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Dynamic polaron tunneling in YBa2Cu307: Optical response and inelastic neutron scattering
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Coexisting electronic correlations and electron-phonon interactions have been proposed to lead to dy-
namic polaron-tunneling behavior for the axial oxygen in YBa2Cu307. Emphasizing nonlinear and nona-
diabatic effects, we show that this description leads to distinctive predictions consistent with structural,
optical, and inelastic neutron-scattering data in the axial direction.

Much of the interpretation of lattice dynamics and op-
tics in high-T, materials has relied on harmonic rigid-
potential models. However, for certain structural
features, recent studies indicate that aspects of the intrin-
sic dynamics in these systems may be highly nonlinear
and nonadiabatic.

Here, we focus on the local dynamics of the axial oxy-
gen O(4) and chain copper Cu(l) clusters —arranged as
O(4)-Cu(1)-O(4) and located between Cu02 planes in
YBazCu307 —and point out the basic signatures of a
polaron-tunneling prediction' leading to unusual but ex-
perimentally verifiable consequences. Our analysis is
based on a recently proposed model, ' which —by intro-
ducing electronic correlations, and a linear coupling be-
tween electrons and phonons (as determined in frozen-
phonon local-density calculations, for example} —results
in a dynamic "double-well" structure describing oscilla-
tions between two dominant Cu(1)-O(4) bond lengths.
This structure is similar to that inferred in x-ray-
absorption fine-structure (XAFS) studies of YBa3Cu307
and T1Ba2Ca3Cu40», and pair-distribution-function
analysis of neutron-scattering data in, e.g.,
TlzBazCaCu208 Below, we shall show that such a pola-
ron approach can also account for some of the observed
optical anomalies both in Raman scattering and in in-
frared spectra. Furthermore, inelastic neutron-
scattering resolution is now approaching the regime
where it is possible to probe relevant local dynamics for
this polaron tunneling.

While conventional local-density methods provide use-
ful information on high-T, materials —for example, es-
timating parameter values in an effective many-body
Hamiltonian —strong electronic correlation effects, to-
gether with the nonadiabatic, 1ocal charge-distribution
character of the problem, renders these approaches inap-
propriate for our purposes. This is clearly demonstrated
by recent calculations which find lattice-polaron states in
strongly correlated electronic models with moderate
strength electron-lattice coupling. However, even these
calculations are inadequate if relevant electronic and

phonon degrees of freedom have similar time scales
and/or the system size is small, as for the problem here.
We have therefore used a numerically exact diagonaliza-
tion technique. '

Our main results are the following. (i) The predictions
of the nonlinear and nonadiabatic dynamics of the cluster
are consistent with both structural and optical data. (ii}
The usefulness of energy-resolved pair-distribution func-
tions is shown, suggesting specific analysis of inelastic
neutron scattering to investigate the predictions of this
model. (iii) A Raman-active state close in energy to the
in-plane "330-cm '" buckling mode is predicted. A cou-
pling between these two states may have important
consequences for the physics of YBa2Cu307.

We assume that the dynamics of the O(4)-Cu(1)-O(4)
cluster can be effectively separated from the rest of the
lattice. We make this approximation because the dynam-
ic coupling to the planes is weak due to the long bond
lengths, and because some aspects of the coupling along
the chain direction can be taken into account by an
effective Hamiltonian by integrating out the degrees of
freedom associated with the chain oxygens O(1). Includ-
ing the nearest-neighbor Coulomb interactions, we arrive
at the cluster Hamiltonian,

H H ]+H ] pg +Hpb

where

H„= pe„p„—g t„„.(c„c„+Hc)..
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This is similar to the Hamiltonian introduced in Ref. 1.
In Eq. (1}, c„creates a hole of spin 0 at site n,
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p„=c„c„,and p„=g p„. Here, n =1,3 denote the
axial O(4) sites and n =2 is the chain Cu(1) site. The no-
tation ( nn') refers to the bonds: t„„.=t for the hopping
matrix elements between the O(4) and Cu(1) sites and

t„„.=t' for the effective matrix element between the O(4)
sites. The parameter so is chosen to avoid any artificial
shrinkage of the cluster, allowing the use of a reduced
basis set. The isolated three-site cluster has two phonon
modes for displacements in the z direction that do not
change the center of mass. These bare modes are assumed
to be harmonic. The symmetric phonon mode is Raman
active and the antisymmetric one is infrared active. They
are described by boson operators aR and a,R with bare
frequencies coR and co&R, respectively.

The parameters in H, &
are taken as e& 3=0.307 eV,

E'& 3 t =0.634 eV, U =4.44 eV, V„„=O,which are
representative values, guided by local-density calcula-
tions. We estimate t'-t/10. For bare phonon energies,
we choose Am&R=59. 3 meV and AcoR=71. 5 meV. The
electron-phonon coupling constants, A,,R and A,R, are
varied so that the XAFS experiments and optical data
can be simultaneously reconciled with the model's predic-
tions; see below. '

We assume two holes within the O(4)-Cu(1)-O(4) clus-
ter. ' In the ground state, one hole is predominantly lo-
cated at the Cu(1) site while the other fiuctuates between
the O(4) sites, in agreement with core-level x-ray-
absorption measurements implying excess holes located
in the O(4) 2p, orbitals. " Both spin-0 and spin-1 states
are considered.

