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Superconductivity below 14 K has been found by magnetic-susceptibility measurements in a family of
layered oxides Ba, ,K,Pb,_,Bi,O, ;5. The structure is isomorphous of tetragonal La,CuQ, but these
materials do not contain any magnetic ions. Compounds of this family show a transition from insulator
(for example, Ba,PbO,, x =0,y =0) to conductor by injection of charge carriers induced by substitution
of monovalent potassium onto the divalent barium site. The carrier concentrations are estimated from
the screening of phonons by the plasmon deduced from the analysis of infrared-reflection spectra. In the
tetragonal structure, T is found twice higher than in the perovskite with the same bismuth concentra-
tion. This is achieved in spite of the fact that the carrier concentration remains low, and that the percen-
tage of bismuth y does not exceed 15% in this series of experiments. A thermal treatment at 450 °C un-
der oxygen improves conducting properties in the normal phase but, at least for low bismuth rate, is de-
trimental to superconductivity. These materials are expected to help clarify the role played by phonons
and possible highly anharmonic fluctuations in the mechanism of superconductivity of oxides since here
no magnetic interaction can play any part to mediate Cooper pairing as it is often invoked in copper
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compounds.

I. INTRODUCTION

One of the most exciting debates since the discovery of
Bednorz and Miiller! of high-T, superconductivity in a
copper oxide compound is whether electron-phonon or
magnetic interactions are more important in mediating
Cooper pairing within a—possibly renormalized —
Bardeen-Cooper-Schrieffer (BCS) framework. ‘“Anything
but phonon theories” were developed on account of the
low values of the oxygen isotope effect in early reports.
However, the recent observations performed indepen-
dently by two groups of authors*? showing that the iso-
tope exponent a depends monotonically on the carrier
concentration in (Y,Pr)BaCuO are of importance. At
highest carrier concentration which corresponds to the
highest T, in YBaCuO, they recover the low isotope ex-
ponents found previously. These results show that pho-
nons possibly play a part at least up to 7,=60-70 K in
the superconductivity of praseodymium-substituted
YBaCuO. Recently, Ronay, Frisch, and McGuire* ex-
plained by a nonstoichiometric copper-rich phase the low
isotope exponent previously found in La, 4sSry sCuO,.
In this system also, the critical temperature was previous-
ly found dependent on x by Crawford et al.> Ronay,
Frisch, and McGuire reported a much more realistic
a=0.4 in the stoichiometric compound showing the
highest T,. Again, this indicates the possible role played
by phonons.

The schematic plot in Fig. 1 is reproduced from the
data of Ref. 6 just to show three distinct regions observed
in the diagram. (i) “Conventional” superconductors are
observed in the central hatched region. Most of them
obey the BCS relationship. (ii) Heavy fermions are in the
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right-hand corner. No oxide has been found there. (iii)
The upper part shows why the wording “high-T,.” is ade-
quate: compared to most superconductors, T,.’s of cer-
tain oxides are experimentally found roughly one order of
magnitude higher than in a conventional superconduc-
tors. The upper part contains two subgroups: (i) layered
copper-based oxides and (ii) pseudocubic (referred to as
“cubic” in this paper, for simplicity) perovskite com-
pounds with lead and/or bismuth (or antimony), ions
which are sitting at a +4 site but are expected to prefer
(+3+5) disproportionation, because both of these
valences are more stable. The disproportionation is not
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FIG. 1. Schematic trends of critical superconducting temper-
ature vs density of states at the Fermi level (adapted from the
review Ref. 6). BPSO: Ba(Pb,Sb)O;; BPBO: Ba(Pb,Bi)Oy;
BKBO: Baj (K, 4BiO;; LSCO: (La,Sr),CuO,  YBCO:
YBa,Cu;0,.
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necessarily static but might fluctuate versus time. Hence
emerged the idea to combine both ingredients (bi-
dimensionality and the possibility of disproportionation)
" to reach still higher T,’s. We synthesized new conduct-
ing layered oxides, isostructural with La,CuQ,, but con-
taining bismuth instead of copper. This approach also
has the advantage to discard the eventual role played by
interaction of magnetic ions in copper compounds and,
therefore, make the analysis of the mechanism of super-
conductivity easier. This study was really a challenge be-
cause Ba,PbO, is an insulator and Ba,BiO, was soon
shown not to exist in the tetragonal structure but rather
to crystallize in a cubic double-perovskite structure.’
The latter compound is an insulator too.

