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A realistic tight-binding theory, based on first-principles energy-band results of Mattheiss, is used to
study the electron-phonon interaction in the new high-7, superconductors La,—,(Ba,Sr),CuQ4. The
calculated results include the phonon dispersion curves, phonon linewidths, the Eliashberg function
a*(w)F(w), and the interaction constant A. A very strong coupling of specific O phonons to the conduc-
tion electrons is found (A = 2), leading— because of the light oxygen mass—to T, values of ~30-40 K.

PACS numbers: 74.70.Ya, 63.20.Kr, 71.25.Pi, 71.38.+i

Superconducting transition temperatures 7, in the
range of 30-40 K have been observed recently by Bed-
norz and Miiller' and others?™® for bulk La,—,(Ba,
Sr),CuOQq, of the tetragonal K,NiF,-type structure, with
the divalent dopant Ba or Sr in the range 0.1 <x <0.2.
Under pressure, even larger values of T, have been re-
ported.*

The results of first-principles energy-band calculations
by Mattheiss® for pure La;CuQy suggest the occurrence
of a strong Peierls-type Fermi-surface instability involv-
ing breathing-type displacements of the oxygen atoms
O(2) in the basal plane of the K;NiFy structure, where
the arrangement of the Cu and O(2) atoms is the same
as in a cubic perovskite basal plane. In this Letter I
summarize the results of calculations of the electron-
phonon (e-ph) interaction for these materials carried
out in the framework of the nonorthogonal tight-binding
(NTB) theory of lattice dynamics, and based on the
energy-band results of Ref. 6.

The principal result is that for divalent-dopant concen-
trations beyond = 0.1 the static Peierls distortions are
suppressed. However, gigantic Kohn anomalies exist
near the Brillouin-zone (BZ) boundary, involving the
O(2)-bond-stretching vibrations of breathing type.
These phonons usually have a very high frequency, but
are now very strongly renormalized and exhibit an enor-
mous coupling to the conduction electrons—one that is
sufficient to explain the observed high T, values.

In the NTB theory of lattice dynamics,”-® the phonon
dynamical matrix D(g) =D, + D, is divided into Dy, a
contribution representing the “bare’ phonon frequencies,
and into D,, the renormalization due to the conduction
electrons. Using common notation we have
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The electron-ion form factors g** (x, particle; a, Carte-
sian index) contain first-order gradients of the NTB in-
tegrals with respect to atomic displacements. When one

takes the form factors so that g2=1, the right-hand side
of Eq. (1) is usually called the bare susceptibility Xo.
The imaginary part I'(¢) of the renormalization can be
represented as a Fermi-surface integral involving the
same form factors g** and is the essential ingredient of
the phonon linewidths y,;. The latter enter the expres-
sion of the Eliashberg function for the strong-coupling
theory of superconductivity,®
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where wg; are the phonon frequencies. The e-ph cou-
pling parameter is A =2 fdw a*(0) F (0)/w.

In the present e-ph calculations, I have used a NTB
Hamiltonian with a 27-orbital basis (Cu,La &, O p) ob-
tained by a least-squares fit to the first-principles energy
bands of Ref. 6. The fit included all 17 occupied (Cu d,
O p) valence bands as well as the lower portion of the
unoccupied La d bands. As was indicated in Ref. 6, the
only partially filled energy band at the Fermi energy E¢
in La,CuQy is one involving antibonding combinations of
Cu d(x2—y?) orbitals with neighboring O(2) 2p orbit-
als that are directed along the (short) Cu— O(2) bond
axes in the x-y plane. Its width is determined mainly by
the energy-transfer integral (pdo) of ~ —1.6 eV (with
an overlap integral [pdo] of 0.09 and orbital energies
E;~E,~3 eV below Eg). I note that the present Fermi
surface agrees very well with that of Ref. 6, i.e., the
small band dispersion along k, is included, so that there
is no singularity in the electronic density of states at Ef
for x =0.0.

