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ABSTRACT

An earlier calculation of the energy surface for X-point tilts of the CuO6 octahedra in La2.
x(Sr,Ba)xCuO4 revealed an eight well potential surface. This surface indicated an
extremely anharmonic situation and seemed to provide an explanation of a number of
observed phenomena in this system, especially the coincidence of a drop in Tc with the
occurrence of the low temperature tetragonal phase. We review experimental
developments since that time, which indicate new complications. We also reconsider the
zone boundary chain-buckling mode of the chain oxygen atoms in YBa2Cu3O7, for which
our earlier calculation indicated a very flat (slightly double well) energy surface that
would provide very little restoring force to this motion. We have studied the coupling
of the chain buckling motion to the carriers by evaluating the shifts of bands near the
Fermi energy. These deformation potentials themselves are not large ( — 0.1-0.2 eV/A)
and non-linear coupling is minor out to displacements of 0.25 A.

I. Introduction

Numerous experiments and theoretical considerations have indicated substantial
anharmonic effects in the crystal lattices of high temperature superconductors. After
considerable study there is still no consensus on the question of its importance, or lack
of it, for the occurrence of superconductivity or even for the interpretation of dynamical
properties of the lattices.

In La2.x(Sr,Ba)xCu04 and related systems the tilt instability of the CuO6 octahedra
gives rise to a sequence of crystal structures - high temperature tetragonal (HTT), low
temperature orthorhombic (LTO), low temperature tetragonal (LTT), low temperature
less-tetragonal (LTLO or Pccn) — that have been widely studied, in large part because
the observation that the occurrence of the LTT structure is closely correlated1 with a drop
in the superconducting critical temperature Tc. We have shown previously2 that local
density functional calculations lead to an eight-well potential (8WP) of X-point (Brillouin
zone corner) tilts that accounts qualitatively for the types of instabilities that occur. The
eight wells are comprised of four symmetry related wells for the LTO structure and for
the LTT structure, with the LTT wells lying lowest in energy.

Furthermore, the tilts give rise to characteristic changes in the electronic structure
that must affect the measured properties. Most striking was the finding of a band
splitting at the Fermi level in the LTT phase. Unfortunately, the calculated 8WP
indicates that this lattice is an extremely anharmonic one for which there is no satis-
factory theory at this time, and the active coupling to electronic properties complicates
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the picture further. The coupling was reinforced by the observation of a greatly
enhanced oxygen isotope shift* of Tc in the same regime of carrier concentration
(x~ 0.125) where the LTT phase occurs3.

In Section II we review recent developments on this question, and then we address
another long-standing question: the instability, or lack of one, of the chain oxygen atoms
in YBa2Cu3O7. Unlike the case mentioned above, this possible instability does not lead
to any change in the crystal structure as inferred from diffraction data, but has been
postulated in order to account for certain aspects of the data. We have previously
reported4 our calculation of a very flat, slightly double well potential for the chain
oxygen in the perpendicular direction in the a-b plane. In Section III we review the
experimental data relating to the chain oxygen position and (in)stability. We present
deformation potentials of states near the Fermi level for the chain buckling mode in
Section IV.

II. (La^REy^CSisBa^CuO^ Recent Findings

The eight well potential, reproduced in Fig. 1, indicates several relevant items:
(i) the ideal HTT structure, with each CuO6 octahedron oriented along the c-axis, is a

local maximum of energy.
(ii) the LTT distortion had the lowest energy (at the cell volume used in the calculation).
(iii) the LTO distortion corresponds to a local minimum of energy that is only slightly

higher than the LTT well.
(iv) the LTT and LTO minima (four equivalent ones each) are separated by eight

symmetry related saddle points.
(v) a band splitting occurs in the LTT structure but not in the LTO structure, and it has

maximum effect at the Fermi level position corresponding to x =0.12-14 carrier
concentration.

These features appeared to account for several observations, of which the most
striking were:
(a) the occurrence of, and transitions between, LTT and LTO phases in these systems,

due to the closeness in their energy minima.
(b) the occurrence of the HTT phase at elevated temperature, when it is recognized that

the HTT structure that is measured in diffraction experiments is a time and space average
of dynamic and/or uncorrelated tilts of LTO, LTT, or intermediate type. This
order/disorder picture also accounts for the behavior of the soft mode(s) above and below
the HTT-LTO transition.
(c) the depression of superconductivity in the LTT phase, which is interpreted as due

to the decrease of the density of states at the Fermi level due to the above mentioned
band splitting (raising of degeneracy).
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Figure 1. The eight well potential energy surface derived from self-consistent electronic structure
calculations of X point tilts, using the structural data of La, JBOQ ,CuO4. This surface follows from the
computed curves for LTT, LTO, and intermediate (Pccn) curves and symmetry considerations. See Ref.
[2] for full details.