II. SYNTHESIS AND PRELIMINARY
CHARACTERIZATION

In a first step, we have synthesized compounds belong-
ing to the solid solution Ba,Pb,_,Bi,O,. They adopt the
K,NiF, tetragonal structure only if y remains smaller
than 0.3, and all compounds are insulating.® Other
groups reported results of similar experiments and ab-
sence of superconductivity.” Preliminary attempts by
solid-state reaction to substitute Ba for K did not arrive
to a successful outcome. These experiments were per-
formed in the open air or under oxygen flow. But using a
modified sol-gel route!® and performing the final reaction
under oxygen, the synthesis of potassium-substituted
compounds was achieved.

The modified sol-gel process consists of a gelation of an
aqueous solution containing the appropriate ratios of the
required elements through an organic polymer network.
The gel is calcinated in a furnace under air flow at the
desired temperature. The stability of the aqueous solu-
tion against hydrolysis or condensation is improved by
complexing the actions by a chelating agent such as one
citric acid CgHgO,-H,O per valence unit of each cation.
The pH is raised to 7 by addition of ammonia, and dis-
tilled water is added to obtain 1 ¢ of solution. The gela-
tion of the solution is achieved by creating a hydrophilic
polymeric polyacrylamide network in situ. The mono-
mers acrylamide and N,N’-methylene-bis-acrylamide are
soluble in water. The polymerization is initiated by free
radicals afforded by azobisiobutyronitrile (AIBN) and is
promoted by radical transfer agents like N,N,N’,N’-
tetramethyl-ethylenediamine (TEMED). In 150 m¢ of
precursor solution (0.092 mol L ~!) were dissolved 7.5 g of
acrylamide, 0.75 g of N,N’'-methylene-bis-acrylamide,
1 m¢ of TEMED and 4 m¢ of a 3% hydrogen peroxide
solution (AIBN). By heating this solution in a water bath
at 80°C, a gel is obtained. The gel is then calcinated dur-
ing 5 h in a ventilated furnace at 600°C until all water
and organic species are removed. The small-grain
powder is then annealed at 1060 °C during 17 h under ox-
ygen, a process which allows the chemical reaction to be
completed as shown by x-ray patterns.

However, in most cases, further treatment of the final
powder under oxygen at 450 °C is necessary to ensure op-
timum conducting behavior. Conversely, heating up to
the same temperature under nitrogen cancels conducting
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FIG. 2. X-ray diffraction patterns typical of perovskite and
tetragonal phases.

properties as probed by the plasmon signature (detailed
in the next paragraph). Thus, these new materials are ex-
tremely sensitive to the oxygen partial pressure during
thermal treatments. Up to now, the synthesis of
potassium-substituted compounds with a concentration
of bismuth larger than y =0.15 failed. Indeed, a multi-
phase product is obtained, as indicated by x-ray
diffraction. Samples are routinely characterized accord-
ing to the methods detailed in Ref. 8. Energy dispersive
x-ray analysis (EDX) of the powders observed by scan-
ning electron microscopy in particular allows us to check
the homogeneity of potassium and bismuth concentra-
tions. Only compounds showing a single phase as probed
by x-ray diffraction were studied further. Examples of
characterization of perovskite and tetragonal phases by
x-ray diffraction are shown in Fig. 2.

