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We present a lattice-dynamical calculation of the phonon dispersion curves and the one-phonon
density of states of the high-7. superconductor YBazCu3O7- in the framework of a shell model,
which is based on a short-range overlap and long-range Coulomb potentials. The parameters of
these potentials are obtained from best fits to the measured phonon dispersion curves of BaTiO;
and appropriate metal oxides. The model for YBa;Cu3O7-x so obtained leads to rather satisfac-
tory agreement with the available ir and Raman data without any major adjustments of the po-
tential parameters. These results thus provide a solid basis for the discussion of the role of pho-
nons for the high transition temperature and a guide for further experimental studies of the vibra-

tional properties of this and related compounds.

The discovery of the high superconducting transition of
the La-Ba-Cu-O system by Bednorz and Miiller! has
caused unprecedented worldwide activities in the search
and characterization of high-T, materials. One of the
promising new materials with a 7T, of about 90 K is
YBa;Cu307 -, which has first been investigated by Chu et
al.? and has since then been studied by many experimen-
tal groups using a variety of techniques. So far neither the
experimental investigations nor the many theoretical at-
tempts have clearly revealed the microscopic pairing
mechanism which leads to the high transition tempera-
tures. Even if the electron-phonon coupling alone would
be insufficient to explain the high transition temperatures
and other mechanisms would also come into play, it could
well be that the phonon contribution still makes up a
significant part of T, in these compounds. To contribute
to this discussion we focus in this paper on the calculation
of the lattice vibrations and their spectra. So far the ex-
perimental studies of the lattice vibrations of YBas-
Cu3O7-, have been restricted to infrared (ir) and
Raman-scattering studies, i.e., to phonons of small wave
vectors, since single crystals of sufficient size are not yet
available to perform inelastic neutron-scattering measure-
ments which would reveal the full dispersion curves. The
precise knowledge of the zone-boundary phonons is, how-
ever, indispensable for the investigation of the electron-
phonon coupling contribution to T, since these phonons
give rise to important features in the phonon density of
states g(w), which enters the Eliashberg equations. In
this paper, we present a full calculation of the lattice vi-
brations of YBa,Cu3;07—, in the framework of a shell
model, based on interatomic short- and long-range poten-
tials. The results are presented in the form of phonon
dispersion curves and the phonon density of states.

Calculations. The large number of particles per unit
cell in combination with the deviation from the full cubic
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symmetry leads in YBa;Cu307- to a large number of yet
unknown force constants, which would have to be deter-
mined from experimental data before we could calculate
the phonon dispersion curves if we would proceed in the
way most model calculations are performed in the litera-
ture. Since experimental information about the phonon
dispersion curves is very limited and essentially restricted
to the long-wavelength data obtained from ir and
Raman-scattering measurements, we have to adopt a
different procedure here. This procedure has the addition-
al advantage that it gives a better insight into the underly-
ing physics. Instead of starting from the force constants,
we base our calculations on interaction potentials which
we decompose into a short-range overlap part, for which
we assume a Born-Mayer-type potential, and a long-range
part with a Coulomb potential. In addition, we treat the
displacement-induced deformations of the electronic
charge density in the framework of a shell model. The
first step is the determination of the pair potentials. For
ions with electronic closed-shell configurations such as
perovskites and alkali halides, these pair potentials are to
a large extent independent of the spatial arrangement of
the ions in the crystal. In fact, the pair potentials of
fluoridic perovskites are very similar to those of alkali
halides® and in these compounds bulk potentials can be
carried over to the surface and continue to provide realis-
tic force constants even though the local symmetry has
changed quite drastically and the distances of the in-
teracting ions have changed due to surface relaxation.*>
Because of this, and the fact that the YBa;Cu3O7-,
structure has certain similarities with the perovskite struc-
ture, we will obtain the short-range pair potentials for
YBa,;Cu3;07-, from known potentials of perovskites and
metal oxides with rock-salt structure which contain the
same ion pairs as YBa,Cu3O7—, or at least ion pairs for
which we have good reasons to expect that the interaction
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potentials are nearly the same as those of the related ion
pairs in YBa;Cu3O7—,. We point out that these structur-
al similarities with the perovskites are even more pro-
nounced for the original high-T, compound La;—,-
Ba,CuQO4. As in certain perovskites, the interplay of
structure and interactions® in La;—,Ba,CuQy can lead to
phonon instabilities due to a critical cancellation of short-
range overlap and long-range Coulomb forces (manifested
in the tetragonal-to-orthorhombic transition of La;—,-
Ba,CuO,). Therefore, the inclusion and careful treat-
ment of both types of forces is absolutely essential.