The dominant NTB gradient for the e-ph calculations
is B=(pdo) ~'d(pdo)/dr. By fitting the results of a fur-
further band calculation'® involving slightly reduced
(3%) lattice constants, I have determined B= —1.6
+0.1 A ™! This value is very close to a corresponding
one found earlier for refractory compounds.®

As limited phonon data are available presently for
La,CuQO4, I have used a Born-von Karman force-
constant model derived from neutron-scattering data!!
for the perovskite-type material Ba(Pb-Bi)Os3 for the
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bare phonon part D,. Some obvious changes for the
values of the Cu-O(1) and the first-nearest-neighbor
La-O(1) force constants have been estimated. Of great
importance is the magnitude of the Cu-O(2) force con-
stant f, as discussed below.

The 21-dimensional matrices D,(g) and I'(g) have
been calculated with use of a mesh of —400 k points in
the irreducible part of the BZ. [ limit the summation in
D, to the one conduction band and treat the effect of
divalent-atom doping at the La sites as a rigid-band
lowering of Er. An evaluation of D(g) then yields w;
and— with utilization of I'(g)— y,;. For the evaluation
of the Eliashberg function a?(w)F(w), a g mesh of 45
phonons in the irreducible BZ was used except in the vi-
cinity of the X point, where a ¢ mesh was chosen as fine
as the (electron) k mesh. Finally, a standard program
was used to calculate 7, from the Eliashberg equations
in the “dirty limit” approximation, employing the
“canonical” u* value of 0.13.

Figure 1(a) shows the ¢ dependence of the bare sus-
ceptibility Xy along some BZ directions and as a function
of dopant concentration x. For x=0.0 an enormous
Kohn anomaly is found at the X point, indicating an al-
most one-dimensional behavior of Xy. This is caused by
very flat pieces of the Fermi surface, which nearly has
the shape of a quadratic prism.® With doping, the Kohn
anomaly rapidly gets weaker and shifts away from X.
Along the line X-D-X parallel to the ¢ direction, the
dispersion is very small, indicating the planar nature of
the e-ph coupling.

In the D5 results of Fig. 1(b) the Kohn anomaly is fur-
ther enhanced by the g dependence of the form factors
g*% Yet the g** single out the contributions from bond-
stretching displacements of Cu and O(2) atoms in the
basal plane. This is caused by the modulation of the
(pdo) integral that occurs only when the Cu—O(2)
bond length is changed. The biggest components of D,
are breathing-type displacements of the O(2) atoms.
For simple structural reasons these components also have
a maximum at X. Yet a quadrupolar deformation of the
O(2) square shows very little coupling, as the contribu-
tions of neighbor bonds to the form factors g** add up
destructively for the quadrupolar deformation, but con-
structively in the breathing case.

As a Fermi-surface quantity, the linewidth matrix
I'(g) varies even more dramatically with the dopant x
than either D, or X [see Fig. 1(c)], and has some ¢
dependence along the line D for x =0.0. For x> 0.2 it
vanishes around X.

The drastic increase of D; around X is reflected in the
phonon dispersion curves plotted in Fig. 1(d). At the I'
point of the BZ, with strictly zero renormalization, the
(infrared active) in-plane O(2) bond-stretching modes
have very high frequencies. Near X, where the mode
character has changed to breathing type, these modes
have been depressed by almost one order of magnitude,
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FIG. 1. Results of the electron-phonon calculations, as a

function of wave vector g. (a) Bare susceptibility Xo for four
different dopant concentrations x. (b) Corresponding curves
for the phonon renormalization D,. Also indicated is the sta-
bility limit due to finite bare-phonon stiffness. (c) Linewidth I’
with its very rapid increase for small x (note the scale change).
(d) Effect of the phonon renormalization on the dispersion
curves (full lines, with D,; dashed lines, without D,). Results
are for a calculation with x=0.15 and f,=7.8 eV/A% Only
the fully symmetric £; and S, branches and some of the D,
phonons are shown. The dispersion of the breathing-type
branch is indicated by the strong solid lines.

thereby diving below all other phonon branches. Some
other branches also show significant softening, including
the longitudinal-acoustic branch away from the I' point
and a similar one away from Z. Yet none of the O(2)
rotational modes nor any of the modes with a strong
O(1) component, not to speak of the La modes, partici-
pate in the e-ph coupling. I thus arrive at the conclusion
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FIG. 2. Spectral functions. (a) a*(w)F (w) curves for vari-
ous values of x, all calculated with use of f,=9 eV/A2 (b)
Corresponding phonon density F(w) for x =0.15.

that a relatively small number of phonon modes,
specifically those in a very limited region near the X
point of the BZ, show an extremely strong interaction
with the conduction electrons.