III. INFRARED REFLECTIVITY
AND CHARGE CARRIER CONCENTRATION

A. Experiment and data reduction

For certain compositions, the sintering process starts
at a temperature 10°C below the melting point (between
1200 and 1385°C depending on x and y). Since prelimi-
nary tests have shown that this process can modify the
electrical properties of these new materials drastically, in
our first step we decided to characterize the materials in
the powdered state only. Within these conditions, only a
limited number of techniques can be used. X-ray
diffraction and electron scanning microscope combined
with EDX have been mentioned above. To prove electri-
cal properties, we performed infrared reflectivity mea-
surements at the surface of powders compacted under 4
kbar. We have studied the degree of screening of pho-
nons by the plasma wave, which gives information about
the electronic concentration and the eventual anisotropy
of the conducting properties as is detailed below.
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Typical infrared reflectivity spectra are shown in Fig.
3. The insulating compound (no potassium) shows bands
related to polar phonons, whereas conducting samples
display in addition a broad ‘“Drude-like” profile which
screens the phonons partially. Spectra have been fitted
with an average dielectric function

€=(g+2¢)/3.

Other models exist!! but this one has the advantage of
simplicity and it has been checked to yield correct results
by comparing a single crystal and polycrystalline sample
of La,NiO,, an isomorphous system. Each component of
the dielectric response is modeled with phonons (plus the
Drude component only for ¢,) in the form!?

2 2
Q]LO W +l'ijoa)

e(w) ~II

e, ; —Qf,/m(w—iyp) .

Qjro— @’ +i¥ jro0
The reasons for this modified version with respect to the
more usual expression are detailed in Ref. 12, referring to
previous analyses of other conducting oxides. We did not
perform the Kramers-Kronig (KK) transformation be-
cause the dispersion is unknown below 10 cm ™!, but it is
expected to play a major part in the response. Also, the
anisotropy of the system raises a specific problem from
the point of view of the KK analyses of a powder.

The decrease of reflectivity related to the onset of the
scattering of light when the wavelength of radiation be-
comes the order of magnitude of the grain size can be, in
the first step, estimated by compensating the spectrum
with a calculated diffusion profile. We have also mea-
sured diffusion losses by deposition of a thin metallic
coating upon the surface of the granular sample and
remeasured the spectrum. The last spectrum is then used
as the reference of the uncoated-sample spectrum. This
last method tends to overestimate the high-frequency
reflectivity whereas diffusion losses underestimate it. Re-
sults are inaccurate in terms of the plasma edge because
the responses are very broad, but the rate of screening of
phonons provides information sufficient in itself. To get
more accurate results, we would need to grow single crys-
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FIG. 3. Infrared reflectivity of insulating and conduction ox-
ides (dots). Best fit with the model Eq. (1) (full curves).
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tals because the plasmon is expected to be bi-dimensional
as in La,NiO, or (La,Sr),CuQ,.'>*

In the example of Fig. 3, best results of data fitting
were obtained with no charge-carrier contribution to .
The same was true for all conducting samples we have in-
vestigated. Note the general tendency at mode softening
upon injection of charge carriers. The Drude expression
is known to be a rough model used to describe metallic
properties of oxides and the agreement with experimental
data of Ba, 1K, ;Pby 5Bij 05045, for example (Fig. 3), is
only fair. The plasmon is overdamped, Qp =3,300 cm ™},
v, /€, =2.4. Note that a better fit of the part of the spec-
trum  below 300 cm™' is obtained with v,/Q,=1.7 at
the expense of a larger disagreement with the data at
higher frequency. This means that a frequency-
dependent plasma damping function would be more ap-
propriate than a constant ¥ P