As mentioned, the short-range interactions between
neighboring ions are represented by Born-Mayer poten-
tials:
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charges, we initially choose the nominal values +3, +2,
+2, for Y, Ba, and Cu, respectively. The charge of the
oxygen ions is then determined by the required charge
neutrality of the unit cell.

The procedure just described gave a set of starting
values of the model parameters for the lattice-dynamical
calculations. These parameters were then given small fur-
ther adjustments to give stable dynamics, i.e., real phonon
frequencies over the entire Brillouin zone (BZ). The pa-
rameters for the model YBa;Cu307— are listed in Table
I, where we list for comparison, in addition to the Born-
Mayer constants a;; and b;;, some radial and tangential
force constants A;; and Bij, which follow from the Born-
Mayer potentials (1) as follows:

Vij(r) =a;jexp(—b;r) , 1) e?
, . . . . g Aij | 5— 2 U(r) re=rg>
where i, label the ions and r is their distance. We take 2v, d /
into account short-range interactions between Cu and O, v))
Ba and O, Y and O, and between neighboring oxygen e? 1 d
atoms. Although the Cu-O distance is different for dif- B 20, _;TV‘J (r) rerj>

ferent Cu-O pairs in the YBa;Cu307 -, structure, and in
consequence leads to different sets of force constants for
different Cu-O pairs, these force constants arise in our
model from two closely related Born-Mayer potentials
which, in fact, are characterized by just three parameters
(cf. Table I). The physical reason for the slight difference
between the Cu(1)-O and Cu(2)-O potentials is that the
Cu-O pairs are in different crystal environments, resulting
in different hybridization of their electronic states. The
advantage of using short-range potentials (rather than
force constants) is that, in spite of having 13 particles in
the unit cell, the number of short-range parameters is only
9.

We determine the parameters a;; and b;; of our pair po-
tentials as well as the parameters Y; and k; which deter-
mine the electronic polarizabilities from fits to the mea-
sured phonon dispersion curves of related compounds.
From BaTiO; (Refs. 7 and 8) we obtain the O-O and Ba-
O potentials and the parameters ¥; and k; of Ba and O.
The Cu-O potential and the Y; and k; of Cu we take from
NiO,’ since we believe that the short-range overlap poten-
tials of Cu-O and Ni-O are very similar. Finally, we take
the corresponding Y-O parameters from SrO, o since Y
and Sr have roughly the same ionic radii. For the ionic

TABLE 1. Parameters of the model:

where e is the electronic charge, v, the volume of the unit
cell, and r,, the equilibrium distance of ions i and j. We
have ordered these selected A4,B pairs according to de-
creasing values to bring out the hierarchy of the various
ion pairs; it is strongest for Cu(2)-O and weakest for O-O.

