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Abstract

We study the electronic structure and magnetic and structural 

instabilities of La2 xMxCu 0^ (M = Sr, Ba) using a tight-binding 

model and the electron-phonon interaction derived from it. We 

include both e orbitals of Cu atoms and the p orbitals of both g
unequivalent 0 atoms. For hopping parameters derived from band 

structure calculations and Cu intra-atomic Coulomb repulsion

0 “k. 2.5 eV, anti ferromagnetic instabilities are favoured when the 

number of electrons in the system is in excess with respect to the 

stoichiometric compound, while structural instabilities, like a 

dimerization of Cu atoms, are more likely to occur for electronic 

defficient compounds, for which the interaction of the electrons 

with high frequency zone-boundary phonon modes has a maximum as a 
function of the composition parameter. For 0 > 3 eV, the system 

is unstable against antiferromagnetism for all compositions of
1 nterest,.

PACS numbers: 74.70.Jm, 71.45.Lr, 75.30.Fv, 71.25.Pi
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1.- Introduction
After the discovery of high Tc superconductivity in

1La Ba Cu 0 , several authors made first principles2-x x 4
2 _ g

band-structure calculations of related compounds . Although the 

shape of the Fermi surface obtained in these works differs 

considerably from one work to another, there is an agreement on 

the fact that the band that crosses the Fermi energy consists

mainly of an antibonding band resulting from hybridization between
2 2the Gu 3d orbitals with x -y symmetry and the 0 2p orbitals which

are directed along the Cu-0(2) nearest neighbors distance. Here,

as usual, we call x-y the plane perpedicular to the tetragonal

axis containing the Cu and 0(2) atoms.

Several model Hamiltonians based on these orbitals have been

used in the theoretical analysis of high Tc superconductors.

These models can be divided in those which assume the Coulomb
7xnteractions as the dominant ones, like resonant valence bond or

8 9excitonic theories ’ , and those in which the width of the 

antibonding band is large enough for the Hartree-Fock 

approximation to be valid. In this case, the insulating behaviour 

of La CuC) is ascribed to some instability of the electronic 

structure which takes place as a consequence of the perfect 
nesting of the Fermi surface^ ^ . In most of these works, it was 

believed that the role of substitution of La by a divalent metal 
is to remove the nesting condition and with it the instability, 

allowing for the formation of the superconducting phase through 
conventional electron-phonon interaction. Nevertheless, it was
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shown that superconductivity can coexist with a Peierls
17 18 19-21distortion ’ . While antiferromagnetic order and a

13 22 23buckling of the Cu-0(2) planes ’ ’ was observed, there is no
2 11 1Gexperimental evidence of predicted frozen-in breathing ’ ’ or

15Cu dimerization modes.

The controversy about the relative importance of the Coulomb 

correlations is still open. While a rather important intra-atomic 

Coulomb interaction between 3d electrons U , 6 eV has been 
estimated by XPS experiments in YBa Cu 0 it has been argued2 3 7

that a consistent picture of transport and superconductivity can 

be obtained on the basis of band structure calculations and
o r

standard electron-phonon interaction

Another controversy concerns the ionic or covalent character 
of the short Cu-Q bond. Experimental studies on plasmons^ in 

La^Ni 0^ and the short Cu-0 distance are in favour of a large 

covalent character of the bond. Also the Cu 2p XPS core level3/2

shift display features corresponding to a quantum mixture of Cu*2
o7 oo

and a lesser amount of Cu ions ’ in agreement with the band 
structure calculations.

In this work we study the spin and charge density 
instabilities of the system, using a tight binding model in the 

Hartree-Fock approximation,which includes not only the above 

mentioned orbitals but also the Cu 3d orbitals with 3zZ-r2 
symmetry, the 0(1) 2z orbitals and all the hopping integrals 

involving the shortest Cu-0(1), Cu-0(2), 0(2)-0(2) and 0(1)-0(2) 

distances. The last two corrrespond to the edges of the octahedra 
formed by the six oxygen atoms which surround each Cu atom. One
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reason for the inclusion of these orbitals and interactions with 

respect to other works in which different types of instabilities 

were studied*^’ , is that these instabilities depend 

critically on the degree of nesting. This in turn is not only

affected by a dispersion along the z component of the wave
12vector , which is expected to be small, but also by the hopping

2 2of the 0(2) 2p , 2p orbitals between them and with the Cu 3z -rx y

orbitals, in the manner described in section 3.
2 2In addition, if the hopping integral between Cu x -y and

0(2) 2p orbitals directed along the Cu-0(2) bond is according to
2_g

band structure calculations , the most important one, the Cu
2 23z -r orbitals cannot be neglected since the corresponding

hopping integral is only V3 times smaller in the two center 
29approximation . As we show in section 3 only in the case of very

strong U or unexpectedly large tetragonal crystal field, the Cu
2 23z -r orbitals can be neglected.