In the past three years, more investigation has shown that the story must be more
complicated. Crawford et al.5 studied the La, 6.xNd0.4SrxCuO4 system and found that the
LTT (or intermediate Pccn) structure could be present over a range of x whereas Tc was
only depressed very near x=0.12. Similarly, in studying the La2-x(Bal.zSrz)xCu04 system
Maeno et al.6 found that the transport anomalies observed earlier at the LTO-LTT
transition could be decoupled from the structural transition by varying z (i.e. at constant
carrier concentration). The volume dependence due to varying z could change the
structural phase boundaries within the 8WP picture, but any change in the electronic
structure is tied to the change in structure. This decoupling of the electronic "transition"
from the structural transformation was confirmed by other studies710.

The detection of local magnetism in the LTT phase added new possibilities for
accounting for the depression of Tc. Magnetism directly impacts the interpretation of the
depression of Tc, because superconductivity and antiferromagnetic states compete for the
Fermi surface: either will open a gap on part or all of the Fermi surface, thus decreasing
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the impetus for the other to occur. Muon spin resonance data for La2.xBa1.xCuO4 at
x=0.125 was interpreted in terms of weak static local magnetic order by Luke et al.11

and was confirmed by Watanabe et al.12 Low temperature heat capacity data indicates
Cu local moments which are largest in the x~0.12 region13. Mossbauer studies14 of La-
Nd-Sr-Cu-O with y=0.6 and x=0.15 indicate magnetic ordering below 32 K. La NQR
in La, 885Sr0,15Cu04 was interpreted in terms of ordered Cu moments at low temperature
by Ohsugi et al.15 Certainly the full understanding of these data are obscured by
microstructural uncertainties, but the involvement of magnetic effects in some of the LTT
phases seems clear.

Biichner et al.16 have provided a further analysis for RE=Nd of transport,
structural, and superconducting properties. They note that, by measuring the
orthorhombic strain b-a and using the relation from Landau theory that b-a is
proportional to <j>2 (<i> is the tilt angle that is difficult to measure by xrays), they find that
</> can be tuned by the Nd concentration at fixed carrier concentration. Then, by
measuring Tc and transport behavior, they find that there is a phase boundary at a
specific angle 0C=3.6°. Above this angle superconductivity is suppressed in the LTT
phase. However, there is no such restriction in the LTO phase, so the suppression of
Tc depends on the tilt axis direction (i.e. LTT vs. LTO phase). These authors suggest
the existence of a critical angle might be related to the coupling (via spin-orbit
interaction) to magnetism that is allowed by the tilt of the Cu-0 octahedra.

The picture is further complicated by the contention of Billinge, Kwei and
Takagi17 based on the measured nuclear pair distribution function that the CuO6 octahedra
always tilt about the [110] axis locally, and that the occurrence of other phases in
diffraction data indicate only the changing coherent average of such tilts. This
interpretation is consistent, at least qualitatively, with the 8WP model which gives the
minimum for [110] tilts (although only coherent X point tilts were studied).

We have mentioned only a small selection of the experimental data on this system.
It is not possible to begin to address here the range of theoretical models that have been
suggested. It is probably fair to say that there is no real understanding at present of the
relationships between the change in electronic properties and depression of Tc that occur
near x=0.125 and the structural and magnetic transitions. It seems that the
anharmonicity is indeed very strong, but that it is probably limited primarily to two tilt
modes (around x and y axes) in a limited region around the X point. This provides some
limitation to the complexity and may make it a manageable problem to treat in some
detail based on first principles calculations.

Regarding a critical angle of rotation, the angle inferred from diffraction data is
an average coherent value that will be smaller than the local value. A contributing
feature that has not been pursued seriously is the observation that one knows2, solely
based on symmetry but confirmed numerically, that the band-splitting/(pseudo)gap-
opening is quadratic rather than linear in the angle 4>. This feature introduces
nonlinearity into the coupling of the lattice to the electronic system that leads to gap
opening in the density of states at a critical angle. Simply put, there are many issues in
this system that are unresolved at present.
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III. Chain Instability in YBa2Cu3O7: Experimental Evidence

*
The experimental information on the chain oxygen position has been determined

from structural refinements of (x-ray or neutron) diffraction spectra. These refinements
are carried out by the method of Rietveld18, but the methods as actually implemented
vary to some extent. The basic variables are described in International Tables1920. The
space group and the positions of atoms are rather unambiguous as long as the sample is
well behaved (that is, well ordered and reasonably harmonic) because they depend on
peak positions. The deviations of atoms from their average position, on the other hand,
are reflected only in the peak shapes and can be much less certain.

