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ABSTRACT

The temperature dependence of the thermoelectric power and resistance for
the system La2-xSrxCuO4, 0 < x< 0.30, are presented and interpreted. The
following model emerges: (1) In the underdoped region 0 <x < 0.10, holes
introduced into the CuO2 sheets by Sr substitution form non-adiabatic large
polarons containing 6 f 1 Cu atoms; a cooperative pseudo Jahn-Teller
vibronic coupling increases the size of the polaron, but a contraction of the
equilibrium Cu-O distance inside the polaron limits the size. Polaron motion
occurs via a tunneling of one Cu -O bond at a time. A dynamic segregation
into a hole-poor parent phase and a hole-rich superconductive phase occurs
below 150 K. (2) The range 0.10 < x < 0.14 is complicated by a competitive
x=l/8 phase. (3) The superconductive phase stable in the range 0.14 <x<
0.21 consists of an anisotropic polaron liquid having a flat dispersion curve in
the directions of the Cu-O-Cu bonds within a CuO2 sheet. In the polaron
liquid, pairs of polarons form zig-zag polaron chains; these chains form an
ordered array of alternating polaron and parent-phase stripes. Complete
odering of the stripes occurs below Tc. (4) In the overdoped region x > 0.27,
polaron overcrowding suppresses polaron formation; however, the vibronic
coupling stabilized by the dynamic pseudo Jahn-Teller deformations persists
to give unusual properties to the overdoped metallic phase.

1. Introduction

This study is restricted to the La2-xSrxCu04 system because it is structurally and
chemically one of simplest of the copper-oxide superconductors. The oxidation state of the
single CuO2 sheets by Sr2+ substitution for La3+ is unambiguous as there is no charge reservoir
in the non-superconductive (Lai_xSrxO)2 rock-salt layers. Moreover, the solid solution range 0
< x < 0.30 covers the entire oxidation range of interest from parent antiferromagnetic insulator
(x=0) to overdoped metal (x > 0.27). Before presenting a phase diagram for the system, we call
attention to two critical features.

The first feature is structural. A measure of the mismatch between the equilibrium La-0
and Cu-O bond lengths in La2CuO4 is the tolerance factor

t = (La-O)/V2 (Cu-O) (1)

It may be calculated for room temperature from the sums of the tabulated empirical ionic radii; a
t < 1 in room-temperature La2CuO4 places the Cu-O bonds under compression and the La-0
bonds under tension. A larger thermal expansion coefficient of the La-O bond makes dt/dT > 0.
These internal stresses are relieved in four different ways: (1) The single 3d hole in the Cu-3d^
configurations is ordered into the cf-antibonding x2-y2 orbitals, aV_y

2 of a CuO2 sheet. This
ordering removes the x2y2,3z2-r^ orbital degeneracy and distorts the CuO$ octahedra to



31

tetragonal (c/a >1) symmetry. (2) A cooperative rotation of the CuO6 octahedra about a [lio]
axis below a transition temperature Tt transforms the crystal symmetry from tetragonal to
orthorhombic; this rotation bends the Cu-O-Cu bond angle from 180°. (3) The parent
compound picks up excess oxygen if slow-cooled in air after sintering; the excess oxygen atoms
occupy interstitial sites between the two LaO planes of a (LaO)2 rock-salt layer where they trap
two holes from neighboring CuC>2 sheets to become O;2~ ions. The interstitial Oj2~ ions repel the
four neighboring apical O2" ions to relieve the tensile stress in the LaO planes, oxidation of the
CuO2 sheets removes additional antibonding x2-y2 electrons to relieve the compressive stress on
the in-plane Cu-O bonds. (4) Substitutions for La that oxidize the CuO2 sheets are possible, but
reduction of the O1O2 sheets are not because reduction adds antibonding electrons to the x2-y2

orbitals. Substitution of Sr2+ for La3+ removes an antibonding x2-y2 electron to relieve the
compressive stress on the Cu-0 bonds; its larger size relieves the tensile stress in a (La,Sr)O
plane. As a result, the transition temperature Tt decreases with increasing Sr concentration x.