On the other hand, if only nearest neighbors Cu-0(1) and 

Cu-0(2) hoppings are included and La states are neglected, it can 
be shown that the orbitals considered in this calculation 

constitute an invariant subspace under the application of the 
Hamiltonian. 0 - 0  hoppings are small and can be included 

perturbatively. Thus, if La, M states and hopping between atoms 

at distances larger than the length of the largest edge of the 

Cu0tí octahedra can be neglected, our approximations permit an 

accurate enough description of the bands that cross the Fermi 
energy.

In the following section we describe the model Hamiltonian
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and the resulting expressions for different spin and charge 

susceptibilites in the Hartree-Fock approximation.

In section 3 we present the results for three different 

values of the energy difference between the Cu e^ orbitals, which 

in turn yield three different shapes of the Fermi surface with 

different degree of nesting.

Section 4 contains the conclusions.

2.- Model and Relevant Equations

Because of our neglect of La and M states and the hopping 

integrals between atoms lying at a distance greater than the 

0(1)-0(2) shortest distance (3.0 6 A ^ ’^ ), the different layers 

which contain neighbouring Cu 0 octahedra are decoupled and the
<5

model is two-dimensional. Since the band structure calculations
2_g

suggest that the La states are far away from the Fermi level , 

the most important of the neglected hopping integrals is probably 

that between 2p orbitals of 0(1) atoms of different La M CuO2 2—x x 4

layers, which are about 3.2A apart. We estimate this energy in
0.1 eV from published data for the f.c.c. oxides of transition

metals^ and assuming a 1/r2 distance dependence*^ .
With the approximations made, the Hamiltonian describes a

layer of thickness ~4.8A which contains a plane of Cu atoms with
its nearest 0(2) atoms and the 0(1) atoms lying immediately above
and below this plane. The symmetry group of the layer in the

1tetragonal phase is the symmorphic group 0 jU. The Hamiltonian can4  n

be written in the form:
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(1)

where

e^lĉ  ejj + 0 Y <d.+ , d. ,> + 7 G q, (2)Cu Cu A ic ia Z. . , ̂  1
d'^'^dc l*i 11

and similarly for <sJ . Here d = a or b. aT (bT ) creates ano XCf 1»
electron at site i with spin a in the 3d orbital of symmetry

2 2 2 23z - r (x -y ) corresponding to the A (B ) irreduciblelg lg

representation of the group 0^h pl^ creates an electron with spin 

ct in the 2p orbital of site j which "points" towards its nearest 

Cu atoms (it has zero angular momentum projection on this 

direction). The sum over i(j) in (1) runs over all Cu(0) atoms. 
The first (second) term in (I) represents the energy of the d(p) 

states. The third (fourth) term describes the hopping between the
Cu(0(2)) atoms and its nearest 0(1) and 0(2) atoms.

\

Equation (2) gives the Hartree-Fock energies of the d 

orbitals. The second term represents the effect of the Coulomb 

and exchange intra-atomic interactions. For simplicity they are 

described by the same parameter 0. The third term, in which q^ is



the total charge on atom 1, represents the effect of interatomic 

electron-ion and electron-electron interactions on the energy of 

the d electrons. Since in principle, the value of for the

paramagnetic undisturbed tetragonal phase can be taken from the 

band structure calculations2 ® , we are interested in the change of 
the second member of Eq. (2) under spin or charge density waves. 

It is reasonable to assume that- these waves do not change 

significantly the value of 0. We will also assume that the third 

term of Eq. (2) remains unchanged. This assumption is based on 

the works of Harrison32,33. He can explain reasonably well 

several properties of ionic solids using a tight-binding model 

with atomic term values and no Madelung corrections32. He also 

argues that the effective charges of the atoms vary rapidly with 

their positions making the effective electrostatic force 

negligible at the equilibrium distances33. The consequences on 

our results if this statement is not true is discussed at the end 
of section 3.

We make the same assumption for neglecting in addition
the exchange energy.

The different hopping integrals t^^ can be expressed in terms
of the two center integrals (pdo') , (ppc) and (pprc) at various 

29distances It is more convenient for us to write the tR in
ot/?

terms of the absolute value of four of them in the undisturbed
structure: tbx(b-0(2)), t (a - 0(1)), t (0(2)-0(2)) and t

y x z
(0(1)-0(2)) •

The electron-phonon interaction is derived from the distance
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variation of the hopping integrals in a similar way as it was done 

in refs. 11,15 and 16. We obtain analytical expressions that 

generalize the ones given in refs. 15 and 16, which took into
15account only b and b and 0(2) orbitals respectively. The 

expressions are too long to be reproduced here. We will use them 

only for the most important phonon modes.

The different quantities of interest are given in terms of 

the coefficients which in the paramagnetic undisturbed tetragonal 

structure and for each two dimensional wave vector k, define the
C(states ot of maximum energy Ek :

Z k
ak a A k a k cr+ B kb kff+  X kx k k a + V 2  [Z iko- z z k o ]

-f + + 
Here bk(y are the Fourier transforms of the respective d ^

operators and similarly x (z*ka, Z2ko.) refer to Bloch 
states of the respective 0(2) (0(1)) 2p orbitals. The

coefficients and are given by the solution of a 5x5 matrix 
equation.

