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The phonon spectrum in YBa;Cu3O7 is calculated in the orthorhombic structure using an un-

screened rigid-ion model as a first approximation.

The calculated values of the ‘“neutron-

weighted” phonon density of states, the optical frequencies, the Debye temperature, and the
mean-squared vibrational amplitudes are in fair agreement with the values reported from various

experiments.

I. INTRODUCTION

The phonon properties of the solid YBa;Cu307 and re-
lated compounds are of importance in establishing wheth-
er or not the phonon mechanism is dominant in the super-
conducting behavior of these compounds at a high T, of
about 90 K. Weber! has recently calculated the phonon
spectrum and the electron-phonon interaction in the com-
pounds La;—,(Ba,Sr),CuO4 and shown that the 7. of
about 35 K in these systems is caused by a large electron-
phonon coupling. Doubts have been expressed in the
literature about whether the phonon mechanism itself
could result in the higher T of about 90 K in YBa;Cu309,
etc., and other mechanisms of superconductivity have
been proposed.> Precise numerical calculations in the
various mechanisms are therefore necessary. In this paper
we present a calculation of the detailed phonon spectrum
and related properties in YBa;Cu30.

The calculation by Weber! on La;—,(Ba,Sr),CuO4
was carried out in the framework of the nonorthogonal
tight-binding theory of lattice dynamics in which the pho-
non dynamical matrix is divided into two contributions,
one representing the “bare” phonon frequencies, and oth-
er renormalization due to the conduction electrons. The
latter essentially gave rise to large Kohn anomalies near
the Brillouin-zone boundary involving certain oxygen-
bond-stretching vibrations of the breathing type. The
bare phonon part, which provided the unrenormalized
phonon spectrum, was obtained from a Born-von Karman
force-constant model which was derived from a similar
model for Ba(Pb-Bi)O; with changes in certain force con-
stants. It was recognized that the magnitude of the Cu—
0O(2) force constant was of great importance.

Most of the compounds of the type YBa;Cu3O, (x =6
to 7), except for the high-T, superconductor (x about 7),
are believed to be either ionic insulators or semiconduc-
tors. From the similarity of the observed crystal struc-
tures of all these compounds, it may be suggested that the
interatomic interactions in them may be quite similar, ex-
cept that in the metallic (x about 7) compound the long-
range ionic interaction should be screened. Although
there are also the metallic and weak covalent contribu-
tions to the crystal binding, the dominant contribution to
the binding energy arises from the Coulomb interaction
between the negative and positive ions, even when it is
screened in the long range.
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Recently Sugai* has reported significant LO-TO
phonon-frequencies splitting for certain phonons as deter-
mined from their observed far-infrared reflection spec-
trum of YBa;Cu3;O7, and has suggested that the long-
range interaction in this solid may be screened only partly
and anisotropically.

It may also be noted that in this solid the carrier density
and the conductivity (above T.) are much smaller than
that in the well-known metals like copper. In view of this,
in the lattice-dynamical model for this solid, as a first ap-
proximation, we have considered an unscreened potential.
The model calculation thus provides only the “bare” pho-
non frequencies. The immediate motivation was to calcu-
late several of the properties which have been observed ex-
perimentally,® and which are perhaps not much
influenced by the screening, namely, the total phonon den-
sity of states, mean-square atomic vibrational amplitudes,
Debye temperature, etc. Experimental values of these
above properties have agreed well with the results of the
calculations. Even the optical-phonon frequencies, as
determined by Raman scattering and the infrared
reflection spectrum, are in encouraging agreement with
our approximate calculation.

The calculation has also produced phonon eigenvectors
which may be used as a guide in the assignment of the op-
tical frequencies, and also in planning comprehensive in-
elastic neutron scattering experiments. Once sufficient ex-
perimental data on the dynamics become available, the
model may be improved by fitting to those data, and also
the q-dependent anisotropic screening may be incorporat-
ed in the model. It is believed that except for the disper-
sion of the “sensitive”” phonon branches, many of the qual-
itative features in the phonon density of states will not be
altered significantly.