The second feature to be noted concerns the electronic energies. The parent compound
La2CuO4 is a Mott-Hubbard antiferromagnetic insulator; the half-filled aV_y

2 band is split in
two by a strong on-site electron-electron coulomb repulsion. Estimates for the splitting energy in
an ionic model are U = 5-6 eV, which is greater than the measured O:2p-Cu:3d electron-transfer
gap A = 2 eV. A A = 2 eV is just large enough to permit description of the Cu:3d9 manifold
within crystal-field theory; the heteronuclear covalent Cu:3d-O:2p mixing can be treated in
second-order perturbation theory, and the Cu-O-Cu spin-spin interactions with second-order
superexchange. Although covalent mixing gives the top of the occupied bands x2-y2 character,
thus placing the effective lower Hubbard x2-y2 band an energy (A+W) below the upper Hubbard
band (W is the width of the a*x

2.y
2 bands), nevertheless holes introduced into the lower band

cannot be treated as localized holes; the heteronuclear covalent mixing associated with a hole
must be treated in first-order theory. What is important to appreciate here is that the transition
from the more ionic Cu-0 bond of the parent compound to the covalent Cu-0 bond of a Cu(lll)
ion is first-order. From the virial theorem, the gain in kinetic energy of the electrons on going
from localized to extended orbitals must be compensated by a loss of potential energy, i.e. by a
shortening of the Cu-O bond length. An experimental verification of this first-order change in
bond length has been found1 in the perovskite NdNiO3. A consequence of this first-order
transition in our mixed-valent system La2-xSrxCu04 is the formation of a non-adiabatic polaron.
Normally, non-adiabatic polarons are small polarons; in the superconductive copper oxides the
non-adiabatic polarons are large. We need to explore experimentally and theoretically the
character of these large, non-adiabatic polarons.

2. The Phase Diagram

Fig. 1 is a preliminary phase diagram for the system La2-xSrxCuO4 As already
discussed, the orthorhambic-tetragonal transition temperature Tt decreases with increasing x,
falling to zero near x = 0.22. The Neel temperature TN falls abruptly with increasing x, long-
range antiferromagnetic order becoming replaced by short-range quasistatic antiferromagnetic
clusters by x = 0.02. The temperature dependence of the paramagnetic susceptibility exhibits a
broad maximum at a Tmax > TN typical of a two-dimensional antiferromagnet; at temperatures T
< Tm a x , short-range antiferromagnetic spin fluctuations are found. T m a x decreases with
increasing x, falling to zero at about the same composition where the superconductive critical
temperature T c falls to zero on the overdoped side, i.e. near x = 0.26. Clearly short-range
antiferromagnetic spin fluctuations are present in the superconductive phase since we have Tc <

Four additional critical temperatures are indicated in the diagram, Tp, Tp T/ and Td .
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Fig. 2. Non-equilibrium phase diagram forFig. 1. Phase diagram for La2-XSrxCuO4

Before defining these experimentally, we turn to Fig. 2, which shows a preliminary non-
equilibrium phase diagram for La2CuO4+§.

Slow-cooling La2CuC>4 in air gives a product La2CuO4+s with 5 = 0.02. The

stoichinometric 5 = 0 compound can be obtained by cooling in an inert atmosphere. To obtain

higher values of 8, two approaches have been used. A preparation under high oxygen pressure

gives a maximum 5 = 0.05 for the product that is metastable at room temperature. This
metastable phase undergoes a first-order phase change near 300°C with loss of excess oxygen
from a superconductive to an antiferromagnetic parent phase2. Alternatively, electrochemical
oxidation3 in KOH solution can give values of 8 > 0.09. It is not clear whether the metastable
phase prepared electrochemically at room temperature is the same as that obtained under high
pressure. Nevertheless useful information can be extracted from the system.

The 5 = 0.02 product obtained at atmospheric pressure exhibits a spinodal phase

segregation into the parent antiferromagnetic phase and the superconductive phase. A sample 8
= 0.032 prepared under high oxygen pressure was studied by neutron diffraction4; at room
temperature two phases could be clearly distinguished. On cooling, the phase corresponding to
the parent La2CuC>4 composition grew in intensity and the lattice parameters of the
superconductive phase evolved toward those corresponding to 8 = 0.05. The black circles in Fig.
2 were obtained from the neutron-diffraction data with the lever rule5. Phase segregation into
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oxygen-rich and oxygen-poor regions continues down to 200 K. Loss of oxygen mobility below
200 K prevents any further evolution to a superconductive phase more rich in oxygen. We
denote by 8s(max) the maximum vajue of 8 obtained in a superconductive phase formed by
spinodal segregation. Of particular interest is the driving force for the phase segregation.

