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We present exact diagonalization results of an electron-phonon model Hamiltonian for the O(4)-
Cu(1)-O(4) cluster in YBayCu307. For large enough electron-infrared-phonon coupling the motion of
holes and ions becomes strongly correlated, i.e., polaronic, leading to a double-well structure for the in-
frared mode, as encountered in x-ray-absorption fine structure. In contrast, the associated Raman mode
shows a single-well behavior even for large electron-Raman-phonon coupling. The appearance of po-
larons accompanies nonadiabatic behavior yielding optical spectroscopy predictions differing from those
obtained from harmonic or anharmonic lattice dynamics models.

PACS numbers: 74.30.—e¢, 61.10.Lx, 63.20.Ry

Although the microscopic origin of high-temperature
superconductivity in copper-oxide-based materials is still
a matter of debate, several experiments have shown the
existence of structural instabilities and anomalies [1-9],
suggesting the importance of the lattice. Various theoret-
ical models [10-14] have specifically suggested the pres-
ence of anharmonicity associated with the motion of the
oxygen atoms. A fundamental issue is the ability of these
models to correlate structural and optical signatures.

Elsewhere, we have presented x-ray-absorption fine-
structure (XAFS) results which indicate that the Cu(1)-
0O(4) bonds in YBa>Cu3O; lie., ¢ axis, with Cu(l) a
chain copper and O(4) an axial bridging oxygen] show a
double-well structure which changes in the vicinity of 7.
[1], and as a function of oxygen content and doping [2].
Pair-radial-distribution-function analysis of neutron dif-
fraction data has also shown the existence of two axial
oxygen positions in TI;Ba;CaCu,0s [4]. These structural
studies indicate dynamical oscillations between these two
positions, which cannot be explained in terms of harmon-
ic phonons and should be reflected in optical measure-
ments of the normal modes with projections onto the
Cu(1)-O(4) vibrations. The 505-cm ~' 4, Raman mode
in YBa,Cu307 shows a hardening, from 506 cm ~1at 100
K to 509 cm ~' at 50 K, and a concomitant increase in
the linewidth of 2 cm ™' [5,6]. These results have been
interpreted as originating in the change of the harmonic
phonon self-energy [15] due to coupling to the supercon-
ducting pairs [5-7], assuming a superconducting gap of
440 < 2A <500 cm ~'. This model has been purported to
imply the absence of anharmonicity in this phonon mode
[8], a claim also suggested by band-structure total-energy
calculations [16]. In contrast to the Raman spectroscopy
results, infrared absorption studies of the associated 585-
cm ~' mode indicate a softening from 590 cm ~' at 100 K
to 584 cm ' at 50 K and an increase in the intensity by a
factor of 2 for the same temperature values [9]. Photoin-
duced infrared absorption in YBa,Cu3;O¢3; and Tl,Ba,-
Ca, - Gd,Cu,054 [17] have also suggested a double-well
potential structure, in agreement with XAFS results
(1,21
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We have performed an exact diagonalization [18] of an
electron-phonon model Hamiltonian [19], representing c-
axis lattice-electron coupling [20], considering both in-
frared and Raman active vibrations in an isolated O(4)-
Cu(1)-0O(4) cluster in YBa;Cu307. This model allows us
to (i) understand the origin of the differing behavior of
the infrared and Raman modes and reconcile apparent
conflicts between Raman spectroscopy and XAFS results;
(ii) reveal an underlying polaronic origin for the XAFS
double well; and (iii) explore the validity of effective lat-
tice dynamics in correlating structural and optical results.

The cluster Hamiltonian we use is

H=Hqt+Hpn+Hepn, (1

3 3
Ha= X finio+U_Zl niyn;)
=

oi=1

+1X (el crotedsese) +Hec. (1a)
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Here, n,-<,=c,l,c,-a denotes the number operator for holes
of spin o at site i; i =1,3 indicates the lower and upper
0(4) sites, and i =2 the Cu(l) site, with site energies ¢;
(e)=¢€3#¢€2), hopping amplitude ¢, and on-site repulsion
U. The phonon part of the Hamiltonian (1b) consists of
harmonic Raman and infrared oscillators with creation
operators b,’; and b} and bare frequencies % and ), re-
spectively. These operators are related to the Raman
coordinate by ug =(h/2mowd) "2 (bf +br) =(x3—x)/
V2, and to the infrared coordinate by