For the requirements of consistency, the present lattice
dynamical model has used the condition of overall charge
neutrality of the unscreened effective ionic charges, and
the stability of the structure. The calculated force con-
stants and the phonon frequencies in the model should be
considered as correct to a first approximation in view of
the fair agreement of the calculated results with many of
the experiments as shown in the paper. Such first-
approximation calculations are necessary for complex
structures like YBa;Cu307 for a quick contact with exper-
iments, whereas more accurate calculations will take
much more effort.
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TABLE I. Interatomic potential parameters in the rigid-ion model of YBa;Cu3Os. The labeling of

atoms is as per Ref. 9(a).

Y Ba Cu(1) Cu(2) o(1) 0oQ2) 0o@3) 04)
VA 2.1 1.5 1.2 1.4 -1.05 -14 -1.4 —-1.4
R (nm) 0.183 0.233 0.116 0.120 0.155 0.174 0.174 0.177
It may also be pointed out that the present work is IL. THEORETICAL MODEL

perhaps the only reported lattice-dynamical calculation on
YBa;Cu30; other than the short-range force-constant
model of Stavola et al.® While the latter model has uti-
lized the experimental optical frequencies for getting the
values of the force constants, the present model parame-
ters have been instead obtained from the stability condi-
tions of the structure and have produced a phonon density
of states in a better agreement with the experimental data.
Stavola et al. have, however, not given further details of
their results which could be compared with the present
work. The present work on YBa;Cu3;O7 has been briefly
reported in some of the national symposia. !

It may also be noted for completeness that Prade et al.$
have reported lattice-dynamical calculations for
La; - xM,CuQOy using an unscreened shell model. The cal-
culated phonon frequencies were in a reasonable agree-
ment with those available from the Raman and infrared
experiments. The calculated LO-TO splittings would be
quenched, at least partly or anisotropically, when the
screening is considered.

Our purpose of this paper is to provide an improved
model for the bare phonon frequencies in YBa;Cu307, in
particular, by using an interatomic potential function
rather than the numerous force constants as parameters
and also by using a potential which is consistent with the
requirements of the static and dynamic stability of the
crystal structure.

In view of the considerations given earlier in the paper,
we have adopted an unscreened rigid-ion model in which
the ions are considered as rigid (unpolarizable) during vi-
brations. The shell model, which allows polarization of
ions, is not used here as it involves several additional pa-
rameters which cannot be meaningfully obtained with the
limited experimental data available so far. The present
model has been used successfully earlier for the perovskite
KNbO; and many other systems,'! which, however, do
not involve screening. Pair-wise atom-atom interactions
consisting of the Coulombic potential and the Born-
Mayer-type short-range repulsive potential are used. The

TABLE II. The experimental and calculated structure and thermal parameters of YBa,Cu3O7. The

labeling of atoms is as per Ref. 9(a).

Calculated X-ray® X-ray® Neutron® Neutron?
a(nm) 0.384 0.3856 0.3827 0.3819 0.3810
b(nm) 0.393 0.3870 0.3877 0.3883 0.3883
c(nm) 1.107 1.1666 1.1708 1.1664 1.1674
Fractional Z coordinates
Ba 0.191 0.1862 0.1873 0.1844 0.1841
Cu(2) 0.354 0.3572 0.3558 0.3554 0.3550
o) 0.168 0.153 0.155 0.1579 0.1584
0(2) 0.380 0.380 0.3807 0.3788 0.3778
0(@3) 0.380 0.379 0.3807 0.3771 0.3780
Isotropic temperature factors at 300 K
B=(8x/3)u(x))+{u?()+ ()] (A?)
Y 0.5 0.5 0.7 0.9 0.5
Ba 0.6 0.8 0.5 0.8 0.6
Cu(1) 0.8 1.1 0.9 0.9 0.4
Cu(2) 0.8 0.7 0.5 0.6 0.4
o(1) 1.6 1.3 1.6 0.8 0.8
0(2) 0.8 0.4 0.2 0.3 0.7
0o@) 0.8 1.2 0.2 0.6 0.4
0@4) 1.8 2.0 4.2 29 1.8
Anisotropic B
04) xx 2.9 4.8 1.8
YY 1.5 1.4 (=1.8)
Y44 1.0 2.5 0.8

2Reference 9(a).
bReference 9(b).