The spin susceptibility can be obtained applying second order 

perturbation theory to the paramagnetic state. The change in free 
energy of the Hartree-Fock Hamiltonian (1) and (2) under a spin 

density wave of wave vector q and vanishing magnitude is given by

AF = <sz(q)>20 (l-Ox(q)) (4)

where sz(q) is the Fourier transform of the total spin of the d 
electrons at a given site and:
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„ ---- --------- 2 f(Ek^ ) - f(E ^
*(q> = -  2 l V k+q + BkBk+qi — --- ------------ - (5)

k K +  - Kk + q  k

where f(<=) is the Fermi function.

Similarly, when a normal mode "r“ with wave vector q of the

system is excited to an amplitude "u" in the adiabaticrq
approximation, we have for u -» 0:rq

^  = 2 (K> >  - Ke<«>>urq <«)

where KQ (q) is given by the frequency of the mode in the absence 
of electron-phonon interaction and we can write:

- C q )  ~ f ( < )  <?>
k" - E?k + q  k

The denominators in Eqs. (5) and (7) show that in the 

presence of near nesting of the Fermi surface, instabilities are 

more likely to occur for wave vectors q near the nesting wave 
Vector, which in turn is near the symmetry point M of the square 

Brillouin zone (Q=(rr/a, n/a) ) . This fact was already noted in
O Q O

band structure calculations ’ ’ and previous tight binding 

analysis ’ ’ . Then we will restrict our numerical analysis

to q = Q. The role of the van Hove singularities on the 

instabilities is also important^’ and will be discussed later.

We will restrict our numerical analysis of phonon 

instabilités to atom displacements in the Cu-0(2) plane,
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neglecting any coupling with other modes. This allows us to 

obtain the normal modes for q=Q without an explicit knowledge of 

the dynamical matrix, using group theory. The modes corresponding 

to each irreducible representation at the point M are represented

in Fig. 1. They include the already discussed breathing
2 1 1 1 6 3 4  15mode ’ ’ ’ (M±) , dimerization mode (^5) and quadrupolar
2 16mode ’ (^3)- These modes that involve changes in the Cu-0(2)

distances are expected to have large unrenormalized frequencies.

Then they could satisfy the condition w >2rcT for the phonons torq c
be able to give rise to the superconducting transition at a 

temperature Tc - Among the neglected modes, that in which any two 

0(1) atoms vibrate in phase towards their nearest Cu atom can have 

also a large frequency. However, we believe that this frequency

is considerably smaller than that of the breathing mode due to the
i

rapid decrease of the Cu-0 interaction with distance33. These two 

modes mix at M through the much weaker 0(l)-0(2) interactions.
From our electron-phonon calculations we obtain the 

quantities entering Eq. (7) for the phonon modes represented in 

Fig. 1. Calling k = k a/2 where a is the lattice parameter theAt A  •i 1
result can be written as follows:



0 is the Cu 0(1) 0(2) angle and the quantities IfK are minus 

the logarithmic derivative of the two center hopping integrals t
y&

with respect to the distance between the atoms.

With the approximations made, the mode Mz of fig. 1 and the 

tilting of the CuO^ octahedra that is present in the low 

temperature orthorrombic phase10,22, do not couple with the 

electrons in linear order in the displacements, because they leave 
all the distances of relevance in Hamiltonian (1) unchanged. 

Instead, the orthorrombic distortion of the oxygen ions with 

symmetry shown in Fig. 1, which is also present in the low 

temperature orthorrombic phase22, does couple with the electrons 
through the 0(2) - 0(2) hopping integrals.

3.- Numerical results

The parameters used in the calculations of the Fermi surface,
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X(Q) and K^(Q) are listed in table 1. The two most important 

parameters are the difference in energy between the Cu b and the 

0(2) 2p orbitals in paramagnetic undistorted tetragonal La Cu 0
2 4 ’

and the hopping between them. We took these parameters from the 

splitting of the A and B bands at the r point and the value of 

(pd v) given in ref.2. They correspond to the two first entries of 

table 1. Since we found that the results are rather insensitive 

to the energy of the 0(1) orbitals, we took the same energy for 

all the 0 orbitals. The energy splitting A between the b and a Cu 

orbitals depends on the crystal field, Coulomb and exchange 

j  energies. We made the calculations for three different values of

this parameter corresponding to different shapes of the Fermi 
surface (see Fig.2).