12 xi1+x3— Qmo/mcy) x>

(2+4mo/m(ju) 12

h
0

ZmOwi,

(biTr +b;) =

Uir=

Here, x; (x3) denotes the lower (upper) O(4) coordinate
and x> the Cu(1) coordinate measured from their equilib-
rium positions, and mc¢, (mo) is the Cu(1) [0(4)] mass.
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The interaction term (lc) reflects the fact that for holes
added at the Cu(l) site the Cu(1)-O(4) attraction is
stronger, while for holes added at the O(4) sites the at-
traction is weaker, favoring a longer Cu(1)-O(4) bond
length. We consider coupling of these Cu(1)-O(4)
charge fluctuations to both the infrared and Raman
modes. For simplicity we consider only coupling between
phonons and diagonal electronic terms. This local ap-
proach to describing the oxygen polarizability should be
compared with anharmonic electron-phonon coupling
models [21], which lead to a correlated double-well and
electron-multiphonon coupling [10]. In the present ap-
proach the anharmonicity is not present in the bare pho-
non Hamiltonian, but is generated by sufficiently strong
linear electron-phonon coupling.

We assume two holes of different spin (singlet), leading
to the cluster states (a) 0(4)27-Cu(1)2*-0(4)'~ and
(b) O(4)' ~-Cu(1)**-0(4)2~, consistent with near-edge
x-ray-absorption experiments [22]. The state O(4)2~-
Cu(1)3*-0(4)2~ is found to be important as an inter-
mediate state for tunneling between states (a) and (b).
All other states with the same total charge and S, are
also included in the Hilbert space. More precisely, one
expects a cluster configuration with an average number of
holes between 1 and 2 for YBa,;Cu3;05, the two-hole clus-
ter being an adequate description provided that the pa-
rameters entering in Eq. (1a) are viewed as effective pa-
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FIG. 1. Squared many-body ground-state wave function of
the cluster as a function of the Raman (ug) and infrared (ui)
coordinates for (a) Ai=0.10 eV, (b) A;=0.12 eV, and (c)
Air=0.15 eV (in all cases Ag =0.10 eV). We find that when the
phonon coordinate is at the left bump, the extra hole is predom-
inantly on the leftmost oxygen, and vice versa. The scale of the
coordinates is fixed to be 3 times the root-mean-square fluctua-
tion of the wave function, and therefore it is different for the
three panels.

rameters, including transverse degrees of freedom.

We exactly diagonalize [18] Eq. (1) for the ground and
low-lying excited states in a basis of 14400 states using a
Lanczos algorithm. The basis includes states of two holes
on the three sites, 40 harmonic infrared phonons, and 40
harmonic Raman phonons. For the parameters in Eq.
(1a) we use €, 3=+0.5¢V, &2=—0.5¢V, 1=0.5 eV, and
U=7.0 eV. In Eq. (Ib) we use w2=600 cm ™' and
»% =500 cm ~', whose ratio is determined by mo/mcy
[23]. We consider the range Ag =ir(h/2mowl)"?
=0-0.25 eV, and Ai=R;i(h/2mowd)'?=0-0.20 eV.
Different parameter values result in different values of Ag
and A;; at which the characteristic anharmonic behavior
discussed below develops.

In Fig. 1 we present the squared many-body ground-
state wave function plotted as a function of the infrared
(u;r) and Raman (ug) coordinates, for increasing values
of Ai; at a fixed representative value of Ag =0.10 eV. In
this case we have summed over the electronic degrees of
freedom, i.e., the probability is for given phonon coordi-
nates regardless of the electron coordinates. As A in-
creases the wave function deviates from a Gaussian
shape, a double-peak structure begins developing for
Air=20.12 eV, and the two peaks are completely separated
for A;;=0.15 eV (Table I). The peak in the Raman
coordinate shifts from the (bare) equilibrium position
ugr =0 as Ag increases [20], but no double-well structure
develops, even for Ag =0.20 eV.

The above behavior is entirely intuitive, since the
configuration short-Cu(1)-upper-O(4) bond and long-
Cu(1)-lower-O(4) bond is expected to be degenerate
with the configuration long-Cu(1)-upper-O(4) bond and
a short-Cu(1)-lower-O(4), while a symmetric stretch or
contraction of both bonds, relevant for the Raman mode,
will change the total energy of the cluster differently, as
found in band-structure calculations [16]. Note that we
are discussing charge transfer within the cluster, and not
between the cluster and the plane.