°Reference 9(c).
dReference 9(d).
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effect of polarization of ions is partly included by assum-
ing adjustable effective charges on ions. The crystal po-
tential energy is taken as consisting of two-body potentials
between different atoms k and k' separated by a distance
r, as given by

V(r) =(e/aneo)Z(k)Z(k")/r
+aexp{—br/[R(k)+R&)} ,

with e?/4neg=14.4 eV/A, a=1822 eV, and b=12.364.
Here Z(k), Z(k') are the “effective” charges situated at
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FIG. 1. (a) The calculated spectrum of the “bare” phonon
frequencies. (b) The calculated “neutron-weighted” density of
states. The experimental spectrum corresponding to (b) as ob-
tained from inelastic neutron scattering is given in (c) from
Rhyne et al. (Ref. 7) (at 120 K), and (d) from Mihdly et al.
(Ref. 7) (at 300 K).
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the ionic positions. In the unscreened rigid-ion model, the
charge neutrality of the unit cell is maintained. The
R(k), R(k') are referred to as “effective radii” and are
treated as adjustable parameters along with the effective
charges. The parameters R(k) turn out to be nearly pro-
portional to the crystal radii of atoms. The coefficient a is
assumed to be a constant as in our earlier studies.!! The
constant b which could be contained in R(k) itself, is
chosen only for convenience.

The calculation on YBa;Cu3;O; has been made in the
orthorhombic structure of the space group Pmmm as
determined by x-ray diffraction® with the oxygen atom at
(0,0.5,0) having full occupancy. Through systematic vari-
ation of the parameters we have obtained a set of values
which provide the static and dynamic stability of the
structure. In particular, it is ensured that the total poten-
tial is at a minimum with respect to the lattice constants
and the atomic positional coordinates, and the eigenvalues
[w?(qj)] are positive for all the wave vectors (q) in the
Brillouin zone and all the branches (j) of the dispersion
relation. In the potential minimization procedure, the
space-group symmetry is not altered but the lattice con-
stants and the positional coordinates are slightly changed
to conform to the exact minimum.

The potential parameters as obtained by the above pro-
cedure are given in Table I. The charge parameters are
only a fraction of the full ionic charges, which is similar to
the case of KNbO; (Ref. 11). Slightly different parame-
ters are required from the stability conditions for the
atoms which are not related by symmetry. These parame-
ters have not been fitted to any experimental phonon re-
sults since sufficient data are not available, except that it
is ensured that the maximum of the phonon frequencies is
approximately of the right magnitude. The above poten-
tial parameters produce a minimum for the structure as
given in Table II, which is in good agreement with the ob-
served structure® except that the model gives a somewhat
larger Cu(1) —O(1) bond length.

III. RESULTS AND DISCUSSION

Figure 1(a) gives the calculated spectrum of the phonon
frequencies. For comparison with the inelastic neutron
scattering data, we give in Fig. 1(b), the “neutron-
weighted” density of states in which the contributions
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FIG. 2. The calculated Debye temperature 8p(T) as a func-
tion of temperature 7.
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from the different atomic species have been multiplied by
their neutron-scattering-weightage factor. This factor
(47b*/m, b =scattering length, m =mass), for the atomic
species Y, Ba, Cu, and O is, respectively, 0.0849, 0.0252,
0.1178, and 0.2647 barns/amu; the largest being for the
oxygens. In both the Figs. 1(a) and 1(b), we have includ-
ed smoothening of the spectra with Gaussians of the full
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width at half maximum of 2 meV. Figures 1(c) and 1(d),
res;xctively, give the reported neutron spectra of Rhyne et
al.” and Mihaly et al.” The agreement between the calcu-
lated and the experimental spectra is excellent in spite of
the fact that the calculated spectrum refers to “bare” pho-
non frequencies only. (One of the reasons may be that the
screening affects only a few phonons.) The low-energy re-

TABLE III. Experimental and calculated optical-phonon frequencies in YBa;Cu307 at the Brillouin-zone center.