The hopping between Cu a and 0(1) 2p orbitals (t ) wasaz
taken from the same value of (pdc?) assuming a r 7/2 distance 

31dependence of this quantity. The 0(2)-0(2) and 0(l)-0(2) 

hoppings were deduced assuming a r-2 distance dependence31, from 
the work of Mattheiss on the band structure of 3d transition-metal 
monoxides with the rocksalt structure30. Since CuO is not in the 

series we took the values of (ppo-) and (pprr) of NiO. The 
dispersion of these values along the series is small. An idea of 

the error of these estimations is given by the fact that from the 

value of (pd«?) for NiO and a r dependence one obtains a

value of tbx 7% smaller than the one obtained directly from the 

band structure of La2Cu042. Another encouraging fact is that the 

difference in the width of the bonding and antibonding bands A and 
B of ref. 2 agrees very well with our result „4t
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For 1/X, we took the value of the relative variation of tox bx
with distance quoted in ref. 11. From the r~7y2 distance 

dependence of (pd<y) one would obtain a result 13% larger for the 

same value. We deduced X and from the assumed r 2 distance 

dependence of the p-p hopping integrals, since specific values for 

LazCu 0^ are not available. The good agreement with the distance 

dependences of ref. 31 for the more important parameter X ,bx
suggests that the approximation is reasonable for the mode M and4
accurate enough for the other modes (see Eqs. (8)—(10))

For the parameters of table 1, the coefficients of Eq. 3 
describing the states near the Fermi energy, can be obtained 

analytically with enough accuracy for our purposes, making the 
following four steps approximation:

1) Considering only Cu b orbitals, 0(2) 2p orbitals and the 

hopping between them .obtaining the antibonding states.

2) Correcting the energy of these states including the 0(2)-0(2) 
hopping in first order perturbation theory.

3) Obtaining the antibonding states from the hybridization 
between Cu a and 0(1) 2p orbitals.

4) Mixing both antibonding states through Cu a - 0(2) and 
0(1)-0(2) hopping.
We have followed this procedure in all the calculations, 

since it speeds up the two-dimensional numerical integrations 
involved in Eqs. (5) and (7) to (10).

The first step alone, as noted by Mattheiss2 , is enough to 

give a rather good description of the bands near the Fermi energy 

and to explain the superconductivity around 40K within
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11 1 ficonventional electron-phonon theory ’ . Nevertheless, as we 

show below,the degree of nesting of the Fermi surface and the 

predictions for different instabilities as well as phonon 

softening are affected significantly by the other interactions.

In Fig. 2 we show the resulting Fermi surface for tetragonal 

undistorted LazCu 0  ̂ in the paramagnetic phase for different 

(positive) values of the difference in energy between the Cu b and 

a orbitals. A small part of this energy difference could be 

ascribed to the tetragonal crystal field. On the other hand, 

since the a orbitals have a greater occupation due to the smaller 

hybridization with the 0 orbitals, the intra-atomic correlations, 

pushing up the unoccupied levels, give rise to an energy 

difference in the eV order of magnitude. For example, for
b 3.A = €Cu _,scu = 2 90 eV (corresponding to the full lines in the 

figures) we obtain a Cu valence of 1.71. Since most of the d 

holes are in the b orbitals one obtains from Eq. (2) that this 

energy difference can be explained if 0 ~ 8 eV. (In fact, the 

paramagnetic phase is not stable for this value of 0 according to 
our results).

In the range of A studied, the result for the Cu valence was 
between 1.71 and 1.72, corresponding to „9.3 d electrons. This is 

the value expected for Cu 0 and it should be very similar in
O7_0QLa2Cu04 according to spectroscopic data

For very large A, the Cu a states can be neglected and the 

Fermi surface is well described by the antibonding states arising

from the hybridization between b and 0(2) orbitals. As is already
2 13 — 16known ’ the Fermi surface for the stoichiometric compound is
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a square if the 0(2)-0(2) hopping is neglected. This effect 

pushes the antibonding states upwards in energy except at the A 

lines (kx = 0 or ky = 0), where the xfc and yy states do not mix on 

symmetry grounds. The Fermi level should move to higher energies 

to keep the number of particles constant. Then the Fermi surface 

takes the form of the dotted curve of Fig. 2 and the van Hove 

singularities lying at the X points ((0,n/a) and equivalent) stay 
below the Fermi energy in the stoichiometric compound.

Instead, the effect of the a orbitals is opposite, since the

ak and bk states belong to the same (different) irreducible 
representations at the A(Z) line. When this effect

dominates because of the larger magnitude (see table 1) of the 
a -0(2) hopping integral(tbx/V3) with respect to the 0(2)-0(2) 
one(txy) ■ The Fermi surface for this case is represented by the

dashed line of Fig. 2 and the van Hove singularities lie above the 
Fermi energy.

The full line in Fig. 2 represents the situation when both 
eff©cts practically cancel each other.

The density of states per spin corresponding to the three 
situations is plotted in Fig. 3 as a function of the occupation 

n of the relevant states a .n = 1 corresponds to the 

stoichiometric compound La2Cu04, while in a rigid band picture5, 

substitution of La by Sr or Ba reduces n and oxygen deficiency 

increases n, neglecting scattering with the defects and changes in 

the parameters. The shape of the three curves is very similar and 

is dominated by the van Hove logarithmic singularities. However 

it is important to note that if one moves only 0.016 from the
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critical occupation n^ for which the Fermi surface contains the 

singular X points, the total density of states per Cu atom falls 

below 2 states per eV in all cases. Then, according to our 

results, the degree of three dimensionality should be too low and 

the homogeneity of the sample too high for an explanation of the 

superconductivity in terms of a divergent density of states14 to 
be plausible.