We found that Ag =0.10 eV and A;;=0.13 eV lead to
0(4) site splitting of ~0.125 A, in agreement with the
experimental value of ~0.13 A of Ref. [1]. The XAFS

TABLE 1. Separation, tunneling frequency, and infrared
phonon expectation value as a function of Ai; (A\g =0.10 eV).
Air Separation hor _
(eV) (A) (cm™") (N
0.10 (single well) E 235 0.3
0.12 0.050 90 0.8
0.13 0.125 52 1.5
0.15 0.174 8 3.0
0.20 0.258 0.01 6.4
0.25 0.330 44x10°¢ 10.5
EXAFS double well* 0.130 100

aReference [1].
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splitting, Ax, is related to the separation between the two S:w?
maxima of the many-body state wave function, Au;, by Ime(w) =2 — )

Ax =(1+2mo/mcy) ?Aui/~2. The exact many-body
tunneling frequency, Awy, for this cluster is the dif-
ference between the first excited-state and ground-state
energies. For the values mentioned above, we obtain
hwr~52 cm ' compared with the tunneling frequency
implied by the structural studies [1] Aw7~100 cm ™'
(away from T,.) (Table I). We consider this good agree-
ment in view of the simplicity of the model and the ex-
ponential dependence of the tunneling frequency on the
assumed mass. Further tuning of parameters (including
Ag) is not warranted without more refined data.

A full description of the many-body states which in-
cludes both phonon and electron degrees of freedom leads
to the following picture as A, is varied around the experi-
mentally relevant values above: For small values of A
the tunneling of holes between the O(4) sites occurs on a
time scale much faster than ionic motion, allowing the
use of the adiabatic approximation and leading to qua-
siharmonic phonon behavior characterized by a simple
shift in the phonon frequency, and phonon expectation
values <1 (Table I). As A; increases the motion of the
holes couples to the phonons leading to the experimental-
ly relevant polaronic behavior [24], i.e., two equilibrium
positions depending on the location of the O(4) hole. For
large values of A, the effective tunneling of holes becomes
very slow and the first two many-body wave functions can
be represented by the symmetric

lwe) =(110)] —z;)| —zr) + 101 D|zi)| — zr))/V2
and antisymmetric
lw) =(110)] =z —zr) =101 D|zi)| —2r))/V2

states. Here, |nyn2n3) denotes the hole occupation at
each site and |z) the ground-state wave function of a har-
monic oscillator centered at z (a coherent state). In this
“antiadiabatic” limit the holes are nearly “frozen” (inci-
pient ferroelectricity), the ions oscillate harmonically
with respect to the shifted equilibrium positions [25], and
the (unshifted) phonon expectation value increases sig-
nificantly (Table I). It is very intriguing that the best fit
to XAFS results places us in the intermediate A;; regime.

These results demonstrate how the charge-transfer-
phonon coupling generates a double-well structure con-
sistent with the structural results derived from XAFS,
reconcile this with infrared and Raman observations, and
explicitly show the underlying polaronic origin of such
double-well behavior. Although a lattice dynamics model
which uses a rigid double well derived by integrating out
electronic degrees of freedom is successful in describing
the structural results [1], we need to assess whether such
a model will lead to optical spectroscopy predictions simi-
lar to the ones calculated with the full model, Eq. (1). To
this end we have calculated the imaginary part of the
dielectric constant [20,26]:
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j w,-z—wg—iwy

Here, j labels the many-body states with energies w; and
we assume the same width, y=17 cm ~', for all states
[20,26]. The spectral weight of each transition is given
by the square of the dipole matrix element between the
ground state and the jth state, S; =|(j|p|0)|2, with a di-
pole operator

1/2
2m
p=—|8[1+=2 Uit X Ro— -2 (13, —n1)
mcy 4 \/5
Ym 1/2 u
+3 1+ =2 Y (3e+n10) (3)
o mcuy V2

where Ry denotes the equilibrium distance of the Cu(1)-
0(4) bond (1.87 A). Figure 2 plots the energies of the
first four many-body states with nonzero oscillator
strengths. In the weak coupling limit, state A4 is the ex-
cited state containing one infrared phonon, while in the
strong coupling limit (slow tunneling), this state is the
antisymmetric state |¥,) mentioned above. State B has
one infrared and one Raman phonon in the weak coupling
limit, and one Raman phonon (in addition to the coherent
state displacement) in the strong coupling limit. State C
has one infrared and two Raman phonons in weak cou-
pling, and one infrared phonon in strong coupling. Final-
ly, state D has three infrared phonons in weak coupling,
and two Raman phonons in strong coupling. In the
strong coupling limit all these states can be associated
with excited states of displaced harmonic oscillators.