Raman-active phonon frequencies (cm ~')*®

Experimental results

Ref. 5(a) Ref. 5G) Ref. 5() Ref. 5(h) Ref. 5(f) Ref. 5(g) Ref. 5(b) Ref. 5(c) Ref. 5(d) Ref. 5(e)
142 (4,) 225 430 435 432 155 337 340 140 (4,) 339
338 339 497 495 505 175 440 436 230 (4,) 432
483 (4,) 427 583 295 502 504 335 (4,) 499
595 (4,) 500 632 335 640 435 (4,) 588
580 440 500 (A4,) 641
637 509
581
638
Calculated results
Ag B3, B
114 61 48
142 120 126
317 211 234
348 326 268
633 492 498
Infrared-active phonon frequencies (cm ~!)
Experimental results
Ref. 4(c) Refs. 4(a) and 4(e) Ref. 4(d) Ref. 4(f) Ref. 4(b)
LO TO TO LO
128 149 151 151 153 103 145
182 195 191 268 193 158 233
232 284 279 303 270 201
302 316 310 310 275
388 474 548 480 311
489 510 609 575
527 574
596 618
641
691
Calculated results
Blu BZu BJu
LO TO LO TO LO TO
86 66 84 84 28 16
97 92 137 135 96 94
140 137 179 170 159 159
208 145 257 223 194 182
347 208 414 276 270 269
499 427 526 415 528 280
622 550 559 527 572 529

*The Raman mode at about 640 cm ~! has been suggested to be not at the zone center, but instead, induced by disorder scattering.
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TABLE IV. Results of the calculation of the phonon frequencies and eigenvectors at the Brillouin-zone center. For the orthorhom-
bic structure of YBa,Cu30s, each of the group-theoretical representations involve vibrations only along one direction as indicated
below. The labeling of the atoms is as given by Siegrist ez al. (Ref. 9). The eigenvector components (root mass multiplied by dis-
placements) are given for the atoms in the asymmetric cell (0 <z =<0.5). For the remaining atoms (z <0) the displacements are op-
posite to their related atoms in the asymmetric cell for the representations A,, B2, and B3, and are the same for the representation
Biu, B2, and Bj,. The first column gives, respectively, the representation, the direction of vibrational displacements, and the com-
ponents of the polarizability tensor ¢ and the dipole moment vector T. LO and TO refer to the longitudinal and transverse optic pho-
nons. The splitting between the LO and TO modes would be quenched anisotropically if screening of the macroscopic field were in-
cluded in the dynamical model.

