoclinic structure resulting from the tilting of the PbO, octahedra 
about the [llO] direction of the pseudo-cubic perovskite unit cell [32]. Furthermore, 
there is only one type of PbO, octahedra in the structure. The structures of both 
BaPbo,75Bio,,s03 [22] and BaPb,,,,Sb,,,O, [24] have been reported as tetragonal 
with single (Pb,Bi)O, and (Pb,Sb)O, octahedra rotated about the [OOl] direction. 
However, the existence of structural modifications of BaPbo,75Bio,~503 has been es- 
tablished [23]; in the room temperature orthorhombic phase, there IS a single type 
of octahedral unit showing a [110] tilt, identical to the case of BaPbO,. On cooling, 
there is a phase transition to a monoclinic structure in which there are two distinct 
types of octahedral units, tilted about [Ill]. Similar detailed structural studies have 
not been undertaken for BaPb,,7,Sb,,,,0,. The generalized PDOS of figure 1 reflect 
these similarities in the structures. In the low-energy transfer region, there are strong 
peaks at 10 meV with a pronounced shoulder at 8.6 meV and weaker features at 3.7 
and 6.9 meV for all three samples. This is followed by the 11-21 meV region which is 
rich in structure, involving contributions from both B- and A-site atoms. The TI, and 
T,, phonons appear in the 24-25 meV region for all three samples and a shoulder is 
present at ca. 30 meV. At higher energies, there is a very well defined peak at 42 meV, 
the origin of which is difficult to explain. Fkichardt and Weber [25] in their study of 
BaPb,,,,Bi,,,,O, assigned it to defect-type modes, associated with static distortions 
of the octahedral units, primarily around the Bi atoms. Shirai et d [30] postulated 
that it might still arise from the unusually broad longitudinal 0-stretching mode which 
shows considerable energy renormalization because of the strong electron-phonon in- 
teraction. In the present study, however, the 42 meV phonon is present for both solid 
solutions BaPb,,,Bi,,,,O, and BaPb,,,,Sb,,,,O, as well as the parent BaPbO, com- 
pound for which no phonon modes are expected in the 40 meV range. Furthermore, 
our results show that the intensity and width of this band depend on the sample; it 
spreads more and becomes less sharp as we move from BaPbO, to BaPbo,,sBi,,,50, to 
BaPb0,,Sb,,,,0,. This is probably related to the increased disorder and the presence 
of different types of locally distorted octahedra in the Bi- and Sb-doped materials. 
The generalized PDOS of Ba,,,K,,,BiO, has a much weaker feature at 44 meV that 
may be of the same origin. Indeed a Raman scattering study of Ba,,,,Kq.4Bi03 shows 
the presence of an optical phonon at 43 meV with a distinctive Fano lineshape [33]. 
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The authors proposed for the origin of this phonon the existence of BiO, units with 
incomplete octahedral coordination. However, the possibility that this is the same 
phonon we are observing in the (Pb,Bi,Sb) perovskites is very likely in view of the 
significant dependence of the PDOS in this region on the level of doping. Finally, the 
PDOS in the energy range > 50 meV show the most pronounced differences between 
the three samples. (Recall, however, that there is some scattering kom adsorbed water 
for the BaPbO, and BaPb,,,Sb,,,,O, samples in this energy region). BaPbO, shows 
the presence of two peaks at 63 and 78 meV which may be assigned to the 0-breathing 
vibrations. The intensity of the 78 meV zone-boundary phonon is found to depend 
strongly on the type of dopant; it is clearly present, albeit with reduced intensity, in 
BaPb,,,Sb,,,,O, (T, = 3.5 K)  but has virtually disappeared for BaPb,,,,Bi,,,,O, 
(T, = 13 K). This behaviour should arise &s a result of the strong energy renormal- 
ization of the 0-breathing phonons and provides evidence for the importance of these 
phonons in the superconducting mechanism [30]. 

4. Conclusions 

The generalized (‘neutron-weighted’) phonon density of states (figures 1-4) has been 
measured by the neutron time-of-flight technique for a series of perovskites at t e m  
peratures between 5 and 300 K .  Metallic BaPbO, is one end-member of this series, 
becoming superconducting upon introduction ofeither Bi or Sb on the B site. Replace 
ment of Pb by Bi leads eventually to the semiconducting BaBi03 system, charaeterized 
by the presence of a Bi(II1)-Bi(V) charge density wave, resulting from the freezing 
of the 0-breathing vibrations at the R point. Doping of BaBiO, on the A site by 
K+ leads again to a superconducting composition which currently has the highest su- 
perconducting transition temperature known for a non-copper-containing oxide. Our 
results broadly agree with the IR, Raman and neutron scattering studies of these sys- 
tems that have appeared in the literature before. However, by systematically covering 
a more extensive range of systems at different temperatures and at better resolution 
especially near the elastic peak, a number of novel points have been revealed. 