Figure 2(a) shows typical spectral functions a*(w)
xF(w) as a function of dopant concentration. As ex-
pected, a?(w)F(w) increases in magnitude with decreas-
ing x and also shifts more and more weight into the
lower-frequency regions, as a result of the ever increas-
ing Kohn anomaly. In all cases, the a?(w)F(w) spectra
exhibit little similarity to the phonon density of states
F(w) [Fig. 2(b)]. The latter is dominated first by oxy-
gen rotational modes (up to ~15 meV) and then by a
mixture of La, Cu, and O bond-bending modes. The
peaks near 60 and 80 meV arise from the O(1) and the
remaining high-frequency O(2) stretch modes, respec-
tively.

The stability against the Peierls distortion depends on
the strongest bond in this material, the planar Cu-O(2)
bond-stretching force constant f,. For Ba(Pb-Bi)O;
I have found f,=8.5 eV/A ™2 Infrared data'? for
La,CuOy4 give frequencies of the O stretch modes as 550
and 690 cm ~!, corresponding to f, values between
=~=7.5and = 11 eV/A% Bond-length arguments suggest
a rather large value of f; in La;CuQy4. To determine the
range of possible 7, values, I have carried out calcula-
tions for D, and T for selected x values between 0.3 and
0.1, and used values between 7.5 and 11 eV/A? for f5.
For those cases where the lattice was stable, a2(w)F (@)
was calculated and then T..

The results of this procedure are shown in Fig. 3. A
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FIG. 3. Range of T, values for various compositions x, and
as a function of the Cu-O(2) force constant f,, with f5 limits
suggested by the infrared data of Ref. 12. The variation of A is
shown by the dotted lines. The double line marked vp, indi-
cates an estimate of the minimum lattice stability.

rapid increase of 7, with decreasing x is evident, yielding
possible 7, values of 30 K and above. For smaller f>
values T, rises more rapidly, but the lattice-instability
limit is reached sooner (I defined this limit as a
minimum frequency of ~5 meV, below which the
linewidths y usually exceeded the frequencies w). When
/> is stiffer, the advent of the Peierls instability can be
delayed, allowing larger values of T.. For T.~30-35
K, A values are in the range of 2-2.5, similar to values
found for A15 compounds. Thus, the high 7. is not
caused by an unusually strong e-ph coupling but by the
very light mass of the O, which allows the a?(w)F(w)
spectrum to extend to much higher frequencies than in a
typical transition-metal compound. In fact, substituting
the mass of Nb for that of O causes the T. values to
drop from 36 to 18 K in one test, and from 18 to 12 K in
another.

In accordance with experimental observations, the
present results suggest a strong positive 7, gradient with
pressure, either external or ‘“chemical” by use of
smaller-size dopants.*> As f, is expected to vary with a
high power of the bond length, pressure can push the
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Peierls instability to smaller x values, thereby allowing
larger T, values. Very probably, the dopant concentra-
tion fluctuates in the samples, possibly as a result of on-
sets of spinodal decomposition waves, so that some parts
of the samples always have smaller concentrations of x
than the nominal one. Onsets of superconducting transi-
tion have been reported® which exceed even 50 K. I
speculate that under favorable conditions a very small
fraction of the sample could maintain its metallic phase
much closer towards x — 0.0 than the bulk, and thereby
take advantage of the even stronger and also more one-
dimensional e-ph coupling.