The high-T, compound YBa,;Cu307-, does not under-
go a structural phase transition between 10 K and 298 K.
Therefore, we choose for our calculations the crystal
structure of the annealed room-temperature sample as
determined by Beech, Miraglia, Santoro, and Roth!!
(structure no. 3). The absence of a transition implies that
we do not expect YBa;Cu307-, to exhibit a pronounced
soft-mode behavior at the zone boundary, as was found
for the La;— ,M,CuO4 compounds. ®

When we compare the calculated phonon frequencies at
the zone center with the ir and Raman data!>!’ we find a
reasonable agreement for all modes except the 4, mode
seen in Raman scattering at 435 cm ~!, which in our first
calculations was found above 620 cm ~!. In this mode, a
uniformly charged O(II)-O(III) plane moves rigidly with
respect to a Cu plane and the Coulomb interactions be-
tween these two planes obviously causes the high frequen-
cy. We were able to lower this mode to 373 cm ™!

a,b: Born-Mayer constants; Z,Y,k: ionic charge, shell charge, and on-site core-shell force

constant of the ion (vs: volume of the unit cell); 4,8: radial and tangential force constants between the ions for selected ion pairs, in
order of decreasing strengths to bring out the hierarchy of interaction strengths. For the labeling of Cu and O ions, we refer to Ref.
11.

Interaction a (eV) b (A7) Ion Z (Je]) Y (el) k (e¥v) Interaction A [e%/(2v,)]1 B [e%/(2v,)]
Y-O 3010 2.90 Y 2.85 —1.42 872 Cu(2)-0d1n 576 —90.8
Ba-O 3225 2.90 Ba 1.90 2.32 165 Y-0UI) 563 —80.5

Cu(1)-0 1260 3.45 Cu(l) 2.00 3.22 1000 Ba-O(II) 114 —13.2

Cu(2)-0 1260 3.29 Cu(2) 2.00 3.22 1000 odIn-odan 62 -=7.5
0-0 1000 3.00 o(r), oan —1.81 -2.70 252

o), oav) —1.81 -2.70 252 (ky)®
1675 (k.)®

2For O(I) and O(IV) we assume anisotropic polarizability with force constants ky (parallel to the Cu-O directions) and k. (perpen-
dicular to the Cu-O directions).
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TABLE II. Calculated Raman and ir-active modes. For a more detailed description of these modes,
including polarization-vector patterns, we refer to Ref. 13.

Raman active modes (cm ~!)

Infrared active modes (cm ~!)

Ag BZg BJ; By B, B3,

TO LO TO LO TO LO
116 73 92 95 122 103 104 81 81
157 142 137 155 184 127 140 121 121
355 356 412 199 209 191 193 168 171
378 429 496 312 312 350 358 198 204
508 564 544 363 417 368 449 356 367

509 529 545 546 369 416

573 577 573 573 565 565

through an enhancement of the dynamical screening in
the direction normal to these planes, by assuming for
YBa,CuiO;7-, a large oxygen polarizability not only
along Cu-O directions (the same as that along the Ti-O
direction in BaTiO;) but also in the direction normal to
the O(I1)-O(III) planes. With this modification the mod-
el gave, without any further adjustment, quite close agree-
ment with the experimental ir and Raman data for
YBa;Cu307-,, and allowed the classification of the ob-
served modes according to the symmetries of the calculat-
ed eigenvectors.'>!3 The calculated ir and Raman fre-
quencies and their classification are given in Table II; for
a comparison with the experimental data, we refer to Ref.
13. So far, we have made no attempt to fine tune the
model parameters any further in order to fit the experi-
mental data as close as possible, since we wanted to see
how well a model, based on these rather stringent assump-
tions would perform. Moreover, a procedure of fitting to
the experimental data would certainly require that al-
lowances be made for the changes in the potentials due to
the different environments of otherwise equal partners,
and for deviations from two-body central potentials.
Thus, a fine-tuning only makes sense when additional data
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FIG. 1. Calculated phonon dispersion curves in the main
symmetry directions [£,0,0], [£,£,0], and [0,0,&] of the Brillouin
zone.

about the measured dispersion curves will be available.
At present, we are predicting these curves from our first
approximation.

