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Under certain conditions, the transition of atomic M-clusters to polar
configurations, M — M*, may be accompanied by a transition from

a weak pseudo-Jahn-Teller effect to a strong one and by the formation of
[M];7 vibron centers which differ by an S-boson: two electrons which are paired
by an interaction with an [M];; vibron center and which form a

completely filled shell. Hole (or electron) doping or photoexcitation of the
lattice of M-clusters leads to the formation of seeds of a new phase: a

system of [M1;j; and [M];; centers or an S-boson liquid in a reservoir of

[M ;5 vibron centers. The copper—oxygen high-7". superconductors

are discussed as an example of such a system.

Despite the large number of different mechanisms for the pairing of electrons (or
holes) which are being discussed in connection with the problem of high-7, super-
conductivity, electronic—vibrational interactions remain the most likely candidates for
explaining the wide spectrum of unique properties of the high-7'. superconducting
compounds.

Of primary interest here are the strong-coupling approximation, the formation of
small-radius polarons, a bipolaron superconductivity,l'2 and various versions of the
Jahn-Teller (JT) effect (or the pseudo-JT e:ffect)s“7 in atomic clusters. Under the
conditions of the strong JT effect or the pseudo-JT effect (vibron interactions),
electronic-vibrational interactions might lead to strong electron correlations and to a
radical change in the electronic structure of atomic clusters is solids. In several cases
this restructuring would required substantial changes in our understanding of the basic
organizational principles of this structure. Of particular theoretical and practical in-
terest is the solution of the complex problem of the role played by electronic—
vibrational interactions in systems with a varying number of particles &, primarily the
problem of the transition to polar configurations, M —M*. Strictly speaking, the
problem of seeking a many-particle adiabatic potential must be solved again in each
specific case, with a definite value of N. Simplified model approaches based on a fixed
adiabatic potential of the system will, obviously, lead to a satisfactory description only
if two-particle interactions are completely ignored or if the dependence of the lower
branch of the adiabatic potential on the number of particles, N, is clearly weak. The
appearance of an electron degeneracy or quasidegeneracy (closely spaced levels) in the
ground state of the system at a certain value of N will create conditions in the system
for the JT effect or strong pseudo-JT effect, with a radical change in the adiabatic
potential. It would become necessary to deal with some new correlation effects: a
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strong polarization interaction and a vibron reduction of electron interactions. In this
case, the standard approach to the analysis of electronic-vibrational interactions in
systems with a variable number of particles N is justified only if a change in N does not
drive the system away from the conditions of the weak pseudo-JT effect.

1. Strong pseudo-Jahn-Teller effect in polar configurations of atomic clusters.
With an eye on applications to copper—oxygen high-T, superconductors, we consider
as an example the simplest one-particle (one-hole) center. This is an atomic cluster
pr which has only two one-particle valence shells, of s and p types (s is the orbital
ground singlet, and p is a nondegenerate, doubly degenerate, or triply degenerate
level) under conditions of the weak pseudo-JT effect:®

212
A1=EP—ES>4EJT=T(—. (1)
Here V is the constant of the electronic-vibrational interaction, and K is the stiffness
of the vibrational mode @, which is active in the JT effect. The addition of one more
particle (or hole) may cause a transition of the center to the conditions of the strong
pseudo-JT effect, with a radical restructuring of the adiabatic potential, even without
a change in the constant of the electronic—vibrational interaction. Here it is sufficient
that a quasidegeneracy arise in the ground state of the two-particle system. In partic-
ular, it is sufficient that the energies of singlet terms of the s> and sp configurations be

close together and that the following condition hold:®
A, =E(sp;'P) —E(s5'S) =A,+ U(sp) —U(s*) <4Ejr  (Q;,=0). (2)

This situation is completely realistic if the repulsion of s and p particles is smaller than
that of two s particles. The possibility of a transition from a weak pseudo-JT effect to
a strong one in this system upon the change N =1- N =2 clearly implies a significant
electrostatic repulsion of the particles in valence shells. The reaction in which a hole
attaches to an M;’p center, forming a center with a strong dynamic pseudo-JT effect,
can be written symbolically as

M, +h= My 1= M5 (3)
The adiabatic potential of such a center is complex, with diverse and unique
properties:®

1) There is a JT stabilization energy E;1, which in the case at hand acts as a sort
of energy of the pairing of two fermions to form a quasiboson formation: a vibron
shell.