In many of the superconducting samples, an ortho-
rhombic distortion has been observed, even below T..'3
This distortion corresponds to a warping of the basal-
plane O(2) atoms'?'# and is caused by a specific rotation
of the O octahedra. Its presence does not appear to
reduce 7., but to lower the amount of superconducting
volume in the samples.!* As I find no coupling whatso-
ever to any rotational modes near Ef, I would exclude
any direct effect of this rotational distortion on T..
Hence I believe that it is not the Peierls distortion. Yet
an indirect influence via the relaxation of the Cu— O(2)
bond may exist, limiting the metallic regions via a weak-
ening of f5.

The predicted very strong Peierls instability of breath-
ing-type O distortions for pure La;CuQy, similar to the
one found in BaBiOs,!? has, so far, not been verified ex-
perimentally. Because of the very small coupling along
the ¢ axis, there need not be any displacive coherence in
neighbor planes, which would make the O distortions
very difficult to detect by powder crystallography.'* It is
conceivable that the Peierls distortion helps to induce the
rotations in order to relieve strain from the compressed
Cu—O(2) bonds, and thus the rotational distortion is
present as long as the Peierls instability exists.

The present calculations ignore the very large anisot-
ropy of the e-ph coupling, as the “dirty limit” approxi-
mation is used in the Eliashberg equations. In addition,
the adiabatic approximation is losing its validity for the
most strongly renormalized phonons. These effects ap-
pear to be larger than those found previously in refracto-
ry compounds or 415 materials,®!® and should be fur-
ther investigated, including the possibility of a real-space
description of the pairing.!’

In conclusion, the present study of the electron-phonon
interaction in Laj—,(Sr,Ba),CuQ4 strongly suggests
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that the high T, values are caused by conventional— yet
very large— e-ph coupling in the vicinity of a Peierls in-
stability. The coupling is mainly caused by O p orbitals
of the conduction band involving specific O vibrations,
and the light O mass is instrumental for reaching the
high T, values. Hence, this material may best be de-
scribed as a chemical manifestation of metallic oxygen.
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stants. I have also benefited from many helpful discus-
sions with him, Michael Schliiter, and Bertram Batlogg.

1J. G. Bednorz and K. A. Miiller, Z. Phys. B 64, 18 (1986).

2S. Uchida, H. Takagi, K. Kitizawa, and S. Tanaka, to be
published.

3H. Takagi, S. Uchida, K. Kitizawa, and S. Tanaka, to be
published.

4C. W. Chu, P. H. Hor, R. L. Meng, L. Gao, Z. J. Huang,
and Y. Q. Wang, Phys. Rev. Lett. 58, 405 (1987).

5R. J. Cava, R. B. van Dover, B. Batlogg, and E. A. Riet-
man, Phys. Rev. Lett. 58, 408 (1987).

6L. F. Mattheiss, Phys. Rev. Lett. 58, 1028 (1987).

7C. M. Varma and W. Weber, Phys. Rev. B 19, 6142
(1979).

8W. Weber, in Electronic Structure of Complex Systems,
edited by P. Phariseau and W. Temmerman, NATO Advanced
Study Institute, Series B Physics Vol. 113 (Plenum, New York,
1984).

9P. B. Allen, in Dynamical Properties of Solids, edited by
G. K. Horton and A. A. Maradudin (North Holland, Amster-
dam, 1980), Vol. 3, p. 95.

10 F. Mattheiss, unpublished.

11w, Reichardt, B. Batlogg, and J. Remeika, Physica (Am-
sterdam) 135B, 501 (1985), and unpublished data.

12K, K. Singh, P. Ganguly, and J. B. Goodenough, J. Solid
State Chem. 52, 254 (1984); P. Ganguly and C. N. Rao, J.
Solid State Chem. 53, 193 (1984).

3R. M. Fleming, B. Batlogg, R. J. Cava, and E. A. Rietman,
to be published.

145, D. Jorgensen, H. B. Schiittler, D. G. Hinks, D. W.
Capone, K. Zhang, and M. B. Brodsky, Phys. Rev. Lett. 58,
1024 (1987).

I5D. E. Cox and A. W. Sleight, Acta Crystallogr. Sect. B 35,
1 (1979).

16W. Weber, Physica (Amsterdam) 126B, 217 (1984).

17A. Alexandrov and J. Ranninger, Phys. Rev. B 23, 1796
(1981).