B. Phonon mode assignment

In spite of the fact that this study is performed with
powdered samples, the phonon mode assignment is made
easy by the knowledge of those phonons which are
screened by the plasmon and belong, therefore, to the
basal plane, and by comparison with cuprate and nick-
elate with the same structure. For the polarization paral-
lel to the c axis, the mode with the (largest) dielectric
strength of 18, which corresponds to the vibration of lead
(bismuth) against oxygen, is found at 225 cm™'. In this
discussion, numeric data refer to the compound
Ba, ;K 3Pbg ¢sBig ¢sO4—5. This is to be compared to 275
cm™! in La,NiO, and 240 cm ™! in La,CuO, (dielectric
strength 15).'%'® The second mode is observed at 535
cm ™! and at a frequency again not very far from that,
574 cm ™ !; both found in La,NiO, and La,CuQ,. Slightly
lower frequencies found here are related to the larger
mass of lead (bismuth) with respect to nickel or copper,
taking into account that oxygen plays a dominant part in
the reduced mass. This means that lattice force constants
are comparable. The third mode predicted by group
theory for this direction of polarization is unobserved. It
was also hardly observed in La,NiO, and La,CuO, (see
Refs. 13 and 14, and compare to Ref. 15).

Within the basal plane, we observe four modes at fre-
quencies (102, 141, 176, 565) also systematically lower
than those found in Ni (151, 224, 351, 656) or the Cu
(162, 220, 363, 671) parent compounds. The sequence of
oscillator strengths (4.9, 1.3, 1.3, 0.8) is also found com-
patible with what was observed previously (5.2, 1, 3.2,
0.34 for La,NiO, and 4.9, 1.9, 2, 0.22 for La,CuO,). Both
the lattice dynamics and the dielectric response thus ap-
pear compatible with that in the nickelate and cuprate
compounds. This is of importance because complete
phonon dispersion curves have been measured by inelas-
tic neutron scattering in both crystals,'®!” and analyzed
with a shell model, which will be most helpful in the dis-
cussion.

The large dielectric strength of the main polar mode at
225 cm™! in Ba, ;Kg 3Pbg osBig sO4—5 in the direction
parallel to the ¢ axis should be emphasized. Even more
important is to realize that this frequency is softened by



20 cm ™! when the compound becomes a conducting com-
pound. The frequency shift reaches 30 cm™! in
Ba, ;K 3Pby ¢Biy ;0,_5. We have checked that the fre-
quency shift is related to the change of carrier concentra-
tion and not the cationic substitution. (The electronic
concentration can be monitored by annealing under a
controlled atmosphere as will be discussed below.) This
may indicate that the apical oxygen is highly sensitive to
the local electric field as will be discussed in Sec. V A.
Also, the frequencies of the polar vibrations within the
basal plane soften appreciably with the onset of metallici-
ty. This is consistent with the softest character of the in-
plane vibrations compared to La,NiO, or La,Cu0O,. The
average ratio of TO frequencies in lead-bismuth com-
pared to nickel or copper compounds is indeed ~0.9 for
the direction parallel to the ¢ axis whereas it falls down to
~0.65 within the basal plane.

C. Effective charges

The modulus of the effective charge of oxygen evalu-
ated within the basal plane, |0.9¢|, is found much lower
than in the direction parallel to the c axis, |1.6e|. These
data refer to insulating compounds without potassium.
They do not vary significantly with bismuth substitution.
A similar situation was encountered in both lanthanum
nickel and copper oxides.!»'* This evaluation is a
straightforward application of the principle of infrared
spectroscopy which is based upon the coupling of an in-
stantaneous dipole moment with the electric field of an
electromagnetic radiation. The dipole moment is an
effective charge times a relative atomic displacement. In
practice, it is calculated from the experimental
knowledge of the TO-LO splittings in the form'8

S(Q30—Qo), =(1/8,V) 3 (Ze)}, /my ,
j k
where p denotes a direction of polarization and the sum-
mation on the right-hand side extends over all atoms k
contained in the elementary volume V. g, is the dielec-
tric constant of vacuum. The highly anisotropic effective
charges found in La,NiO, and La,CuO, were thought to
reflect the shorter cation-anion bond lengths within the
conducting plane compared to the c-axis direction (see
also the discussion in Ref. 18). Here, octahedra are near-
ly regular, dy,.q/dp.0,=0.98+0.02 (M=Pb,Bi) and the
anisotropy of the effective charge may simply reflect the
hybridization within the basal plane. Injection of charge
carriers enhances the effect (metallicity added to co-
valence) with a modulus of the oxygen effective charge
which decreases to |0.69¢| in Ba, ;Kg 3Pbg osBig 0sO4—5
and even down to |0.64e| in Ba, ;K ;Pb, ¢Biy ;O,_5 in
the conducting plane. A decrease of the oxygen effective
charge with the increase of charge-carrier concentration
was also observed in La,NiO, based on the same method.