Frequency

v m™") Eigenvector components
Representation LO TO Y Ba Cu(1) Cu(2) o(1) 0(Q2) 0o@3) 04)
Ag,z axx 114 =y(LO) 0 96 0 0 28 5 4 0
P 142 0 -1 0 96 -4 22 19 0
317 0 2 0 3 -6 =71 70 0
348 0 —28 0 4 96 =5 3 0
633 0 -6 0 -29 0 67 68 0
Big.y.ay: 61 0 80 0 45 13 29 26 0
120 0 —60 0 56 0 44 37 0
211 0 5 0 —69 -4 47 54 0
326 0 -10 0 -8 98 -10 6 0
492 0 0 0 8 -11 -70 70 0
Bg,x,0zx 48 0 81 0 42 26 22 23 0
126 0 -55 0 65 4 34 39 0
234 0 -20 0 -4 95 -10 =22 0
268 0 -2 0 -63 15 51 57 0
498 0 0 0 1 -7 76 -65 0
B1u,z,T: s 66 =23 18 33 —66 53 0 —4 29
86 coee -17 33 38 -59 18 =53 19 15
s 92 3 10 6 -8 -10 =76 62 -2
97 s 15 -19 —24 32 -12 =51 71 -8
s 137 -2 =70 36 33 31 13 33 22
140 o -10 —54 77 27 -2 0 3 17
cee 145 13 -1 =717 -7 47 18 36 2
208 s 85 —26 8 —44 -5 12 5 -1
s 208 85 —=22 12 —43 -15 8 1 =3
347 s 1 =25 -13 4 95 -1 0 -14
< 427 13 -5 13 13 53 -27 —26 =72
499 s 1 -11 -29 1 7 0 -2 95
coe 550 -24 6 20 —24 -19 49 50 -56
622 s 30 6 0 30 -1 -63 —64 -1
Bau,y,Ty s 84 -63 52 31 =35 12 —-20 =21 12
84 s —64 51 31 -36 13 —18 -19 13
s 135 8 =51 79 -5 20 =3 0 24
137 s -16 49 —80 6 —18 10 6 =22
s 170 —67 -20 -3 57 S 36 21 1
179 s —61 -23 7 74 -1 15 -2 =3
s 223 -3 2 2 -58 -3 54 61 -1
257 SR 11 -5 -36 20 56 —42 —38 43
s 276 1 -10 —42 -9 71 —6 3 54
414 ce -2 —4 4 =5 66 —4 11 —74
s 415 -1 -3 6 -2 62 -8 6 —78
526 s 12 3 3 -4 3 59 -78 =12
527 -8 0 0 10 -10 -69 70 4

559 e 20 17 19 28 —40 -59 -37 —41
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Table IV. (Continued)

Frequency
v em™!) Eigenvector components
Representation LO TO Y Ba Cu(1) Cu(2) o(1) 0(2) 0o3) 04)
B3y,x,Ty SR 16 19 1 —48 21 25 11 10 —78
28 ce 19 -5 —49 23 26 16 16 —74
s 94 58 —65 -1 31 —18 17 18 22
96 s 62 -63 4 28 =23 12 12 24
SR 159 18 37 =71 -7 —46 -2 -1 32
159 cee 13 37 -173 —4 —45 1 3 33
s 182 —67 -12 -19 59 -6 19 30 16
194 s —62 —14 -5 73 =19 4 16 9
s 269 4 =11 =35 5 77 -15 —26 43
270 s S -10 =30 23 65 =31 —42 37
s 280 =5 -3 -9 -56 23 54 57 12
528 cee -3 2 3 7 —=11 68 -72 =5
< 529 -6 0 1 3 -6 75 —66 -1
572 cee 21 17 17 30 -39 =59 —45 —34

gions of the spectra are in a better agreement than the
higher energy regions. Most peak positions agree al-
though the energy resolution in the experiments does not
resolve many peaks. The peak heights should be com-
pared with caution since the experimental peak heights
may not represent the true density of states to the extent
that the wave-vector transfer Q has not been completely
averaged.

We also calculated the partial density of states sepa-
rately from the contributions of the different atoms and
with different polarizations. These were used in calculat-
ing the mean-squared vibrational amplitudes and so the
thermal parameters, for comparison with the correspond-
ing values obtained from diffraction experiments. The
calculated isotropic temperature factors for the various
atoms at 300 K are also given in Table II and can be seen
to be in fair agreement with the values obtained from the
x-ray- and neutron-diffraction experiments.

The total phonon density of states is used in calculating
the lattice contribution to the specific heat as a function of
temperature. These values may be related to an effective
Debye temperature at each temperature. The calculated
Debye temperature so obtained as a function of tempera-
ture is plotted in Fig. 2, which shows considerable varia-
tion. This, however, is only the reflection of the fact that,
in complex systems, the density of states cannot be ap-
proximated to a Debye spectrum. The value of the Debye
temperature found from the measured specific heat?® is
nearly 400 to 440 K near 7. (about 90 K) and it corre-
sponds well with the calculated value of 400 K in Fig. 2.