Samples prepared electrochemically showed an instability at room temperature in the
range 0.05 < 5 < 0.07; it was necessary to go to 360 K to obtain samples within this range. An
earlier study5 showed that the interstitial O, atoms are ordered in the range 8 > 0.070, but no
information was available for 0.05 < 8 < 0.07. By quenching from room temperature into liquid
nitrogen and by cooling under pressure, it was possible to show6 that the interstitial oxygen
atoms Oj remain mobile below room temperature over the entire range 0 < 8 < 0.066; ordering
the Oj to form a new orthorhombic phase only occurs for 8 > 0.070. Therefore ordering of the Oj
is not the driving force for the spinodal phase separation to 8s(max) = 0.050. We also found
evidence for a competitive, non-superconductive phase near 8 = 0.0625, corresponding to p=l/8
holes per Cu atom as found7 in La2-xBaxCu04. The driving force to a superconductive phase
with 8 (max) = 0.050 is certainly not a non-superconductive phase at 8 ~ 0.0625. Therefore we

conclude that the driving force for the phase segregation is electronic or vibronic in origin and
arises because the superconductive phase is thermodynamically distinguishable from the parent
phase.

Fig. 3 compares the temperature dependencies of the Seebeck coefficient a(T) and the

resistance R(T) for a 8 = 0.017 sample in the two-phase region and a 8 = 0.070 sample where the
Oj atoms are ordered. In the temperature range 200 < T < 300 K where phase segregation occurs

in the 8=0.017 sample, we find a dot/dT > 0 and dRVdT < 0. We take this combination as a
signature for the evolution with temperature of a phase segregation. This signature is not present
in the 8 = 0.070 sample.
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Fig. 3. Temperature dependence of the Seebeck coefficient a and resistance R of polycrystalline La2CuO4+5 with
(a) 5 =0.017 and (b) 5 =0.070
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Returning to the system La2-xSrxCuO4i Fig. 4 shows the R(T) and ot2(T) curves below

300 K for x = 0.055 and x = 0.15, an a(T) curve for x = 0.15 to 700 K. The curves for x = 0.055

are typical of those for all samples 0 < x < 0.10, which corresponds to 0 < 8 < 0.050 in

La2CuO4+s. A drx/dT > 0 with a dR/dT < 0 deviation from the linear R ~ T curve sets in below
Tp. In the absence of any ions mobile below 300 K, we have interpreted this behavior to signal a
dynamic phase segregation into hole-rich and hole-poor regions associated with cooperative
atomic displacements8. The change from a temperature-independent a(T) above Tp is not
accompanied by any change in the R - T curve at Tp- The temperature Tp was originally
postulated to reflect crossing of the spin-fluctuation time and a polaron-motion time8; but we
now believe it probably reflects the onset of polaron polymerization, a prelude to a condensation
of the polarons into a polaron liquid within superconductive hole-rich regions9.

At T > Tp, a temperature-independent a is characteristic of a gas of non-adiabatic

polarons; they contribute predominantly to the statistical rather than the transport term in a. If
we neglect spin, the statistical contribution has the form

a = (k/e) In [(N*-p)/p] (2)

where N*/N is the effective number of Cu atoms within a polaron for p holes per N Cu atoms.
This expression for a in the underdoped compositions gives a non-adiabatic polaron containing
about 5 copper atoms and their neighboring oxygen atoms.

Fig 4. Temperature dependence of the square of the Seebeck coefficient a?- and of the resistance
R of polycrystalline La2-XSrxCu04 with (a) x = 0.055, (b) x = 0.15 and (c) a(T) for x = 0.15
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A small anomaly near 38 K in the R(T) curve for x = 0.055 marks the temperature Tj. It is

independent of x, but in the x = 0.15-sample it is obscured by a Tc = Tj . As can be seen in Fig. I,
Td appears to set an upper limit to Tc . As it is independent of composition, it must reilect a
structural or elastic transition rather than an electronic transition; we labeled it Tj on the
presupposition that it reflects a change from two-dimensional to three-dimensional coupling of the
"polaron liquid."

As is evident in Fig. 4, the curves for x = 0.15 are completely different from those for x =

0.055, but they are similar to those for 5 = 0.070 in Fig. 3. All the samples x > 0.14 have a
Seebeck coefficient

cc(T) = (Xo + ooc (3)

where Oo is nearly temperature-independent and 5a is an enhancement term setting in at T/ = 300

K and having a maximum at T(max) = 140 K10.

