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Manifestations of mesoscopic Jahn-Teller real-space pairing and clustering in YBa2Cu3O7Àd

V. V. Kabanov and D. Mihailovic
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~Received 10 April 2002; published 4 June 2002!

The manifestations of a mesoscopic Jahn-Teller real-space paring interaction in YBa2Cu3O72d are de-
scribed. The interaction of degenerate electronic stets with nonsimetric deformation, which acts on a length
scalel;223a;js, wherea is the lattice constant andjs is the superconducting coherence length, gives rise
to a mesoscopically inhomogeneous state of coexisting fermions and bosonic pairs that locally break the crystal
symmetry. Lattice deformations observed in inelastic neutron scattering and broken-symmetry Raman scatter-
ing data are quantitatively examined and appear to confirm the existence of such an interaction. The possibility
of pyro and piezoelectricity in YBa2Cu3O72d is also predicted, in agreement with observations.
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The formation of Jahn-Teller polarons~JT! was proposed
as a possible basis for a superconductivity mechanism
cuprates by Bednorz and Mu¨ller in their seminal paper on
La22xBaxCuO4.1 The existence of a two-component sta
based on JT polarons has been discussed on theore
grounds by Gork’ov and Sokol,2 albeit only a local JT inter-
action was considered. Extending the original idea of L
dau, Jahn and Teller that an orbitally degenerate stat
unstable,3 it was recently shown that in La22xSrxCuO4 an
interaction between electrons and nonzero wave-ve
phonons can lead to the formation of real-space pairs
more extended polaron complexes with locally broken s
tial symmetry.4,5 In this paper we show that this model pr
vides natural explanation of a number well known and hi
erto unexplained phenomena associated with local reduc
of the crystal symmetry, such as the occurrence of la
temperature-dependent lattice anomalies observed by in
tic neutron scattering~INS!,6,7 the appearance of piezo an
pyroelectricity,8 and the anomalous intensity changes and
pearance of symmetry-forbidden modes in Raman spec9

To prove the universality of the model we investigate the
phenomena quantitatively with particular reference
YBa2Cu3O72d ~YBCO!. We first write a real-space form o
the effective Jahn-Teller Hamiltonian. We proceed to deve
a simplified thermodynamic model to describe the result
mesoscopically spatially inhomogeneous state of bosons
fermions, which enables us to make direct comparisons w
experiments indicating the local reduction of the spatial sy
metry accompanying the pairing and clustering.

Inelastic neutron-scattering data on from differe
groups6,7 are in good agreement regarding the presence
large anomaly of a high-frequency in-planeLO oxygen vi-
bration alongk5(1,0,0) @corresponding to theD direction in
the Brillouin zone ~BZ!#. The range of the anomaly in
k-space isg.p/2a and is centered aroundk0' 1

2 (p/a). It
occurs in superconducting YBa2Cu3O72d , but not in the
parent YBa2Cu3O6 material and shows a temperature dep
dence that clearly correlates it with superconductivity.7 In the
notation of Kovalev,10 the symmetry assignment of th
mode in the tetragonal YBCO group in theD direction is
t1.11 The energy of the observed anomaly closely cor
sponds to the ‘‘pseudogap’’ energy scaleEp for charge exci-
tations reported from single-particle tunneling12 and QP re-
0163-1829/2002/65~21!/212508~4!/$20.00 65 2125
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combination measurements.13 Its lifetime deduced from its
linewidth t;h/pDE;0.4 ps, agrees well with the pair
recombination timet r.0.560.1 ps measured directly.13

From these data together we can infer the existence o
strong carrier-lattice interaction along theD direction in the
BZ of YBCO and over a range ofl 52;3a.

We now write areal-spaceHamiltonian that couples two
fold degenerate electronic states~or near-degenerate states14!
with phonons and spins. Twofold degeneracy is essential
cause in that case the formation of the polaronic comple
leads to reduction of not only translational symmetry but a
reduction of the point-group symmetry.4 Since the Hamil-
tonian needs to describe a twofold degenerate system,
twofold degenerate states—for example, the twoEu states
corresponding to the planar Opx andpy orbitals hybridized
with Cu d states, or theEu andEg states of the apical O—ar
written in the form of Pauli matricess i . Taking into account
that the states are real, the Pauli matrices that describe
sitions between the levels transform asA1g(kx

21ky
2) for s0 ,

B1g(kx
22ky

2) for s3 , B2g(kxky) for s1, andA2g(sz) for s2

representations, respectively. Collecting terms together
symmetry, the effective electron-spin-lattice interaction
Hamiltonian is given by

HJT5(
n,l,s

@s0,l$~nx
21ny

2!g0~n!%~bl1n
† 1bl1n!1s3,l$~nx

2

2ny
2!g3~n!%~bl1n

† 1bl1n!1s1,l$nxnyg1~n!%~bl1n
†

1bl1n!1s2,lSz,l$~nx
21ny

2!g2~n!%~bl1n
† 1bl1n!#.