The calculated phonon frequencies at the Brillouin-zone
center are given in Table III and compared with the avail-
able data from Raman® and infrared* experiments. The
experimental® infrared active TO and LO modes were
given by the peaks in the Im(¢) and —Im(1/¢), respec-
tively, which were obtained from the Kramers-Kronig
transformation of the observed far-infrared reflection
spectra. At least a part of the LO-TO splitting in the

present calculations will be quenched when (anisotropic)
screening is considered. There is generally a fair agree-
ment of the calculations with the observed modes. De-
tailed comparison at this stage is difficult in view of the
differences among the experimental data from the
different sources, and also since most of the data have not
been classified by group theory. Moreover, only a small
number of the expected optical phonons have been ob-
served in the experiments.

Table IV gives the calculated eigenvectors. The group
theoretical classification is carried out for the orthorhom-
bic structure of YBa;Cu30; in the space group Pmmm. It
turns out that the modes of representations 4, and By, do
not occur for this crystal structure. Raman and infrared
activity of the various modes is indicated in Table IV.

Figure 3 gives the calculated phonon dispersion relation
for the wave vectors along four different symmetry direc-
tions a*, b*, c*, and a*+b*. There is considerable
dispersion of most of the branches, except those having
their wave vectors along the direction ¢*. There is one
particularly low frequency (soft) branch along ¢* which
corresponds to the motion of O(4) atoms along the a
direction. Softening of this mode would destabilize the
one-dimensional ordered Cu(1) —O(4) arrangement along
the b direction. It is natural to expect that the position of
the O(4) atoms would have significant effect on this par-
ticular mode. In this context, the relative stability of the
orthorhombic and the tetragonal structures can be studied
by comparing their Gibbs free energies as a function of
temperature as in our recent study on tetracyan-
oethylene. '?

It is evident from the calculated eigenvectors that the
high-frequency modes essentially involve only the oxygen
atoms, as may be expected due to their smaller mass. In-
termediate frequency modes generally involve motions of
different atoms. However, if large renormalization occurs
for some of the high-frequency phonons, due to their cou-
pling with the electrons, the renormalized phonon
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FIG. 3. The calculated phonon dispersion relation for YBa,Cu3O; in the rigid-ion model, for wave vectors along the directions (a)

a*, (b) b*, (c) c*, and (d) a* +b*.

branches would anticross with other low-frequency
branches and therefore have significantly mixed character
in terms of the involvement of different atoms in these
phonons. The above discussion is particularly relevant
since the significantly renormalized phonons are the ones
that will significantly enter the phonon mechanism of su-
perconductivity. When such phonons involve more than
one species of atoms, a suitable effective mass would enter
in the analysis of the isotope effect.!®

It may be expected! that only a few of the oxygen pho-
nons in limited regions of the Brillouin zone (BZ) interact
significantly with the conduction electrons, and sig-
nificantly renormalize in frequencies. Such phonons
would constitute only a small part of the total phonon
spectrum, and due to their renormalization, have frequen-
cies somewhere in the middle of the total frequency range.
One may recall that the neutron inelastic spectrum as ob-
served from a polycrystalline sample has contributions
from all the phonon modes. It would therefore be desir-
able to study individual phonons, through proper selection
rules, by using a single crystal in the neutron inelastic
scattering. Such phonon selection rules can be obtained
from the calculated phonon eigenvectors.

In this paper we have provided an unscreened rigid-ion

model for the bare phonon spectrum in YBa;Cu30 based
on a reasonable interatomic potential which is also con-
sistent with the stability of the crystal structure. The re-
sults bring out the general features of the energy spectrum
of the phonon modes and also the details of the participa-
tion of different atoms in different modes as evident from
the calculated eigenvectors. While the calculated overall
phonon spectrum and many of the related properties agree
well with the experimental results, the model may be im-
proved by incorporating in it the effects of screening. The
potential function model would be suitable to derive and
compare the structural and phonon properties of related
compounds and related crystal structures involving slight-
ly different interatomic separations. Such a model can
also be applied in conditions where the harmonic approxi-
mation does not hold good, namely at finite temperatures
and pressures using, say, the molecular-dynamics comput-
er simulations.
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