In addition to the critical temperatures TF, Tp, Td, and T/ appearing in Fig. 1, we define in
Fig. 5 a Tf, Ton and To ; the superconductive critical temperature Tc was taken as the midpoint of
the resistance drop between the temperature of onset of the superconductive transition, Ton and the
temperature of zero resistance To . An initial drop in a(T) on lowering the temperature through Tf
coincides with the initial deviation of R(T) from an R ~ T dependence; we label this temperature Tf
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The x = 0.15 sample of Fig. 5 has Tf > Tc = T<j, which obscures Td . Fig. 6 shows a somewhat
overdoped sample, x = 0.19, in which Tf > Tc has fallen below Tj; there is no anomaly in a(T) at
Td.

The pressure dependences of Tc and T, in the range 0.15 < x < 0.23 show1 • a dTc/dP =
0.11 K/kbar in the orthorhombic phase, but a dTc/dP = 0 in the tetragonal phase, and a dTt/dP <
0. These results provide the following information: (1) Tc has its maximum value where the Cu-
O-Cu bond angle is 180°; it is depressed by a bending of this bond as occurs in the orthorhombic
phase. (2) Superconductivity extends across the orthorhombic-tetragonal transition occurring at
Tc at a critical composition xt; xt = 0.22 at 1 bar decreases to x, = 0.19 at 10 kbar. (3) A dT(/dP <
0 implies a dt/dP > 0 and therefore, from equation (1), a Cu-0 bond that is more compressible
than the La-O and Sr-0 bonds.

A more compressible B-O than A-0 bond in an ABO3 perovskite is exceptional, as has
been demonstrated12 with the hexagonal polytypes; it occurs only where pressure stabilizes a
shorter equilibrium B-0 bond by a change from more ionic to more covalent bonding as in
NdNiO3. The anomalously large compressibility of the Cu-0 bond confirms the argument given
in the Introduction for the existence of a double-well potential that stabilizes formation of a non-
adiabatic polaron.

Finally, R(T) data below 77 K taken at intervals Ax = 0.01 in the range 0.15 < x < 0.30
showed that the transition from a homogeneous superconductive phase to an overdoped metallic
phase may not be smooth; it appears to occur not only via a systematic decrease in the Meissner
fraction, indicative of a segregation of superconductive and overdoped phases, but also via a
step-wise drop in Tc within the superconductive phase1'.

3. Polaron Model

Stabilization of a large, non-adiabatic polaron consisting of several Cu-atom centers
requires not only a double-well potential, which enhances a shorter equilibrium Cu-O bond
length in hole-rich regions and a larger bond length in hole-poor regions, but also a cooperative,
dynamic big vibronic deformation of the square-coplanar oxygen coordination at a Cu center in a
CuC>2 sheet; a vibronic deformation is found for the special case of Cu(m)-O bonding because of
the availability there of the pseudo Jahn-Teller coupling13. Our calculations9 give a balance of
these opposing forces at a polaron containing 6± 1 copper centers, which is close to the 5 copper
centers estimated experimentally from the magnitude of the temperature-independent a at T > Tf

in the underdoped samples. A six-center polaron at the instant of maximum deformation is
pictured schematically in Fig. 7; it is generated by an opposite rotation of neighboring four-
oxygen clusters about the c-axis.

Fig. 7. Six-copper-center
correlation polaron
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The motion of a large, non-adiabatic polaron cannot be similar to the activated hopping of
a small polaron. By spreading the polaron over several centers, motion can occur via a tunneling
of one vibronic bond at a time; tunneling at one side is compensated by removal of a bond on the
opposite side so as to maintain the size of the polaron. At higher temperatures, the mobility is
determined by the rate of tunneling; at lower temperatures it is limited by the probability an
electron occupies the excited state required for tunneling across the barrier at the polaron
interface with the hole-poor matrix. Calculation of the mobility with this mode of motion
reproduces the observed R(T) curves with the same values of the parameters used to obtain the
size of the polaron.9

A measured Fermi surface in the superconductive phase requires a dispersion curve for
the charge carriers and hence a strong interaction between the polarons. Condensation of the
polaron gas into a polaron liquid would provide the necessary interactions. We14 were led to
formulate such a condensation to account for the phase segregation observed directly in
La2CuO4+si 0 < 5 < 0.050, and inferred indirectly from the transport data for La2-xSrxCu04> 0 <

x < 0.10; the hole concentration per Cu is 25 in the former and x in the latter system.
Condensation into a polaron liquid makes the superconductive phase thermodynamically
distinguishable from the parent antiferromagnetic phase at low doping and from the non-
superconductive metallic phase at overdoping.