D. Electronic concentration

Compared to copper-based oxide superconductors, the
plasma frequency is low and the electronic concentration
is estimated to be in the range 1-3X10%° c¢cm™? for the
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compound Ba, ;K ;Pb ¢sBij ¢sO4—5. In this calculation,
the carrier effective mass is assumed to be of the same or-
der of magnitude as that of other high-T, oxide super-
conductors. In Ba, ;K; ;Pbj ¢Biy ;O,4_5, the carrier con-
centration reaches ~4X10% cm™3. But this estimation
implies a large error bar (absolute uncertainty 50%, but
the relative accuracy is better).

If each potassium atom provides one free carrier, their
expected number corresponding to the composition with
0.15 atm.% of potassium would be 2.4 X 10?! cm™3. The
actual electronic concentration is found at least 5 times
lower. Annealing of this compound at 450 °C under oxy-
gen increases this value, but to a level which remains
below the expected value. To compensate this discrepan-
cy, the charge balance may be achieved via oxygen va-
cancies or oxidation of bismuth to the formal valence
+5. Since Bi’" is smaller than Bi**, we would then ex-
pect a decrease of the unit-cell parameters. Experimen-
tally, the unit-cell parameter a is found weakly sensitive
to the insulator-metal phase transition (0.2% at most). A
thermal treatment under reducing atmosphere (nitrogen
or argon) decreases a whereas reoxidizing increases it, but
only by 0.7%. Note that an eventual slight zigzag of M-
O bonds within the a-b plane would minimize @ and
would not be detected by x-ray diffraction.

IV. SUPERCONDUCTIVITY

One of the problems which is raised by this study is the
possible existence in our samples of impurity perovskite
phase BaPb,_,Bi,O; which is known to superconduct
when 0.05<y <0.35 with a maximum 7,=13 K for
y =0.25,%° and may give spurious signature of supercon-
ductivity. [We did not succeed in preparing (Ba,K)BiO,
with the same sol-gel route.] We have measured, there-
fore, the magnetic susceptibility of powders of perovskite
compounds for several values of y, prepared with the same
method and in the same conditions of observations as the
layered materials studied presently, for comparison. Re-
sults are shown in Fig. 4. In the perovskite compounds,
we recover the onset of supeconductivity at 12 K for
y=0.3, 10 K for y =0.2, and 7 K for y =0.1. This is
consistent with published data.?! With the susceptometer
with which the measurements have been performed, a
magnetic field of 450 G is required to get an appropriate
signal-to-noise ratio. We attribute the relative weak am-
plitude of the negative part of the susceptibility observed
in perovskite and layered compounds to the fact that,
most likely, the critical field H, is below the field of 450
G under which the experiments have been performed.
We believe, therefore, to observe bulk superconductivity
but limited to those regions outside vortices, as in any
type II superconductor above H,. In brief, the modest
amplitude of the susceptibility is limited by the unavoid-
able conditions of our experiment and not by the chemis-
try of the materials which appear as single phase by x-ray
diffraction.