2) There is a strong s’—sp hybridization of vibron origin involving an active
vibrational mode (or modes) Q,, and stationary states described by correlation
functions~-vibron biorbitals—form.

3) A new scale of ultralow energies arises, in connection with the energy of a
“free” or “retarded” rotation of the displacement field (respectively the energy of a
rotational quantum or of a tunneling splitting):®

oo,
6~<ZEJ-T)ﬁwO (4)
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(fiwy is the energy scale of the phonon of the @, vibrational mode).

4) There is an anomalously large (and generally temperature-dependent) electric
polarizability.

5) There is redistribution of the intensity of the s*-sp allowed electric-dipole
transition (%o =A, at the point Q,,=0) over the broad spectral range, from the band
at fiw ~4FE)1 (corresponding to a transition between lower and upper branches of the
adiabatic potential) to the bands corresponding to transitions between tunneling states
(fiw ~8) within the lower branch of the adiabatic potential.

6) There is softening of vibrational modes which are active in the pseudo-JT
effect, and there is an intensification of the corresponding IR bands.

7) There is an anomalous manifestation of an orbital magnetism of a JT center,
which has both an electron contribution (if the orbital angular momentum of the
doubly or triply degenerate p level is not frozen) and, in general, an ton contribution,

associated with a possible “revolution” of cluster ions in “orbits”.?

8) There is the possibility of introducing a quasispin of orbital nature to describe
the lower tunneling states of a center with an anisotropic g-factor and an effective spin
Hamiltonian

Hg=DSI+ E(S3—$2) + .., (5)
where the parameters of the “quasispin” anisotropy, D, E, . . ., are determined by the

magnitude of the tunneling splittings.

In contrast with ordinary paramagnetic centers, in this case one will observe the
following: a) an electric—dipole nature of the resonant transitions; b) an anomalously
strong quasispin-lattice coupling; c¢) an ultrahigh sensitivity with respect to small
low-symmetry electrical or mechanical external perturbations, which can convert a
dynamic JT center into a static one with a “freezing” of the quasispin and magnetic
moment; d) an anomalously weak coupling with the surrounding magnetic spin sys-
tem, because of the orbital nature of the magnetic moment and effects stemming from
the vibron reduction of the electronic interactions. Particularly noteworthy is the
circumstance that a dynamic JT center with an anomalously high polarizability is the
source of a strong pairing potential of a polarization nature and a center for the
condensation of fermion pairs (quasibosons).

We earlier discussed reaction (3), the capture of a hole or the ionization of an M’ fp
cluster, resulting in the formation of a dynamic JT center [Mi';']n. The capture of an
electron by an Mg center in the standard simplified approach leads to the trivial result

pr“{‘e:MO (Qsp:0)5 (6)

where M|, represents the core of the completely filled shells. However, the possible
formation of a new hybrid vibron shell with Q,,~ 0 in a reaction like (3) contributes
one more channel for reaction (6):

M te=Mlth+2e= M} ]+ (s5'S)o= M) 7. (7
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This process is accompanied by the formation of a bound state of the JT center
[M "1 and of two electrons, paired by the interaction with a vibron shell, under the
condltlon that they must form a completely filled shell (s%:'S), with localization at the
point Q=0 of the adiabatic potential (an S-boson). The addition of a completely filled
shell under these conditions does not lead to any fundamental change in the adiabatic
potential for the vibron shell or to destruction of the JT center.

The binding energy of an S-boson is determined by the mechanism for the po-
larization pairing with account of the vibron reduction of the electrostatic interaction
of the S-boson and vibron shell which are localized at different points in configura-
tional Q-space. Although the binding energy E;, of the S-boson is complex, it is very
51mple to estimate: E,~ E;;, where E;; is the energy of the JT stabilization of the
(M: ot center. This circumstance is another indication of a correlation nature of the
S- boson and the vibron shell.