Fig. 8. Evolution of electron energies with hole concentration x per Cu atoms: (a) x = 0, (b) 0 < x < 0.10,
(c) x = 0.15. ( d ) x = 0.28

Fig. 8 shows, schematically, the evolution of the electron energies of the a*x
2.y

2 band
with oxidation of the CuC>2 sheets14. The parent antiferromagnetic phase has a lower Hubbard
band (LHB) separated from the Upper Hubbard band (UHB) by about 2.0 eV. At low doping, a
polaron-gas is formed. Within a polaron, the correlation energy U collapses as a result of the
stronger covalent bonding, so spectral weight is transferred from the UHB and LHB into the gap
between them; the density of states transferred per polaron is multiplied by the number of Cu
centers within a polaron. At higher polaron concentrations, condensation into a polaron liquid
organizes the states within the gap into a polaron dispersion curve. Since polarons see the
periodicity of a CuC»2 sheet, the polaron-liquid Fermi surface is located at about the same
position in reciprocal space as the Fermi surface calculated with a local-density approximation
(LDA). However, retention of the polarnonic character introduces a midband energy gap
separating bonding and antibonding states within a polaron. Formation of a polaron liquid leaves
the system unambiguously p-type. In the overdoped region, polaron formation is suppressed by
polaron overcrowding and all states in the UHB and LHB that were associated with the
remaining hole-poor regions are transferred to a single dispersion curve having no gap at the

half-band position. According to this model, the change in oc(T) on going from underdoped
compositions to the superconductive compositions reflects not only the elimination of a low-
temperature phase segregation, but also the introduction of a dispersion curve below T/ as a
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result of the formation of a poiaron liquid. In order to demonstrate that the 5a enhancement of
Equation (3) as well as superconductivity requires the establishment of a polaron-liquid
dispersion curve, the a(T) and R(T) curves for Lai.85Sr0.i5CuO4 and La1.65Sro.35CuO3.90 w e r e

comparedl0 Each system has the optimum hole concentration for superconductivity, but the
latter contains oxygen vacancies, which places some Cu of the CuO2 sheets in fivefold instead o
sixfold oxygen coordination. This change in oxygen coordination perturbs the periodic potential
of a CuO2 sheet sufficiently to suppress superconductivity; it also suppresses the 5a hump in the
a(T) curve. Similarly, suppression of superconductivity in Lao.85Sri.i5GaCu05.§ by increasing
the distance between CuO2 sheets also suppresses the 5a hump. On the other hand, substitution
of Nd for La in (Lai-xNdx)i.85Sro.i5Cu04-8 leaves both superconductivity and the 5a hump.
Fig. 9 shows the system La2.xSrxCuO4; increasing x in the range 0.15 < x < 0.28 decreases a o

while leaving 5a intact. In the overdoped samples, the dispersion curve is retained and so is the
5a hump even though superconductivity is suppressed. These experiments show that a
dispersion curve is a necessary condition for the appearance of the 5a enhancement of o(T), but
the appearance of a 5a hump is not a sufficient condition for superconductivity.

A general expression for the Seebeck coefficient is15

(4)

where a = Ja(e)d£ and a(e) = f(e) [l-f(e)l g(e)ji(e); f(£) is the Fermi-Dirac distribution function,

g (e) is the density of one-particle states of energy e having a mobility n(e). hi the absence of the

enhancement term D( £ ,T), the form of Equation (4) shows that the sign and magnitude of Oo for

a given temperature T depends on the dispersion curve at the Fermi energy

40

30

a.
"a

20

10

-0.15
- 0 18
-0.20
-0.21
- 0.23
-0.25
- 0 26
- 0.27
-0.28

, « , .

• • . .

••1.

••••i-

3000 100 200

ricukt »

Fig. 9. Seebeck coefficient a versus temperature T for La2 .xSrxCu04 i 0.15 < x < 0 2 8



39

eF. As illustrated in Fig. 10, a 0 is small if eF is in the middle of a band; a large and positive a0

requires an eF located just below an energy gap, as occurs normally in a p-type semiconductor,

for example. In La2-xSrxCuO4, a large Fermi surface places eF near the middle of the aV-y :

band, so a large a o is only possible if there is a midband gap. From neutron-diffraction data.

there is no apparent translational symmetry to open a midband gap; we attribute the large oc0

found in Lai 85Srn.i5CuO4 to a midband gap created by the polaronic character of a polaron
liquid. As this gap disappears with overdoping, a 0 decreases to a small value; it becomes
independent of doping in the overdoped compositions.