Starting from BaPbO, as our reference system, the neutron scattering measure- 
ments reveal no discernible differences betrven the parent system and the two super- 
conductors, BaPb,~15Bi,,,,0, and BaPb,,Sb,,,O, in their PDOS up to the bond- 
stretching 0-breathing phonon energy region. However, the high frequency part of 
the PDOS distribution is considerably affected, demonstrating the importance of these 
phonons in the electron-phonon coupling mechanism in the superconducting oxides. 
Furthermore, we find evidence of differences in the magnitude of the electron-lattice 
interaction between BaPb,,,,Bi,,,,O, and BaPb,,,,Sb,,,,O, as revealed by the b e  
haviour of the 78 meV zoneboundary 0-breathing phonon; it shifts to lower energy 
and its intensity is reduced in the Sbdoped oxide and totally disappears in the Bi- 
doped one. This result provides an explanation for the reduction of T, from 13 to 3.5 K 
within a phonon-mediated mechanism of superconductivity, implying that X decreases 
on going from Bi to Sb. It also implies that phonon modes away from the Brillouin 
zone centre seem to be important for the electron-lattice interaction mechanism. A 
further point of interest within this series of oxides is the observation of a phonon at 
42 meV, an energy region where no phonon branch is expected by lattice dynamics 
calculations. This was rationalized before in the Bi system [25] by invoking the pres- 
ence of lattice defect vibrational modes, associated with locally distorted octahedral 
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Figure 4. genvdized phonon density of states C(w) for (a) Bao.eKo.rBi03; (b )  
BaBiOs, (c)  BaPbo.rsBio.2503; ( d )  BaPbo,75Sbo.?s03 and (e) BaPbOs between 0 
and 40 meV at 300 K (up-scattering mode). 

units; this explanation has been questioned subsequently [30,33]. Our experimental 
data support the presence of such defects in both the parent and the doped mate- 
rials; we find that the intensity and width of the 42 meV peak is dependent on the 
perovskite sample, being more sharp and well-defined in BaF'bO, than the Bi and Sb 
doped systems. This is consistent with the presence of a larger spread of distorted 
octahedra in the doped oxides, and even more so in the Sb system. 

The generalized PDOS of the mixed valency BaBiO, compound proves to be much 
more complicated as a result of both the superstructure formation due to charge dis- 
proportionation and the tilting of the octahedra. There is also increased DOS in the 
low-energy transfer region, presumably associated with soft rotational modes. Doping 
on the A site (Ba,,,eKo,4Bi03) leads to substantial lowering of both the 0-breathing 
and 0-bending vibrational modes, in agreement with earlier reports [16]. The domi- 
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nance of such high-energy phonon modes in the electron-phonon coupling mechanism 
is revealed in the LD calculations [30] and can explain the unusual temperature de- 
pendence of the thermoelectric power of B%,,K,,Bi03 [34]. Both calculated [35] and 
experimental tunnelling [15] spectra also support these conclusions. Furthermore, the 
low-energy part of the spectrum is very simple with main peaks at 15 (of unusually 
high intensity) and 10.5 meV, consistent with the cubic structure and the suppression 
of both the cDW and the tilting of the octahedra. 

No changes in the PDOS have been observed when the sample was cooled down 
past its T, of 30 K. This finding is not in contradiction with an electron-phonon 
coupling mechanism for superconductivity since it has been found by Raman scattering 
that both positive and negative shifts of optical phonon frequencies can occur in 
high-T, materials [36]. This behaviour was predicted for optical zone-centre phonons 
using strong coupling theory [37]. Furthermore, it is likely that the moderate ene ra  
resolution (6-4 meV) does not allow the expected small shifts (0.1-0.2 meV) to be 
revealed. In the cuprate superconductors, phonon anomalies are found in the oxygen 
vibrations region of the PDOS but they are much more subtle and have proved difficult 
to directly relate to the superconductivity mechanism. In contrast, it appears that the 
importance of phonons is much more pronounced in the perovskite superconductors 
with phonon anomalies directly related to the strength of the electron-phonon coupling 
and the magnitude of the superconducting transition temperature. 
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