A basic fitting parameter is the Debye-Waller factor B;i, describing the falloff in
peak intensities due to displacements in the i direction. In an ideal experiment and for
a harmonic crystal, standard Debye theory leads to the identification Bii=8iruii

2 in terms
of the mean square atomic displacement u;i

2 in the i direction. In the simplest case B,
or u, has a characteristic temperature dependence.

Since the early structural refinements there has been keen interest in the
displacements of the chain oxygen 0(1) away from their ideal lattice sites. By
convention, the chains are taken to be along the b axis (y direction), and the instabilities
involve perpendicular displacements in the a-b plane (i.e. the x direction). Already in
1987 Capponi et al.21 reported large and anisotropic "thermal ellipsoids" of the chain
oxygen sites arising in their structural refinements of neutron scattering data. The same
general characteristics were reported by Beno et al.22 and Beech et al.23

Fairly early on Frangois et al.24 applied high resolution neutron powder diffraction
to obtain the structure of a twinned sample of YBa2Cu3O7_6 with 5=0.09. Isotropic
temperature factors B,,= B22=B33 (describing the "thermal ellipsoids") were found to be
adequate for all atoms except the chain oxygen. When the refinement was carried out
using anisotropic temperature factors 0(1) displacements in the (010) direction
[perpendicular to the chain direction (010)] were found to be unusually large, even at low
temperature. The temperature dependence of these factors is shown in Fig. 2. While
it is recognized that in structural refinements the thermal factors are the most uncertain
parameters in the fit, unusually large or anisotropic thermal ellipsoids usually indicate
clear deviations from the standard crystalline model of a perfect lattice with harmonic
interatomic interactions.

Because the thermal factors can be somewhat ambiguous, Francois et al. also
performed a split atom refinement in which the O(l) atom was supposed to be displaced
randomly by ±x in the (100) direction from the ideal chain site. When this was done,
they found that the resulting isotropic thermal factor is similar to that of other atoms.
The refined value of x = < x ( T ) > , shown in Fig. 3, implies that the 0(1) atom is
displaced on average by 0.085 A at low temperature, increasing to x=0.14 A at room
temperature.
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Figure 2. Thermal factors Bii = 8Tr2ua
2 for presented by Francois et al.24 The a axis

displacements are much larger and more temperature dependent than those in the other two directions.

Detwinning of YBa2Cu3O7^ samples has extended the studies of their structure.
Wong-Ng et al.25 reported refinement of xray diffraction data on a detwinned sample with
5=0.3 (i.e. three out of ten of the chain oxygen sites were empty). They obtained the
same sort of anisotropic thermal parameters as mentioned above, and when carrying out
the split-atom refinement they obtained a displacement of x « 0.15 A at 115K and 292
K, consistent with the results of Frangois et al. given the sample differences.

More recently Sullivan et al.26 reported electron-density Fourier maps for an
untwinned YBa2Cu307^ sample with 6=0.12. The main anomaly they observed was
again for the chain oxygen 0(1), which they suggested (from the shape of the electron-
density difference) to be more indicative of dynamic disorder than of split-site static
disorder. Their structural refinements could be carried out either with anisotropic
thermal parameters or with split-site disorder, with inferences consistent with those
quoted above.
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Figure 3. Results of Francois et al.M for the displacement of the chain oxygen atom in a split atom model,
from low temperature to room temperature. Their interpretation was that the chain oxygen atoms were
displaced from the ideal chain sites, perhaps in a zigzag fashion.

These structural studies indicate a displacement of the O(l) atom in the (100)
direction by x « 0.10-0.15 A, arising possibly from either dynamic fluctuations or from
quasistatic displacement. This latter possibility could arise from either a random left-
right displacement pattern or a correlated chain buckling. In most samples that have
been studied - 1 0 % or more of the oxygen sites are empty, which will serve both to
relieve strain that might favor the buckling distortion, and will also result in uncorrelated
chain fragments even if the individual chains are buckled. It is therefore difficult to
decide experimentally between the correlated-buckling and random-displacement models.

Schweiss et al.27 have reported diffraction studies of YBa2Cu307^ single crystals
with 5=0.02 and 0.04 (Tc=90-91 K). They also found a large un that could be
reproduced with a split atom model with the 0(1) atom 0.074 A off the ideal chain site.
They preferred a static interpretation, and noted that the absence of any enlarged value
of uu for the Cu(l) atom suggested a symmetric, zigzag arrangement along the chain.

Recently Pyka et al.28 have provided dynamical information that relate indirectly
to the question addressed above. Using inelastic neutron scattering from a good sample
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[5 » 0.05, Tc=92 K, 95% single domain], they have detected a vibrational mode that has
the attributes expected of transverse <100> 0(1) vibrations, such as displaying the
appropriate polarization and being missing in YBa2Cu3O6 which has no O(l) atoms. At
F its frequency is 5.1 THz = 21 meV = 170 cm"1, and there is very little dispersion
along (0,q,0). [The corresponding <001 > polarized vibration is harder, coQ = 8 THz
= 33 meV = 265 cm1.]