As was found in Ref. 1, sufficiently large values of A.iR
dynamically generate a length scale, 51, associated with a
dynamic double-well structure in the infrared distortion.
In this regime, the motion of the phonons is strongly
correlated with the hole motion, corresponding to pola-
ron tunneling. ' Despite the generalizations introduced in
the Hamiltonian, Eq. (1), a similar picture emerges.
Moreover, as the system moves from weak coupling to
strong coupling, the Raman active states show pro-
nounced minima in the intermediate region, whereas the
infrared active states decrease in a regular fashion; see
Fig. 1. Interestingly, the location of the minima is close
to the value of A, &R where the double-well structure begins
to develop and where the dynamics of the system be-
comes highly nonlinear and nonadiabatic. Assuming that
the parameters in the model depend on temperature, this
nonmonotonic behavior might explain the experimental
observation that the Raman active state at -500 cm
softens whereas the infrared active state at -580 cm
hardens as the temperature is decreased from 100 to 50
K. It is also possible that the above behavior implies the
weakening or suppression of the double well due to renor-
malization of the electron-phonon coupling constants by
superconducting fluctuations. However, these sugges-
tions remain speculative in absence of a specific micro-
scopic coupling of the cluster to its environment and, in
particular, to the Cu02 planes which predominantly car-
ry the superconductivity.

We find that AiR=0. 143 eV and AR=0. 260 eV (and
other parameter values as defined above) lead to reason-
able agreement with experiments. Choosing so=1.18,
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FIG. 1. The energy spectrum relative to the ground state of
the O(4)-Cu(1)-O(4) cluster as a function of A, &R with fixed

A,R=0.260 eV. The Raman and infrared active states are shown

as solid and dashed lines, respectively. The arrow indicates the
experimentally optimal value of A.&R (0.143 eV).

the size of the cluster is not changed by the electron-
phonon interactions. First, the Cu(1)-O(4) bond-length
splitting 5I is 0.11 A which approximately equals the
XAFS result. Second, a doublet of infrared active states
at frequencies 526 and 614 cm is predicted in the ex-
perimentally relevant region -580 cm ' where a broad
shoulder is observed' below the main infrared peak; see
Fig. 2. The 526-cm state is a complicated multiphonon
state involving the infrared degree of freedom whereas
the 614-cm ' state contains basically two bare infrared
phonons and one bare Raman phonon.

The predicted infrared and Raman spectra exhibit
several additional interesting features: (i) The lowest-

energy peak in the infrared absorption occurs at the pola-
ron tunneling energy ficoT —127 cm '. (ii)—The lowest-

energy features in the Raman spectrum are located at 317
and 460 cm ' of which the first is highly nonlinear in
terms of bare phonon degrees of freedom, whereas the
second is only a weakly renormalized bare one-Raman
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FIG. 2. (a) The infrared absorption and (b) the Raman
scattering spectrum (in arbitrary units) with k,R =0.143 eV and
A,R=0.260 eV (the double-well regime) at zero temperature.
The Raman spectrum is calculated at the incident photon ener-

gy of 2.5 eV. The infrared spectrum is scaled up by a factor of
20 above 450 cm ' and by a factor of 20 above 900 cm '. A
Lorentzian broadening of resonances with full width at half
maximum of 20 cm ' has been included by hand.
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phonon state observed experimentally at -500 cm
(iii) There is a clear progression of Raman active states in

intervals of -450 cm ', some of which are close in ener-

gy to the unassigned state at -700 cm ', observed by in-
elastic neutron scattering. " In particular, the state at
744 cm ' has multiphonon character and is therefore
inaccessible to simple lattice dynamics.

The 317-cm ' Raman active state is a robust conse-
quence of the model and offers the intriguing possibility
that the in-plane "330-cm '" buckling mode is coupled
to the O(4) motion and that the cluster is driving an in-
plane phonon —the "330-cm '" mode is observed to be
anomalous in its shape and temperature dependence. '
Indeed, recent local-density calculations' imply an ad-
mixture of O(4) and in-plane oxygen degrees of freedom.
Such mixing of states makes a small-cluster calculation
for Raman intensities unreliable because we have to con-
sider the full unit cell. It is also shown experimentally
that the O(4) mode couples to electronic degrees of free-
dom in the plane. '

The polaron-tunneling model predicts a strong
infrared-active state at fieT that has not been directly ob-
served; other absorptions in this region may hamper its
detection. It may be also that much of the oscillator
strength has been shifted down to much lower energies by
local disorder and inhomogeneity. Details of the effect
of diagonal and off-diagonal disorder, as well as tempera-
ture will be given elsewhere. '

There are probes preferable to optical response for
measuring local, dynamical effects. One is XAFS, which
is able to probe instantaneous local structure by studying
changes at high-momentum transfer. Another is inelastic
neutron scattering which measures the dynamic structure
factor S(q, co): indeed, recent time-of-flight experiments
on high-T, materials have demonstrated its usefulness for
detecting changes at short-length scales and slow time
scales. Below, we describe signatures of the polaron-
tunneling behavior which may be most important in
resolving the nature of the double-well Cu(1)-O(4) bond-
length distribution inferred in XAFS studies.