A first signature of superconductivity below 9 K was
observed for x =0.3 and y =0.05 (T,’s reported here cor-
respond to the onset of superconductivity). T, reaches
12.5 K for x =0.3 and y =0.1. This last compound
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FIG. 4. The temperature dependence of the magnetic suscep-
tibility of the tetragonal conducting compounds compared to
that of perovskites measured in the same conditions.

which annealed to 450°C under oxygen, shows higher
charge-carrier concentration which manifests itself by (i)
larger screening of phonons by plasmon (Fig. 5) and (ii)
decrease of magnetic susceptibility in the normal phase
down to a level as low as in BaPb, ¢Bi; ;0;. T, of the an-
nealed compound is depressed down to 6 K. One possible
explanation is that the treatment under oxygen not only
fills the oxygen vacancies but also forces the formal
bismuth valence to +5 to ensure electric neutrality, and
the concomitant deficiency of Bi** would be detrimental
to superconductivity. We decided, therefore, to decrease
the potassium in subsequent syntheses. The sample with
x =0.1 and y =0.15 shows superconductivity below 14
K.

We emphasize that all compounds studied in these ex-
periments have been checked by x-ray diffraction to show
a single phase (perovskite or tetragonal) as shown in Fig.
2. The amplitude of the response in samples with the
tetragonal structure which is larger than that of
perovskite compounds by a factor as large as 10-20 in
the normal phase shows that the result has nothing to do
with perovskite phase impurities. More interesting is to
emphasize that, given a bismuth rate, T, is found larger
by a factor of roughly 2 in a bi-dimensional structure com-
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FIG. 5. Annealing at 450°C under oxygen increases the plas-
ma background level and increases the rate of screening of pho-
nons.

pared to the cubic perovskite. And this is obtained in spite
of the fact that the charge-carrier concentrations remain
lower in our tetragonal samples compared to perovskite
compounds. This is also seen in Fig. 4 with the much
lower levels of magnetic susceptibility in the normal
phase of more metallic perovskite compounds, and
confirmed by the respective plasma frequencies and the
degree of phonon screening they induce.

V. DISCUSSION

A. A model of harmonic to anharmonic crossover
The schematic plot of Fig. 1 refers to the BCS formula
T,<Qexp[—1/AN(Eg)] .

Since the oxygen breathing vibrational mode is a promis-
ing candidate to explain superconductivity, at least in
compounds like Ba(Pb,Bi)O; or (Ba,K)BiO3,22 and since
oxygen is light, one may wonder whether the T,, found
higher than in conventional superconductors for the ox-
ides of the upper part of the diagram, is related to BCS
predictions via the prefactor Q. Within a harmonic
description, an approximation inherent to the BCS for-
malism, the dependence of a phonon frequency upon the
reduced atomic mass M is

QM %,

with a=1/2. The search for accurate isotope exponents
during the five past years was aimed to check the validity
of the BCS prediction. Their departure from 0.5 as T, in-
creases weakens the argument that harmonic vibrations
of oxygen would play a major role. Also, the argument
that data of several oxides lie within the central region of
conventional superconductors in Fig. 1 rules out this over
simple view. Another “booster’” might be an exceptional-
ly large electron-phonon coupling A in certain oxides.



Data of Sec. III B support this conjecture (see also the
discussion in Ref. 19). The analysis of ferroelectric prop-
erties of oxidic perovskites concluded to the origin of the
phenomenon in the large anisotropic polarizability of ox-
ygen.? The possible connections between the origins of
the phenomena of ferroelectricity and superconductivity
in oxides derived from the perovskite structure, have
been discussed by several authors.?*”2” Note, however,
that strontium titanate lies in the central region, far from
the high-7, domain. Apart from Ba(Pb,Bi)O; or
(Ba,K)BiO;, for which the isotope exponent is consistent-
ly not far from BCS predictions,?? the general opinion is
that pairing of electrons of the Cooper pairs via phonons
cannot explain very high T,’s. A few authors, however,
defend the opposite thesis,?® and the community did not
arrive to any consensus yet. The clue is currently
searched in the phonon dispersion curves. But the situa-
tion is not entirely clear for a lack of /arge single crystals
necessary for accurate inelastic neutron scattering mea-
surements. Available data show a general tendency at
the softening of lattice branches with the increase of
charge-carrier density in the family of oxides containing
copper, among which specific compositions show the on-
set of superconductivity.!®!” This tendency was shown in
Sec. III B to hold at the Brillouin zone center for present
materials too.