The inset of Fig. 2 is a plot of Ime(w) for A;;=0.13 eV
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FIG. 2. Energies of the first four infrared allowed transitions
as a function of Ai. The Raman coupling is Ag =A;; for
Air<0.10 eV, and Ag =0.10 eV for A;=0.10 eV. There is an
avoided crossing of the highest two levels. The arrow indicates
the experimentally relevant A;,=0.13 eV (see text). Inset:
Ime(w) for Ag=0.10, X;;=0.13 eV. The height of peak A is
~ 10 times larger than that of peak C; cf. Fig. 4 in Ref. [20].



VOLUME 68, NUMBER 21

PHYSICAL REVIEW LETTERS

25 MAY 1992

and Ag =0.10 eV, the value which yielded the best con-
sistency with XAFS results. For small values of A; the
peak associated with state A is shifted from o, as ex-
pected in perturbative treatments of anharmonicity. For
moderate values of A;; (the expected polaronic regime)
peak A, which corresponds to the tunneling frequency,
shifts to low frequency, and two peaks appear in the re-
gion ®~450-600 cm ~', which are states B and C. For
large values of A;; (“‘antiadiabatic” regime), the intensity
of the peak associated with state B becomes negligible,
leaving a single peak converging to the original bare in-
frared frequency. This behavior originates in the “freez-
ing” of holes at the oxygen sites, resulting in harmonic
oscillations (with the bare frequency) around the new
equilibrium position, and leading to a negligible ampli-
tude for both holes to reside on the Cu(1) atom in the
ground state, an amplitude which allows the excitation of
the Raman mode (B). We emphasize that our analysis of
the model Eq. (1) is exact, aside from small truncation
errors from excluding phonons beyond the first 40 of each
type. Thus, the anharmonic features predicted are not
limited by random-phase [19] or adiabatic elimination
approximations, which are inappropriate in this small
0(4)-Cu(1)-0(4) cluster. Consequently, effects beyond
simple single-particle anharmonic lattice dynamics are
anticipated. Calculations (within the dipole approxima-
tion) using a rigid double-well potential based on the
XAFS results only show peaks associated with states A4
and C.

Although this calculation of the infrared spectra for a
simple cluster is not expected to lead to a quantitative
comparison with experiment, there are some encouraging
systematics: (i) The large spectral weight of the low-
frequency feature might be related to the enhanced inten-
sity of the 154-cm ~' mode compared with bare lattice
dynamics calculations [20]; and (i) in Refs. [20] and
[26] there is evidence for strong asymmetry in the line
shape of the 585-cm ~! mode, which could be related with
the split peak predicted in our calculation. This feature is
very close to the experimental peak at ~585 cm ~'. A
calculation of the Raman spectra will be presented else-
where.

In summary, we have developed an electron-phonon
model which explicitly shows that the coupling between
c-axis phonons and charge transfer between Cu(l1) and
O(4) ions generates a double well for the 585-cm ~' in-
frared mode while it leads to a shifted single well for the
associated Raman mode. These results reconcile optical
and structural observations. This model predicts multi-
phonon and nonadiabatic effects, not contained in ef-
fective harmonic or anharmonic lattice dynamics calcula-
tions, which should be observable via optical spectrosco-
py. Finally, we have shown that the Cu(1)-O(4) double
well has a polaronic tunneling origin [24]— the hole loca-
tion follows the lattice distortion in the cluster. It is intri-
guing that the A;; needed to fit XAFS results lies in the
intermediate (polaron tunneling) regime— weaker cou-

pling implies fast bare electrons, whereas stronger cou-
pling would, for an extended system, result in a nearly
frozen local ferroelectric dipole. The influence of this
dynamical polarizability “pump” on superconducting
pairing has been suggested elsewhere [27].
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