Reactions (3) and (7) also make it possible to describe a new channel for the
known disproportionation reaction accompanied by the formation of two polar JT
centers:

Mo+ M= (M +h) + (Ml +e) = M+ ([ Mi ] 51

+(51S) )= [ME 1+ [Mh]57. (8)

The polar JT centers [M" ]n‘ differ only in that the [M” pliT center has an additional
completely filled s shell: an S-boson. Both highly polarlzed centers, in the lattice of
M fp clusters, can serve as catalysts for the disproportionation reaction for M, " clusters
in the nearest neighborhood. In other words, the lattice of Mh centers, Wthh are
unstable with respect to a transition from a weak pseudo-JT eﬁ"ect to a strong one upon
doping with an electron or a hole, is unstable with respect to the disproportionation
reaction and the formation of a nucleation center of a new phase: a strongly correlated
Bose system, which is a system of [M" ol and [MS ;1 vibron centers differing by one
S-boson. A similar situation can be observed durlng photoexcnatlon of a lattice of
original centers. The new phase may be thought of as a lattice of [M ]JT JT centers,
half of whose sites are filled by S-bosons with a charge of 2e, or as a lattice of
[(M* o1t centers, half of whose sites are filled with hole S-bosons with a charge of 2e.
Th1s system may be thought of as a sort of Bose liquid which cannot exist without its
own reservoir: a lattice of JT centers. Among its possible states are metallic, superfluid
(superconducting), charge-ordering, and mixed.> Along the one-particle fermion band
approach, the new phase can be described as a Fermi system with a conduction band
and a valence band, separated by a gap E;= EJT+EJT Generally speaking, the ener-
gies of the JT stabilization of the [M' hp] * centers (Ejy) are different. In “boson” terms,
the size of the gap E, is the sum of the binding energies of two quasiboson formations:
a vibron shell and an .S-boson.

The effective mass of the S-boson is determined by only two-particle interactions
of a polarization nature:

me ~{dy(r))63(r2) | Upot| $5(ri —R)ds(r;—R)) ~ (8,(r) | ,(r—R))™. (9
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Here U, is the effective two-particle potential of the polarization interaction, and
(¢(r)|d,(r—R)) is the overlap integral of the s-orbitals for the nearest centers. The
JT centers making up the lattice constitute a reservoir for the S-bosons which are
interacting with each other. The result of this interaction may be one form or another
of a low-temperature cooperative JT ordering of the static or dynamic ordering of
electric dipoles. An S-boson liquid will be stable, within certain limits, with respect to
changes in the nature of the ordering of the lattice of Jahn-Teller centers, at least up
to certain critical values of the local polarizability of the lattice. Accordingly, for a
lattice of Mi'p centers, in addition to the known phase states—an antiferromagnetic
insulating state (large values of U, high threshold for the disproportionation reaction)
and a Fermi-liquid state (small values of U), we need to consider yet another possible
state: a highly correlated Bose system with a strong pseudo-JT effect (moderate values
of U).

2. Relationship with the copper—oxygen high-T, superconductors. The role of the
M, " center in the copper—oxygen high-7", superconductors is played by the one-hole
CuO4 cluster with D,;, symmetry. The s-like ground state of this cluster is of a hybrid
Culd,a_,2—02p, nature with symmetry big. Analysxs of the optical properties of a
wide range of copper oxides with CuO4 clusters’ leads to the assertion that the
fundamental absorption band peaking at A;=1.5-2.0 €V is, according to its intensity
and polarization properties, related to an b,,—e, charge—transfer transition. It thus
becomes possible to identify the first excited state of the CuO4 cluster with the purely
oxygen p-wave e, orbital doublet of p type. Clearly, the predominantly *“‘copper”
nature of the b, state and the purely oxygen nature of the e, state promote satisfaction
of the condition U (blgblg) > U(b,e,), required for quasidegeneracy or proximity of
1Alg and 'E, terms of the two-hole configurations bl ¢ and by e, , respectively. The onset
of absorption bands in mid-IR range, #iw ~0.1-0.5 eV, upon the introduction of holes
in the CuO, planes of copper oxides'® directly indicates a quasidegeneracy in two-hole
CuO; "~ clusters and thus the possibility of a transition weak pseudo-JT effect to a
strong one upon the addition of a hole to the original CuOg‘ cluster. In this case the
introduction of additional holes or electrons in a CuQ, plane leads to the formation of
[CuO; = [M" Sp]” or [CuO, ]= (M" splir T centers and nucleation centers (micro-

grains) of a new phase: a strongly correlated Bose liquid In this phase, S-bosons
consisting of palred electrons in a completely filled b ¢ shell, Alg, move through the
lattice of [CuO; 1y JT centers. The increase in the number of nucleation centers and
the growth of these centers suppress the original antiferromagnetic insulating phase.
When a percolation threshold is reached, the stage is set for a transition of the system
to a metallic state and a superconducting resistive transition at the condensation
temperature of the S-bosons. A further increase in the concentration of dopant holes
(or electrons) can lead to a strong electrostatic screening and a transition of the
system into a “Fermi-liquid” regime.