The linewidth-to-frequency ratio 27Q/CJQ = 0.07 of this mode was rather large,
consistent with either moderate anharmonicity or with strong coupling to electrons of this
phonon, and it did not narrow appreciably upon cooling. They concluded from the well
defined and weakly temperature dependent spectral peak that there was no evidence for
a near-instability involving the chain oxygen. However, because their high resolution
diffraction measurements on their samples led to either highly anisotropic thermal
parameters, or r.m.s. displacements of —0.07 A, they concluded there is clear
diffraction evidence for some anharmonic behavior.

A different form of evidence was presented by Egami et al.29, who studied the
nuclear pair distribution function of YBa2Cu307 and YBa2Cu4Og by pulsed neutron
diffraction. The PDFs of both materials showed similar differences from that expected
from ideal crystals. Analysis of the YBa2Cu4Og data led to the conclusion that the O(l)
atoms are displaced by ~ 0.1 A from the ideal chain sites, consistent with the diffraction
data discussed above. The YBa2Cu3O7 data was not analyzed in detail.

We reported4 the energy surface for the chain buckling mode with the energy of
the crystal given in the local density approximation. A very shallow well was obtained,
which in fact had extremely shallow double minima for displacements —0.25 A from the
chain site. While a very heavy "particle" in such a well would sit at the bottom of one
of the wells, the shallowness of the calculated wells [ — 5 meV = 60 K per O(l) atom]
together with the small oxygen mass led to a predicted ground state probability
distribution of the oxygen atom that was not of the two well form, but more
characteristic of a flat well. Since we are currently refining these calculations to
determine the energy surface more accurately, we can only state that the calculations will
predict a large oxygen atom excursion qualitatively like the data discussed above.

IV. Coupling to the Electronic System

A number of models have suggested that anharmonic vibrations can lead to
extraordinarily large coupling to the charge carriers. When a distortion is strongly
anharmonic it is not possible to use directly the formalism3031 for "frozen phonons" to
calculate mode coupling constants. However, it is straightforward to evaluate the
deformation potentials (band shift per unit mode amplitude), which are directly related
to the matrix elements.

We show in Fig. 4 the bands near the Fermi level for buckling mode distortions
in which the 0(1) atoms are moved by 0%, 3%, and 6% of the planar lattice constant
(i.e. up to 0.24 A displacement). The Y point distortion folds back half of the Brillouin
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zone, so the original zone corner point S is folded to X = (u7a,0,0). It is the states
nearest the Fermi level that are of most interest, and for the states marked by symbols
in the top panel of Fig. 4 we have listed their positions with respect to the Fermi level
EF and their linear deformation potentials in Table 1. For displacements out to 0.24 A
there are no serious nonlinearities in the band shifts of these bands.

Table 1. Deformation potentials for the chain buckling displacement Q of selected band critical points,
which are noted in Fig. 4 (top panel) by symbols. Xs and Ys denote the band maxima along the F-X and
T-Y directions respectively. The band energy for zero displacement is also given.

k Ek-Ep (eV) 6(Ek-EF)/5Q (eV/A)

-0.22
-0.10
-0.12
-0.13
-0.17

r
xs
X
Y
Y

-0.122
-0.056
0.032

-0.044
-0.022

The deformation potentials are modest, in the range -0.10 to -0.23 eV/A, and for
all of these states the sign is negative. Recalling that the band just above EF at X [which
here denotes (ir/2a,0,0) because of the cell doubling] is related to the "stick" Fermi
surface, it follows that this piece of Fermi surface decreases in size as the chain buckling
increases, and its holes are transferred to other sheets of Fermi surface. This "stick"
almost vanishes for the 6% amplitude, but by 12% amplitude (not shown, and
corresponding to unphysically large —0.5 A displacements) nonlinear terms have made
this surface reappear.

V. Summary

The structural behavior, and anharmonic electron-phonon coupling, of both La2-
x(Sr,Ba)xCuO4 and YBa2Cu3O7 continues to be of great interest and some ambiguity.
Several questions, and possible discrepancies, remain in the interpretation of the
dynamical behavior, but it will require a more extensive theory of strong anharmonicity
to address the questions of dynamics. The deformation potentials for the chain buckling
mode are not large. Effects of the unusually large displacements of the 0(1) atoms in
an anharmonic potential therefore seem to be required to account for the substantial
linewidth of this mode measured by Pyka et al.28
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Figure 4. Plots of the bands near the Fermi level of YBa2Cu307 for varying amplitudes
of the chain buckling mode: top, undisplaced; middle, 3% of the lattice constant « 0.12
A; bottom, 6% of the lattice constant. The symbols in the top panel denote the states
listed in Table 1.
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