The progressive decrease of the oxygen isotope ex-
ponent observed in (Y,Br)BaCuO?3 may be understood
within a model of harmonic to anharmonic crossover.2%?’
In high-T, copper compounds, the apical oxygen is sit-
ting sandwiched between a conducting plane and a reser-
voir sheet (Fig. 6). Apical oxygen sees, therefore, an elec-

reservoir sheet

unscreened
for x low

in-plane oxygen screened conducting plane

(holes)

@ Ba,Cu®,Bi% T("
Oe
b

FIG. 6. A schematic plot of the conjectured origin of cross-
over from harmonic to highly anharmonicity regimes related to
the increase of electronic concentration in the conducting plane
of bi-dimensional systems.
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tric field which increases with carrier concentration.
This electric field may act on the oxygen polarizability to
increase anharmonicity of motions implying apical oxy-
gen, hence the decrease of the isotope exponent related to
passage from parabolic well (harmonic vibration) to
double-well potential. A double-well potential

Vix)=—ax%+bx*,

where a and b are positive coefficients, is the simplest way
to describe a huge anharmonicity. Extended x-ray ab-
sorption fine structure (EXAFS) measurements? inter-
preted in terms of the double-well potential at the apical
site support this model. Anomalously large dielectric
strengths for certain modes polarized parallel to the ¢
axis also support this conjecture.?’” Highly anharmonic
“crenel”-like oxygen motions rather than harmonic sine
vibrations are able to polarize the lattice more efficiently
and, therefore, capture mobile charge carriers to higher
temperatures. Several authors have shown that anhar-
monic interactions in general®® and quartic anharmonici-
ty in particular®' do favor high T, and decrease the iso-
tope exponent. The fact that no clear-cut signature of
mode softening has been observed in neutron scattering
experiments until now does not rule out the mechanism
proposed here. (i) 3, phonon branches display large an-
ticrossing behavior and signature of partial mode soften-
ing is difficult to visualize in this case. (iii) Harmonic
models with screening of phonons within the basal plane
have great difficulties in reproducing the experimental
data. (iii) Unusually large line broadenings occur; even
disappearance of the line at wave vectors where branches
“anticross” have been observed.'® (iii) More important
within the scope of the present work, the prediction®?
(and observation in barium titanate)’® of a double peak
response related to a double-well potential, should be re-
called. The response consists of an oscillatory component
within one well which softens partially and saturates at a
finite frequency, and a long time scale corresponding to
jumps from one well to another. This second component
is the signature of the double-well potential and is conjec-
tured to be one possible origin of low isotope exponent
and increased efficiency of superconductivity.

Does our anharmonic model apply to 3D lead-bismuth
compounds? Bismuth (also antimony) is sitting at a +4
site but Bi** and Bi**' configurations would be chemical-
ly more stable. The relaxation motion which periodically
exchange a supposed chain of Bi’*-Bi’*-Bi**-Bi’* oc-
tahedra to the reverse configuration Bi’*-Bi**-Bi**-Bi**
is nothing but the highly anharmonic component of an
oxygen-breathing-type mode at the Brillouin zone bound-
ary. Indeed Bi*T-O are longer than Bi**-O bond lengths.
This periodic motion favors superconductivity. In other
words, the periodic fluctuation of bond length renormal-
izes the instantaneous bonding itself, and induces a huge
electron-“‘phonon” coupling. Here, the wording ‘“pho-
non” refers to an oxygen breathing-type fluctuation hav-
ing a time scale longer than conventional harmonic pho-
nons, just the second time scale predicted by motions in a
double-well potential.’?> It should manifest itself by an
oxygen isotope exponent lower than 0.5, which was just
observed.>* The model of crossover from harmonic to
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highly anharmonic regime monitored by the charge-
carrier concentration is thus consistent with the two
kinds of oxides (bismuth-antimony perovskites or layered
copper) of the upper part in the diagram Fig. 1. And
only the oxides among those plotted in Fig. 1, which fulfill
the criteria developed in the model, do appear in the upper
“high-T_.” regime.