The introduction of holes (electrons) in the copper-oxygen high-T', supercon-
ductors is accompanied by a partial charge and structural disorder outside the
CuQ, planes, which leads to some disorder of the lattice of JT centers: the reservoir of
S-bosons in CuQ, planes. This disordered state of the JT lattice (of the dipole-glass
type) in CuO, planes may be involved in many examples of a ‘‘pseudoimpurity”
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behavior of copper—oxygen high-T', superconductors (low-temperature anomalies in
specific heat, observation of paramagnetic centers both in susceptibility and in reso-
nance, features of Raman spectra, etc.). Confirmation that nucleation centers of a new
phase arise as system of two types of JT (CuO;~ and CuOZ_) upon the introduction
of holes (or electrons) in CuO, planes comes from the results of a study of the
absorption in the mid-IR range for a long list of high-T, superconductors.'%!! These
results demonstrate the following: (a) For both hole and electron doping, two absorp-
tion bands appear. These bands are identified with transitions of the lower branch
of the adiabatic potential to the upper branch at fico~4EJiT in [CuOZ’]JT and
[CuOZ_]JT centers, respectively. (b) The integrated intensity of the absorption bands
induced by doping indicates that the number of active centers is much greater than the
concentration dopant holes (electrons). As expected, the Hall effect at a low doping
level'! detects only the excess number of CuOi_ or CuOZ‘ centers, i.e., effectively, the
deviation of the concentration of S-bosons in nucleation centers from n,=0.5. The
faster growth of the intensity of the low-energy (LE) absorption band in the mid-IR
range in comparison with the high-energy (HE) band with increasing concentration of
holes in LaSrCuO and YBaCuO systems makes it possible to unambiguously link the
LE band with [CuOZ_]JT clusters and the HE band with [CuOZ_]JT clusters. Two
absorption bands in the mid-IR range are also observed upon photoexcitation of
LaSrCuO and YBaCuO systems.'? Upon photoexcitation at a low concentration of
dopant holes (electrons), the absorption in the mid-IR range is a superposition of two
clearly distinct LE and HE bands. This result is probably evidence of a localization of
S-bosons in nucleating regions (a charge-order state). As the concentration of
S-bosons in nucleating regions deviates from the value n,=0.5 with increasing con-
centration of dopant holes (or electrons), the charge-order state gives way to a
“mixed”’state with delocalized S-bosons and a possible condensation of these entities
accompanied by the formation of a superfluid (superconducting) state. In the mid-IR
absorption, this circumstance is reflected in a gradual transformation of the LE and
HE bands into a single wide band with a simultaneous growth of Drude absorption in
the IR range. Independent confirmation that polar JT centers of two types form during
both hole and electron doping comes from (in particular) the results of an analysis of
EELS spectra of p-type and a-type high-T', superconductors.!? Those results indicate
p-type states of the same nature near the Fermi level in the two cases.

In conclusion, we note that this model of a new phase is actually a two-band
model, including a band of localized vibron biorbitals as centers of a pairing potential
and a band of S-bosons, which can be described by an extreme version of the Hubbard
model with negative U.? This model has the advantage that it combines many physical
effects (a Jahn—Teller effect, a variable valence, local pairing, charge transport, exci-
tonic and electronic-vibrational mechanisms for high-7". superconductivity, etc.)
which have previously been discussed, in one way or another, in connection with the
problem of high-T. superconductivity. The two-band nature of this model makes it
possible to clearly distinguish physical properties of high-T', superconductors which
are associated with one band or the other, although in several cases it also indicates an
unusual origin for the physical effect. Within the framework of this model, it is thus
not possible to unambiguously distinguish an electronic-vibrational or excitonic mech-
anism as the primary mechanism for the high-T', superconductivity. Finally, we note
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that the approach taken in this work can easily be generalized to “‘copperless’ high-
T . superconductors such as Ba;_ K ,BiO;.
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