We have calculated *(Q) and K^L (Q) for the same values of A

and zero temperatures, evaluating numerically the double integrals
in k space of Eq. (5) and (7). The result for the

antiferromagnetic susceptibility is shown in Fig. 4. For A = 0 or

very large this function shows the same singularity as the density

of states. In the case of perfect nesting (A = 2.90 eV) , X'(Q) as

a function of the Fermi energy e diverges as ln2|e - Ea | whereF ■ F x *
OtE^ is the energy of the « states at the X points. In the absence 

of perfect nesting a change in slope of the curves takes place 

when the Fermi level crosses the points (±n/2a, ±n/2a). We will 

denote by nc the occupation for which these points belong to the 

Fermi surface. In this situation the vector Q connects two 
parallel portions of the Fermi surface. The slope at n +0 (n -0) 
diverges as In-n I if n >1 (n <1).' C  1 c c

The antiferromagnetic susceptibility decreases rapidly 
outside the range lying between nc and n^, and inside this range 

it increases with the degree of nesting until both occupations 
coincide for perfect nesting.

An important conclusion to be drawn from Fig. 4 and Eq. (4) 

is that for 0 > 3 eV the system is unstable against
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antiferromagnetism for all values of A and n in the range of 

interest. The Coulomb intra-atomic interaction observed in 

spectroscopic measurements^^ is of order of 6 eV, but the exchange 
interaction, which is the relevant parameter for the magnetic 

instabilities is in general smaller. On the other hand, a value 

of 0.„2 eV would result in A-0.7 eV from Eq. (2) in the absence of 

crystal field, and in a magnetic instability that peaks at n~l.l 

(corresponding to La Cu 0 with y~0.05) and that disappears for2 4 —y

some value of n that is difficult to determine due to the small 

slope of *(Q) near n = 1 for small A, but in the range

0.85 < n < 1.1. This agrees qualitatively with the behavior 
observed in La Cu 0 19 »20 an(j Sr 0 ^  .2 4-y 2-X x 4

The strength of the coupling of the electrons with the 

different modes depicted in Fig. 1, can be infered from Fig. 5 and 

Eqs. (6) and (7) . Kq1 for the breathing mode M± shows an n 

dependence very similar to that of *(Q). This is an indication 

that for both quantities, the n dependence is determined mainly by 

the shape of the Fermi surface through the last factor of 
Eqs. (5) and (7), while the matrix elements connecting the states 

k and k+Q are rather independent of k at the Fermi surface. The 

latter fact for the breathing mode was already put in evidence in 

ref. 16, where the electron-phonon interaction considering only 

the most important orbitals (b, x and y) was calculated and 

displayed. However, it is important to include also the a and z 

orbitals since they are responsible for the three different 

behaviors shown in each figure.

Contrary to what happens with the mode, the above
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mentioned matrix elements (the C. of Eq. (7)) for the M (M M '}
3 4, 1 S

mode(s) vanish on the 2(A) line because of the presence of the 

corresponding glide planes of symmetry that are conserved by these 

modes. As a consequence, in the absence of perfect nesting K is©I
not singular at the occupation (n^) . For the same reason, among

the modes considered, only a frozen-in breathing mode (M ) can1
open a gap at the Fermi surface if the degree of nesting is 
sufficiently high.

The fact that the a should vanish along certain lines for 
the Ma and modes implies a lower sum in Eq. (7) than the 
corresponding one for the M mode. For the M mode, K is even1 ©I
smaller because it does not depend on the Cu-0 hopping integrals, 

but on the much smaller 0(2)-0(2) ones. The curves for M and M'4 5
show a peak at nc and do not diverge for any occupation in the 
absence of perfect nesting.

When one considers phonons with wave vectors slightly 

different from Q, the divergences at nx disappear. The occupation 

n c in two if q is along the Z direction, otherwise the
singularities in the slope also disappear.

In order to be able to discuss the stability of the system 
against one of the studied phonon modes, we need information about 

the force constant for this mode in the absence of

electron-phonon coupling (see Eq. (6)). An estimation of these 

constants can be obtained from the phonon spectrum of La NiO ^2 4
This system should contain one electron less in the band structure 

and then, the softening of the phonons with wave vector Q is 

expected to be much weaker. Nevertheless, there is evidence of
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some softening of several modes at q - Q, particularly the 
bresthing mode. In order to estimate the unrenormalized frequency 

f<?r this and the Mg modes we have calculated the dispersion curves 
of the planar phonons along the line £ using a simple model with 

only the Cu-0(2) force constant, which is determined fitting the 

highest frequency at the r point, where the phonon softening seems 

to be negligible. In this way we obtain a frequency v = 17.6 THz 

corresponding to - 20.2 eV/A . From this value, Kq. (6) ,
Fig. 5 and since frozen-in breathing or quadrupolar modes have not