~1!

whereb and b† represent phonon operators andSz is the z
component of a pseudovector, which could represent the
cal spin. The coupling coefficientsgi(n) are given by

gi~n!5gi

exp@2~a/ l !Anx
21ny

2#

nx
21ny

2
, ~2!

where nx ,ny>1, and gi are the coupling constants. Th
electron-lattice interaction described by the first term in E
~1! is isotropic @see Fig. 1~a!#. The second and third term
©2002 The American Physical Society08-1
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BRIEF REPORTS PHYSICAL REVIEW B 65 212508
describe possible interaction with anisotropicd-like defor-
mations@Figs. 1~b! and 1~c!#, and the last term describes th
coupling to spins. Equation~2! represents the simplest po
sible representation of the coupling constant in real space~in
general the coupling can have a more complica
structure4!. The in-plane O vibrations oft1 symmetry which
are coupled in theD direction are shown in Fig. 2.

The solutions toHJT ~1! represent real-space objects
reduced symmetry of the size ofl, whose energy is lower by
EJT compared to the free carriers. Considering the poss
solutions to Eq.~1!, the single-polaron solution is deeme
irrelevant, since there is no experimental evidence for
existence of single polarons. These would give rise to lo
moments and a dominant Curie susceptibility, but there is

FIG. 1. ~a!–~c! Amplitude of the lattice deformation~repre-
sented by the shade of gray! for the first three terms in Eq.~1!
respectively on a square of 8a38a, wherea is the lattice constant
The last~spin! term has the same spatial dependence as~a! ~not
shown!. d! The magnitude of the lattice deformation calculated
the dx22y2 term appropriate for two particles at a distancel 0

5p/k0 from each other. The parametersk0 and g are taken from
Ref. 7.

FIG. 2. The in-plane O modes oft1 symmetry at theD point in
the BZ. The anomaly observed in the INS data~Refs. 6,7! occurs
for a mode with in-plane O displacements. Note that the displa
ments are not of equal magnitude.
21250
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evidence for such behavior in the cuprates. Instead, the
ceptibility ubiquitously drops at low temperatures, sugge
ing spin singlet formation19,20and implying thepair solution.
The number of particles within such an object can also
more than two, especially at higher dopings, whi
would—as a consequence of the anisotropy of the interac
~1!—correspond to the formation of a stripe alonga or b
crystallographic axes.16,17However, if the screening radius i
of the order ofl, typically not much more than two particle
can be accommodated. The high dielectric constant in th
materials ensures the Coulomb repulsionV between carriers
at a distance; l is significantly less than their binding en
ergy,EJT.V.4 Figure 1~d! shows the ‘‘snapshot’’ of the dis
tortion amplitude surrounding a pair of particles caused
the Hamiltonian~1! @for simplicity only the dominant (x2

2y2)-symmetry term was used#.
We associate the energy scaleEJT of the interactionHJT

with the experimentally observed ‘‘pseudogap’’ for char
excitations. Below the pseudogap temperatureT* , where
kBT* ;EJT , pairs start to form and the material becom
structurally inhomogeneous with coexisting low-symme
regions inside the pair volume, and higher symmetry regi
outside it. To calculate theT dependence of the density o
pairsnp , and unpaired fermionsnf respectively, we assum
that the pairs together with deformation can be described
an energy level, while the fermions are in a band at an ene
EJT above it, and their density of states is approximated
Ns(E)5CEa.18,19 C is a constant~which may be doping de-
pendent!, anda characterizes the shape of the single-parti
spectrum near the single-particle band edge. Assuming
pairs and fermions are nondegenerate we can write a par
balance equation

n05y212yC8ta11exp~21/t !. ~3!

Here n0 is the population of pairs atT50, y
5exp@m(T)/kBT# wherem(T) is the chemical potential,C8
}CEJT

a11 and t5kBT/EJT . The relative populations of pair
and free fermions are given by

np~T!5y2 ~4!

and

nf~T!54C8yta11exp~21/t !, ~5!

respectively, wherey5A@C8ta11exp(21/t)#21n02C8ta11

3exp(21/t). np andnf as a function ofT are plotted in Fig.
3~a!. The two-level system hasonly one energy scale EJT ,
and all observables associated with the coexistence of
two phases predicted by Eq.~1! should be scalable if plotted
as a function ofkT/EJT . This is useful for comparing the
‘‘pseudogaps’’EJT obtained by different experiments in con
junction with Eqs.~4! and ~5!.

Before turning our attention to experiments, let us disc
the mesoscopic inhomogeneities caused by interaction~1!
from a thermodynamic point of view. Adding holes to th
system leads to the appearance of a new phase within reg
of size R0; l and under certain conditions~e.g., high den-
sity! could lead to a phase transition to a new ordered ph