Results. Figure 1 shows the calculated dispersion
curves in the three main symmetry directions. It can be
seen that our dispersion curves are stable in all three
directions. This is far from trivial since the YBa,-
Cu307 -, structure tends to give rise to phonon instabili-
ties, with the result that there are only very narrow win-
dows in the parameter space of these potentials, which
lead to stable dispersion curves throughout the Brillouin
zone. The curves shown here are stable throughout the
entire Brillouin zone, not only in the directions shown in
Fig. 1. In order to achieve this stability, a slight tuning of
the potential parameters was required. Especially the
low-frequency branches are very sensitive to small
changes of the parameters of the potentials and since ex-
perimental data in the low-frequency range below 120
cm ~! are not available, our predictions of these branches
may be less reliable than those for the other branches.
Even for the latter we have to admit some uncertainty, in
particular, as far as the dispersion of the highest branches
in the (0,1,0) direction is concerned, because they depend
sensitively on the particular choice of the electronic polar-
izability of the oxygen. Using this model, we have further
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T T
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FIG. 2. Calculated one-phonon density of states g(w).
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calculated the one-phonon density of states given in Fig. 2.
This density compared quite well with the data obtained
from inelastic neutron-scattering measurements on
powder samples.'* Comparison with these experimental
data indicates that the first peak might have to be shifted
by about 10% to higher energies. Similar unpublished
data by Renker, Gompf, Gerling, and Ewert !’ lead to the
same conclusions. In addition, the data of the latter group
deviate from our calculations in the relative intensities.
These relative intensities are, however, not expected to be
equal since the experimental data yield the amplitude
weighted one-phonon densities while we present in Fig. 2
the proper one-phonon density of states.

Our calculations yield not only the phonon frequencies
at the center of the Brillouin zone but also the phonon
dispersion curves and the one-phonon density of states; it
can, therefore, serve as a guide for further experimental
investigations and as a tool for the investigation of the role
phonons may play for the high transition temperatures of
YBa;Cu3O7-,. Our approach of carrying over two-
particle potentials from metal oxides with sodium chloride
and perovskite structures to YBa;Cu307 -, leading to re-
sults in reasonable agreement with the available experi-
mental data, helps to answer the question of whether there
is something special about the phonons, and in conse-
quence, about the interactions in YBa;Cu3;O7-, as com-
pared to perovskites. On the basis of the present results,
our conclusion is that there seem to be no drastic
differences in the interactions. The YBa;Cu3;O7-, com-
pound has high-lying modes which are essentially local-
ized oxygen vibrations and it tends to exhibit instabilities,
similar to those observed in perovskites. Finally, the high
values for the electronic polarizabilities in our model point
to a very strong electron-phonon interaction in these com-
pounds. It could well be that the combination of these
three properties, namely, (1) a tendency to instabilities
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similar to those observed in perovskites, (2) high-fre-
quency modes which are essentially oxygen vibrations,
and (3) extremely large polarizabilities, lead to a strong
phonon contribution to the high values of the supercon-
ducting transition temperature of these compounds.
Comparing our calculations with those presented in
Ref. 16 we consider ours to be a more physical approach,
giving rise to a deeper and more realistic description than
a treatment with valence force field parameters which is,
for the present class of materials, less appropriate than for
covalent crystals. Moreover, an approach such as that of
Ref. 16 has the additional disadvantage that the number
of fit parameters nearly outnumbers the available experi-
mental data. Our approach also goes beyond the calcula-
tions of Stavola et al.'” in which a simple force-constant
model is fitted to the optical data measured at the zone
center, instead of dealing with interaction potentials in the
framework of a shell model. Both calculations have, how-
ever, in common that the force constants of Ref. 17 can be
thought to arise from two-body central potentials and in
consequence correspond to the effective short-range part
of our model. Finally, it should be pointed out that our
calculation yields a density-of-states function which shows
a close resemblance with the results obtained by Weber
and Mattheiss'® on the basis of a short-range force-
constant model in which the renormalization due to the
conduction electrons is properly taken into account in the
framework of the nonorthogonal tight-binding theory. !°
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