B. Application of the model
to layered lead-bismuth oxides

The infrared reflectivity study has indicated that the
trends of the lattice dynamics and the bi-dimensionality
of conducting properties previously observed in nickel
and copper oxides with the same structure, also apply in
layered lead-bismuth oxides. We therefore expect
enhanced anharmonicity related (i) to the existence of ap-
ical oxygen sitting in sandwich between an insulating
sheet and a conducting plane, and (ii) to dynamic bismuth
disproportionation. If anharmonicity does play a part in
the mechanism of high-T, superconductivity as conjec-
tured by the model developed in the previous paragraph,
then T, should be enhanced with respect to the
perovskite compounds. The results reported in Sec. IV
show that the experiments support this expectation (dou-
bling of T,). The effect is even more striking if one real-
izes that such a high T, is obtained with a lower charge-
carrier concentration compared to the perovskites.
Remember indeed that the perovskite BaPbO; is metallic
whereas Ba,PbO, is an insulator, and our bismuth con-
centrations are low. We face, however, several problems
which prevent a more convincing demonstration. (i) In-
creasing the bismuth rate would be highly desirable but
difficulties of synthesis are not overcome yet. Mattheiss®
suggests that Ba, K, BiO, would be a promising high-
T, candidate, consistent with the experimental trend re-
ported here, provided it could be elaborated.” (ii) The
charge-carrier concentrations remain modest. As dis-
cussed in Ref. 8, the increase of the ratio (insulating
sheets)/(conducting planes) in barium lead (bismuth) ox-
ides is accompanied by a slight increase of the Pb-O bond
length. The concomitant decrease of the metal-oxygen
hybridization weakens the incipient metallicity of the
bonding. As a result, large charge-carrier concentrations
become hardly accommodated.

Preliminary measurements of the temperature depen-
dence of infrared reflectivity spectra indicate little depen-
dence of the plasma frequency on temperature, consistent
with a metallic-type behavior. Electrical conductivity

measurements on sintered materials (not yet available as
mentioned previously) are planned in the future. Prelimi-
nary observations®® indicate that the resistivity does not
vary much upon cooling, consistent with the small up-
shift of the plasmon. In La,NiO,, the behavior is semi-
conducting (thermally activated) and the rapid decrease
of the plasma frequency upon cooling'* prevents the com-
pounds to become superconductor. Conversely, the situ-
ation in the present layered lead-bismuth oxides is com-
parable to La,CuO, which does not show much tempera-
ture dependence of the plasma frequency.!* This is con-
sistent with the fact that BaPbO; shows metallic proper-
ties too. The resistivity measurement performed on a sin-
tered sample with x =0.3, y =0.1 also indicated onset of
an abrupt decrease at 12.5 K, consistent with magnetic
susceptibility measurements. The decrease is not sharp
enough to ensure zero resistivity at liquid-helium temper-
ature.

VI. SUMMARY

With no superconductivity reported in Ba,Pb;0,,°
nor in (Ba,K);Bi,05, the discovery of the first family of
layered oxide superconductors without magnetic ion is
worth mentioning. We have shown that superconductivi-
ty may be found in a compound isostructural of La,CuO,
but in absence of antiferromagnetic or related magnetic
interactions. Superconductivity is obtained at a tempera-
ture which is roughly twice as large as in the cubic
perovskite with the same bismuth rate. This is achieved
in spite of the fact that the carrier concentration estimat-
ed from both Drude reflectivity and magnetic susceptibil-
ity level in the normal phase is significantly lower than in
the perovskite analogues. The bi-dimensionality of the
structure is thus confirmed to be a favorable ingredient
and results support our anharmonic model which focus in
particular on the specific role possibly played by the api-
cal oxygen and dynamic bismuth disproportionation.
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