23been observed , we conclude that, as in the case of the 

antiferromagnetic susceptibility, agreement with experiment is 

obtained only for small values of A. The tiny region of 
occupations for which KeL>20eV/A for A = 0 disappears when 

3-dimensional interactions are included. In ref. 23 high 

frequencies were not investigated. Since the covalent character of 

the 0 - transition metal bond increases when going to the right in 
the periodic table, one expects larger frequencies of the M1,M3 
and M' modes in the Cu compound. First principles calculations for5

q j O P
La CuO ’ give a breathing mode frequency almost two times2 4
larger as our estimate. If the difference between the bare phonon

frequencies of La NiO and La CuO is really so high, our results

restrict the possibility of a frozen in breathing mode in the

latter, to almost perfect nesting and n very near to 1. We should

mention that according to ref. 34 the calculated potential well is

highly anharmonic and with a minimum for |u|~0.02A. Shell model
37calculations agree better with the estimate based on the data 

for La NiO 352 4
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Since from ref. 35, for the and inodes are very

similar, but Kel is much smaller for the latter (see Fig. 5), an 

instability against a frozen in quadrupolar mode is ruled out.

Concerning the orthorrombic distortion of the 0 atoms (M 

mode of Fig. 1), the electron phonon interaction seems to be too 

small to produce an instability of this type. From the results 

shown in Fig. 5, the bare frequency would have to be smaller than 

~0.8THz for this instability to occur in the absence of perfect 

nesting, while the lowest frequency measured in ref. 35 at q = Q 
is „ 1.5THz.

With respect to the mode, of fig. 1, the curves for

symmetry and Z3 represented in Fig. 1 of ref. 34, that vanish 
at r and become degenerate at the zone boundary, suggest a bare 

frequency of ~4THz for the Cu dimerization mode. This rather low 

frequency implies Kq „ 4.3 eV/A2. From Eq. (6) and Fig. 5 we see 

that according to this estimation the system is unstable against 

the dimerization mode predicted by Barisic et al15 in a wide 

range of values of A and n. Nevertheless, since Ko depends on the 

square of the bare frequency, if the latter for LazCuC>4 is larger 

than 5.5 THz for example, the instability disappears if A = 0. In 
any case this instability should compete with the 

antiferromagnetic one. Note that the first peaks at n while theC
later does it at nx. This fact suggests again low values of A 

when comparison with experiments is made (for A=0 n =1 136
’ X ’

nc-0.837). the largest interaction of the electrons with the 

dimerization mode is attained for a value of n lower than 1, while 

magnetic instabilities that can open a gap in the electronic

20



structure are favoured for n larger than 1. Let us note also that 

the interaction of the electrons with the breathing mode for a=0 
is peaked at both nc and n^. Though the interaction is probably 

not enough to result in an instability, it could favour the 

superconducting behavior at both occupations. If the exchange 

interaction has such a strength that an antiferromagnetic 

instability occurs at n but not at n , the most favourableX C

situation for superconductivity is expected for a compound with 

composition La M CuO with x = 1-n .2-X X 4 c
To estimate the effects of the last terra of Eq. (2) that we

neglected, we have repeated some of the phonon calculations

including all Coulomb interactions at distances equal or lower

than the smallest 0(1)-0(2) distance and we have assumed that the

charges on the atoms do not change under any displacement. Only

the M± and M ' modes are affected by these interactions. For small

values of these, K increases for M and decreases for M' . When
e l  i  5

unscreened Coulomb interactions between point charges are assumed, 

both K@l increase by more than an order of magnitude. In this 

case, when the arguments of Harrison explained in section 2 do not 

apply, or for large values of 0, the Hartree-Fock theory is 
invalid and many-body effects should be included from the 
beginning.

4.- Conclusions

We have considered a tight-binding Hamiltonian that 

reproduces the essential features of the band structure of 

paramagnetic tetragonal La2Cu04 around the Fermi energy. We have
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included 0(2), 0(1) 2p and Cu 3d orbitals with symmetry x2—y2 and 

3z -r , as well as interactions between them in the Hartree-Fock 

approximation. The 3z —r orbitals and the 0(2)—0(2) hopping 

integrals modify the dispersion relation around the Fermi energy 

in quantities of the order of 0.1 eV affecting critically the 

degree of nesting and with it the spin and charge 

susceptibilities. The degree of nesting of the Fermi surface is 

controled by the difference of energy between both Cu orbitals A 
and the number of electrons in the last occupied band n. n = 1 
corresponds to stoichiometric La2Cu04 while in a rigid band 

picture n < 1 (n > 1) corresponds to partial substitution of La by 

Sr or Ba (oxygen deficiency). A increases with the Cu intra-atomic 
Coulomb interaction.