(a) (b) (c)

Fig. 10. Schematic dispersion curves: (a) low a o with £p at midband position, (b) large OQ > 0 with £p near top of
band, (c) large OQ > 0 for Laj g5Sro.isCu04 with midband gap. Insets: modification of e vs R curve
at ep responsible for 5a enhancement

The 8a enhancement cannot easily be attributed to phonon drag via coupling to acoustic

phonons. Such an enhancement would have a T(max) = 0 . 2 8 D < 80 K whereas we observe a

T(max) = 140 K. Kaiser16 has shown that the shape of the 5a hump is given by a universal
function G(e/kT), but again scattering from impurities gives too small a T(max). We note that
coupling to optical phonons in the vibronic deformations within a polaron would be capable of
providing a T(max) = 140 K. If this is the origin of the 5a enhancement, we are then forced to
conclude that the dynamic pseudo Jahn-Teller deformations persist into the overdoped phase.
These vibronic states represent a valence fluctuation of the Cu-3d and O-2p admixture in the
a*x

2.y2 band; they may be responsible for the unusual metallic properties of the overdoped phase.
However, the term a o becomes small and dopant independent with the disappearance of the
polarons.

To this point we have not specified the character of the polaron liquid below T/ in the
superconductive compositions. However, the model specifies that the dispersion curves should
reflect the character of the liquid, and the dispersion curves exhibit an enormous anisotropy; in
the directions of the Cu-O Cu bonds they are extremely flat. The existence of a saddle point in
k-space has stimulated theories based on a Van Hove singularity; however, the extreme
anisotropy of the dispersion curves needs to be justified. For this purpose, we have considered
the interactions between polarons9. The contraction of the mean Cu-O bond lengths within a
polaron as well as the coulombic interactions lead to an interpolaron repulsion (we presume this
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stabilizes the non-superconductive p= 1/8 phase); but the cooperative vibronic deformations give
an attractive force. The attractive force is optimized by an alignment of the axis of a polaron pair
along a Cu-O-Cu bond direction so as to minimize the elastic strain associated with the
contraction to a shorter mean Cu-O bond length within the polaron. Comparison of Fig. 1 l(a)
and (b) shows that, for a polaron with 5 copper centers, formation of a linear chain introduces a
string of 5 copper centers within a polaron whereas formation of a zig-zag chain gives a
maximum of 4 copper centers in a string. The formation of zig-zag chains gives a stripe having
an orientation of 45° to the Cu-O-Cu bond directions, see Fig. 12. The stripes are kept apart by
the repulsive forces, but the elastic strains are minimized by creating alternating stripes with
covalent Cu-0 bonding in the polaronic, hole-rich regions and ionic Cu-0 bonding in the
alternate hole-free regions; it is these elastic forces that cause the polaron stripes, once
polymerized, to condense further into an ordered polaron liquid like that pictured in Fig. 12.
Perfect ordering of the polaron orientations within a stripe below Tc would allow for hole motion
with zero resistance.

Fig 11. Comparison of 5-center polaron triples
in (a) straight and (b) zig-zag chains:
• Cu atom, oxygen atoms at corners
of open squares

Fig. 12. Schematic diagram of a polaron liquid
consisting of 5-center polaron chains separated
by stripes containing ionic Cu-O bonding
(o ionically bonded Cu • covalently
bonded Cu)

In closing, five features of the geometry shown in Fig. 12 can be noted: (1) The stripes
are similar to those observed by Bianconi and Missori17. (2) The zig-zag orientation of the
polaron pairs provide the anisotropy needed to obtain extremely flat polaronic dispersion along
the Cu-O-Cu bond directions18. (3) A polaron containing an odd number of Cu centers is a
boson; pairs of polarons each having an even number of Cu centers would be singlets; and a
chain of polaron pairs can be expected to emit two holes in a tunneling experiment. (4) The
geometry is compatible with an anisotropic energy gap having its maximum value in the Cu-O-
Cu bond directions. (5) The hole-poor regions would exhibit short-range spin fluctuations above
Tc ; below Tc screening of an applied magnetic field by the superconductive stripes would make
the NMR signal disappear19-
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