Inelastic neutron scattering measures the dynamic
structure factor

where r„(t) is the position operator of the nth scattering
nucleus in the Heisenberg picture' and v„„. is a cross-
section coefBcient determined by the scattering lengths of
individual nuclei. ' S(q, co) for our cluster is a sum of
delta functions in co at the same frequencies as the in-
frared or Raman lines; the intensity of each line varies
with q (momentum transfer along the z axis). The results
are summarized in Fig. 3 which shows S(q, co) and its
spatial Fourier transform S(r, ro) for various values of en-
ergy transfer flu at zero temperature. As described
below, these results illustrate important manifestations of
dynamic polaron tunneling (multiphonon, nonlinear, and
nonadiabatic eS'ects) which no harmonic phonon theory
can produce. The features also appear in the static struc-
ture factor $(q, t =0) and in its dynamic counterparts,
where the integration is made only over some limited

range of frequencies.
The state at Rcoz has large intensity which emphasizes

the significance of the slow time scale of the polaron tun-
neling; see Fig .3(a). Small wavelength oscillatory
behavior in $(q, cor ) as a function of q is evidence of the
length scale 5l associated with the double well. Note that
the larger wavelength oscillations, with the periods 2n/lo.
and n/lo. , are due to the mean Cu(1)-O(4) and O(4)-O(4)
bond lengths, lo and 2lo(lo=1. 87 A in YBazCu307).
Moreover, the envelope of these oscillations —given by
the coherent part of the dynamic structure factor —as
well as the smooth background —partially due to the in-
coherent contribution —vary in a nonuniform way. This
differs from a harmonic Debye-%aller factor of the sym-
metric cluster: since the Debye-Wailer factor describes
the effect of the quantum fluctuations, it also contains in-
formation about the tunneling behavior.

Our results demonstrate that the elastic scattering,
given by S(r,ei=0) (not shown), contains no clear signa-
ture of the Cu(1)-O(4) bond-length splitting while the
static structure factor (pair-distribution function)
S (r, t =0) (not shown) may yield only marginal evidence
for it—in fact, in the present case, quantum lattice fluc-
tuations are too large compared to the length scale,
51 =0.11 A, so that it cannot be detected conclusively by

0.8

3
0.6

0
0.4—

Q

u 0.2

M

3 2—
Gq

-2

0 20 40 60
Wave vector q (A ')

80 100

Cq

20
Q
cd

Q

1—
O

M

o"

10

Cr}

(b)

I( R
I ~ I ~ ( ~ I I

-1 0 1 2 3 4
Distance r (X)

20 40 60
Wave vector q (A ')

80 100

FIG. 3. The dynamic structure factors (a) S(q, mz-), and (b)

Sr{q)=I dd{q, co), as a function of momentum transfer Rq.
The insets show corresponding Fourier transforms (in units of
A ) as a function of distance r. The parameters are A,gR =0.143
eV and AR=0. 260 eV (i.e., in the experimentally relevant
double-well regime).
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these conventional correlation functions. In contrast, 51
can be approximately resolved if only the frequency com-
ponents up to the relevant time scale of the problem-
i.e., the tunneling time 1/coT —are included. This is
shown in Fig. 3(b) which displays a double peak around
1.87 A, the splitting being 0.09 A. For large 61, the split-
ting can be resolved by S(r, t =0) while S(r, to=0) will
still not show any clear signature, in agreement with ex-
perimental observations (cf. Fig. 2 in Ref. 5).

We emphasize that oxygen locations cannot all be
determined by high-frequency dynamic structure fac-
tors; the Cu(1)-O(4) bond-length splitting here is most
sensitive to a low-frequency dynamic-structure-factor
analysis. Most notably, we predict —as a signature of the
slow time scale —an anomalously large dynamic struc-
ture factor at ficoT which leads to an intensity increasing
rapidly with q at small momentum transfer. Moreover„a
length scale 51 appears which generates an additional q

period. These modulations should be accessible in mea-

surements of f o dcoS(q, or), which appears to be the op-
timal quantity to be probed.

In conclusion, we have shown that a polaron-tunneling
model leads to structural results consistent with XAFS
and neutron-scattering data, and an excitation spectrum
compatible with available optical data. In addition, this
model predicts unusual nonlinear, nonadiabatic features
which should be verifiable by inelastic neutron-scattering
and optical spectroscopy studies. Finally, we noted an
important implication that the in-plane buckling mode
and the O(4)-Cu(1)-O(4) cluster state around 330 cm
may be coupled.
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