For an intra-atomic Cu 3d exchange interaction 0 greater than

~3 eV, the system is unstable against antiferromagnetism in all

the range of interest of A and n. Agreement with the magnetic 
19-21measurements is obtained for A ^ 1 eV (which implies that the

van Hove singularities lie above the Fermi energy) and U . 2 eV. 

For these rather small values of A, assuming that the interatomic 

Coulomb forces (not necessary energies) are negligible and taking 
phonon frequencies from La2Ni04 data35, only the Cu dimerization 

(M5 > leads to a lattice instability among the planar phonon modes 
at the zone boundary, represented in Fig. 1. A 40% larger bare 

phonon frequency or small interatomic Coulomb repulsions 

stabilize the system under this mode too. The strength of the 

electron-phonon interaction has a maximum for n<l. The

peculiarities of the n dependence for each phonon mode can be v.

22



understood using symmetry arguments. From these, one sees also 

that only the M±(breathing) mode (as the antiferromagnetic spin 

density wave) can open a gap at the Fermi surface.

We believe that for the parameters needed to explain a 

magnetic instability occuring only for some n > 1 (A < 1 eV, 

0 ~ 2 eV), a quantitative calculation of the superconducting

transition temperature would give for the maximum possible value,
11 16 a similar result as previous calculations or estimates based

on a high electron-breathing mode coupling, in which only the most
2 2important orbitals (Cu x -y , 0(2) 2p) were near the Fermi energy -

The main difference lies in the conditions for which the maximum

Tc is obtained. In the above mentioned works the largest

electron-phonon interaction was obtained for n ~ 1 and the role of
divalent metal substitution was to close the gap originated by a

frozen-in breathing mode, while in the present picture the doping

inhibits the spin density wave and at the same time increases the

interaction of the electrons with certain high-frequency modes (M
and M '). The Cu dimerization mode may be frozen, but it does not
open a gap at the Fermi surface and can coexist with the

17 18superconductivity ’

If contrary to our assumptions, the description of the

interatomic Coulomb forces in terms of unscreened constant point

charges is appropriate, the coupling of the electrons with the

breathing and Cu dimerization modes is so high that polaronic
38effects should be taken into account from the beginning.

If the value of the exchange parameter 0 is as large as the 

Coulomb interaction observed in spectroscopic measurements^4,
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calculations of the antiferromagnetic band structure would be 

desirable.

24



References

1.~ J.G. Bednorz and K.A. Müller, Z. Phys. B 64. 189 (1986).

2. L.F. Mattheiss, Phys. Rev. Lett, ¿a, 1028 (1987).

3.~ J. Yu, A.J. Freeman, and J.H. Xu, Phys.Rev. Lett. 58. 1035,
(1987).

4.- J.H. Xu, T.J. Watson-Yang, J. Yu, and A.J. Freeman, Phys. 
Lett. A 12SL, 489 (1987).

5.- W.E. Pickett, H. Krakauer, D.A. Papaconstantopoulos, and 
L.L. Boyer, Phys. Rev. B 7252 (1987).

6.- K. Takegahara, H. Harima, and A. Yanase, Jap. J. Appl. Phys. 
2&, L352 (1987).

7.- P.W. Anderson, G. Baskaran, Z. Zou, and T. Hsu, Phys. Rev. 

Lett. 26 and 2790 (1987)

8.- C.M. Varma, S. Schmitt-Rink, and E. Abrahams, Solid State 
Commun. fi£, 681 (1987).

9.- J E. Hirsch, S. Tang, E. Loh, Jr., and D.J. Scalapino, Phys. 

Rev. Lett.ML, 1668 (1988); C.A. Balseiro, A.G. Rojo, E.R. 

Gagliano, and B. Alascio, presented at the International 

Conference on High Temperature Superconductors and Materials 

and Mechanisms of Superconductivity, Interlaken, Switzerland
(1988), Physica C, to be published.

10.- J.D. Jorgensen, H.B. Schüttler, D.G. Hinks, D.W. Capone, II, 

K. Zhang, M.B. Brodsky, and D.J. Scalapino, Phys. Rev. Lett. 
£&, 1024 (1987).

11.- W. Weber, Phys. Rev. Lett. 58 r 1371 (1987).

12.- Y. Hasegawa and H. Fukuyama, Jap. J. Appl. Phys. 2Sl , L322
(1987).

25



13.-

14.-
15. -

16.-

17.-

18.-

19.-

20 . -  

21 . -  

2 2 -

23.-

24.-

D.J. Scalapino, E. Loh, Jr., and J.E. Hirsch, Phys. Rev. B 

25., 6694 and 8726 (1987).

J. Labbé and J. Bok, Europhys. Lett. 3., 1225 (1987).

S. Barisi*, I. Batistii, and J. Friedel, Europhys. Lett. 3., 

1231 (1987).

A.A. Aligia, K.H. Bennemann, M. Kuli*, and V. Zlati*, Int. 

J. Appi. Phys. B 1, 951 (1987); A.A. Aligia, M. Kuli*, V. 

Zlati£ and K.H. Bennemann, Solid State Commun. füi, 501
(1988).