r

e-
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FIG. 3. ~a! Pair and fermion densitiesnp and
nf , respectively vsT calculated usingEJT544
meV. ~b! The T dependence of the relativ
neutron-scattering intensity for thet1 mode atk
5(k0,0,0) ~circles! and normalized Raman inten
sity for the modes at 140 cm21 ~full squares!,
580 cm21 ~triangles! in YBCO near optimum
doping (Tc590 K). The line is a fit to the data
usingnp(T) ~Eq. 4! with EJT544 meV. The Ra-
man intensity of the 500 cm21 mode ~open
squares! is plotted for an underdoped samp
(Tc584 K) ~Ref. 24!. In this case the fit to
np(T) gives EJT550 meV, a521/2, and C8
5200 in all cases shown in~a! and ~b!.
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The free energy per unit area~or volume! within these ob-
jects is 2F compared to the surroundings. Apart from t
interaction~1!, F includes other contributions, such as micr
strain, coupling to spatial dopant ion density fluctuatio
which is responsible for preserving electroneutrality, spin
teractions etc.21 For this phase separation to be stable, it h
been shown to be essential that a barrier should exist
tween the two phases.15,21 The total energyE is the sum of
the volume free energy and the surface energy respecti
~in two dimensions! is given byE52FpR0

21apR0, where
a is the surface energy per unit surface area.E can be either
positive or negative, depending on the ratio of the surf
and the volume contributions to the total energy. In the
derdoped case,E,0 leading to an expression for the volum
fraction of undistorted phase of the formf ;exp(2uEu/kT).21

The temperature dependence off is similar to that derived for
the two-level system@Eq. ~4!#, but the activation energyE
may be different from the pair-breaking energyEJT . Thus
the pair-breaking gapEJT observed by single-particle
tunneling12 or quasiparticle relaxation experiments13 is not
necessarily the same as the thermodynamic gapE observed
in experiments measuring thermodynamic properties.19,20

Turning now to experiments, to test the predictions of
model, theT dependence of the relative INS intensity for t
t1 mode anomaly should be proportional to the number
distorted sites~pairs!. A fit of the INS data7 to the expression
for np(T) @Eq. ~4!# is shown in Fig. 3~b!. In spite of its
simplicity, the model describes the data very well. Furth
more, the value ofEJT544 meV obtained from the fi
agrees very well with other measurements of
‘‘pseudogap’’ for the same level of doping.12,13

The second example where thereduction of symmetry as
sociated with the formation of pairsby Eq. ~1! has a pro-
found effect is on the Raman and infrared spectroscopy
lection rules and the intensity of resonant Raman scatte
on phonons.9 The resonant Raman scattering cross-sec
for light of frequencyv is given byuRu2, where9

R5
]

]uE uMi f ~u,k!u2
v f i~u,k!

@v22v f i
2 ~u,k!#

d3k. ~6!

Mi f (k) is the dipole matrix element connecting occupi
one-electron statesi and unoccupied final statesf which con-
21250
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tribute to the resonance separated in energy by\v i f , k is the
electron momentum andu is the relevant ionic displacemen
for the mode in question.22 Since the interaction~1! gives
rise to an additional ionic displacementdu and a local break-
down of symmetry, two effects in the Raman spectra
expected. First, for symmetry-allowed phonons, the inten
can increase or decrease due to changes in the matrix
ments and the interband energy separation in the denom
tor of Eq. ~7!.9,23 Second, some symmetry-forbidde
phononsbecomeRaman active. In both cases the change
Raman intensity is proportional to thenumber of distorted
sitesat any given temperature, which is in turn proportion
to np(T). In YBCO this effect is very clearly observed. I
Fig. 3~b! we plot theT dependence of the Raman intens
for the forbidden mode at 580 cm21, the 140 cm21 ‘‘Ba
mode’’ in optimally doped YBCO (Tc590 K) and9 the
500 cm21 mode in underdoped YBCO (Tc584 K).24 The
fit to np(T) shown in Fig. 3~b! is quite remarkable and th
value ofEJT for the underdoped sample is in excellent agre
ment with other ‘‘pseudogap’’ data.12,13

An important effect that can be successfully explained
the model~1! is the persistent occurrence of pyro and piez
electricity in the cuprates.8 We first note that both the high
temperature tetragonal structure (D4h) and the low-
temperature orthorhombic structure (D2h) of YBCO ~as
determined by diffraction experiments! have inversion sym-
metry. Both effects are therefore forbidden in the underly
structure. However, since inversion symmetry may be bro
within the mesoscopic volume of the new phase predicted
Eq. ~1!, the existence of local dipole moments, which c
give rise to a macroscopically observable polarization
comes possible.25,26At the same time the spatially and tem
porally averaged symmetry, as determined by diffraction
periments will show the underlying structure, not th
distorted one.

Although the m-JT theory is based on specific experim
tal observations in YBCO, the mesoscopic interaction~1!
between particles in degenerate states on a mesoscopic
is applicable in different materials,4 and not just cuprates
The predictions of this model can be further tested by co
paring the calculated displacements with pair distribut
function neutron scattering and XAFS and the result
8-3
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anomalies in the electronic dispersion already observed
angle-resolved photoemission in some other cupratesat pre-
cisely the same pointin k space as discussed by the pres
model.27 On the other hand the calculated temperature
pendences for pair and excited-state fermion densities ca
used to examine other known anomalies, such as symm
forbidden infrared spectra, symmetry-change-induced lu
nescence or absorbance and photoinduced absorption w
.
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show temperature-dependences similar to those show
Fig. 3.
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