Yu V. Kopaev and A.I., Rusinov, Phys. Lett. 121A, 300 
(1987).

K. Machida and M. Kato, Phys. Rev. B 3Ü, 854 (1987).

D. Vaknin, S.K. Sinha, D.E. Moncton, D.C. Johnston, J.M. 

Newsara, C.R. Safinya, and H.E. King, Jr., Phys. Rev. Lett. 
2802 (1987).

D.C. Johnston, J.P. Stokes, D.P. Goshorn, and J.T. 

Lewandowski, Phys. Rev. B 3£, 4007 (1987).

R.L. Greene, H. Maletta, T.S. Plaskett, J.G. Bednorz, and 

K.A. Müller, Solid State Commun. 63 r 379 (1987).

R.J. Cava, A. Santoro, D.W. Johnson, Jr., and W.W. Rhodes, 

Phys. Rev. B 35., 6716 (1987).

R.J. Birgeneau, C.Y. Chen, D.R. Gabbe, H.P. Jenssen, 

M.A. Kästner, C.J. Peters, P.J. Picone, Tineke Thio, T.R. 

Thurston, H.L. Tuller, J.D. Axe, P. Boni, and G. Shirane, 
Phys. Rev. Lett. 59., 1329 (1987).

A. Bianconi, A. Congiu Castellano, M. De Santis, P. Delogu,

A. Gargano, and R. Giorgi, Solid State Commun. S3., 1135

26



25.

«V

26.

27. -

28.-

29.-

30. - 

31

32.-

33.-

34.- 

3 5 -

36.-

37.-

38.-

(1987).

P.B. Allen, W.E. Pickett, and H. Krakauer, Phys. Rev. B 36 r 
3926 (1987).

J.-M. Bassat, P. Odier, and F. Gervais, Phys. Rev. B 35. 
7126 (1987).

N. Nucker, J. Fink, B. Renker, D. Ewert, C. Politis, 

P.J.W. Weijs, and J.C. Fuggle, Z. Phys. B. fil, 9 (1987).

P. Steiner, V. Kinsinger, I. Sander, B. Siegwart, S. Hufner, 

C. Politis, R. Hoppe, and H.P. Müller, Z. Phys. B QZ, 497 
(1987).

J.C. Slater and G.F. Koster, Phys. Rev. QA, 1498 (1954); 
R.R. Sharma, Phys. Rev. B lä, 2813 (1979).

L.F. Mattheiss, Phys. Rev. B 5., 29Ü (1972).

W - A . Harrison and S. Froyen, Phys. Rev. B 21, 3214 (1980).

W - A . Harrison, Phys. Rev. B 2Ä, 5230 (1981).

W.A. Harrison, Phys. Rev. B 3A, 2787 (1986).

C -L . Fu and A.J. Freeman, Phys. Rev. B 2Ü, 8861 (1987).

L. Pintschovius, J.M. Bassat, P. Odier, F. Gervais,
B. Hennion, and W. Reichardt, Europhys.Lett.¿, 247 (1988)

R.E. Cohen, W.E. Pickett, L.L. Boyer, and H. Krakauer, Phys. 
Rev. Lett, gü., 817 (1988).

J. Prade, A.D. Kulkarni, F.W. de Wette, W. Kress, 

M. Cardona, R. Reiger, and U. Schröder, Solid State Conunun. 
1267 (1987).

A.S. Alexandrov, J. Ranninger, and S. Robaszkiewicz, Phys. 
Rev. B 4526 (1986).

27



Table 1

hG —Cu o 3.50 eV

t,bx 1 .60 eV

t 0.77 eVaz
0.27 eV

xy
t 0.16 eVxz

Xbx 0.62 Â
X 1.34 Âxy
Xxz 1.54 Â

Parameters used in the numerical calculations. All of them
correspond to the tetragonal undistorted paramagnetic structure.

• • 2 2 The first is the difference in energy of the Cu x -y orbitals

with respect to the 0(2) orbitals. The next four correspond to

the magnitude of xZ-y2 - 0(2), 3z2-rZ-0(l), 0(2)-0(2) and

0(1)-0(2) hopping integrals respectively. The last three give the

distance dependence of the corresponding hopping integrals.
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Figure Captions

1.- Phonon modes lying in the Cu-0(2) plane for wave vector 

Q = (n/a,n/a), classified according to their symmetry.,

2.-- Fermi surface of stoichiometric paramagnetic tetragonal

La CuO for different values of A = . Dotted line2 4 , Cu Cu
A -► + o d. Full line A = 2.90 eV. Dashed line A = 0. The 

other parameters are listed in Table 1.

3.- Density of states per spin and Cu atom at the Fermi energy as

a function of the electronic occupation for the same values 
of A as in Fig. 2.

4.- Antiferromagnetic susceptibility as a function of the 

electronic occupation for the same values of A as in Fig. 2.

5.- Kq1 defined by Eq. (6) as a function of the electronic 

occupation , for the different modes of Fig. 1 and the same 

values of A as in Fig. 2.
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