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Self-consistent, spin-polarized calculations were performed for Sc,CuQO,. Both ferromagnetic
and antiferromagnetic ground states were investigated and found to be unstable. Magnetic form
factors were calculated and are discussed in view of experiments on La,CuO, and the applicability

of band theory.

INTRODUCTION

The discovery of antiferromagnetism in slightly
oxygen-deficient La,CuO,_, (Refs. 1-4) has added to
the developing school of thought which is considering
antiferromagnetic spin interactions rather than phonons
as a possible mechanism for superconductivity in the
new copper-oxide based high-T, materials.’ In most of
these theories the starting point is a Hubbard-like Ham-
iltonian, with on-site Coulomb repulsion playing the key
role. The difficulty in performing accurate analytical or
numerical calculations for general versions of these mod-
el Hamiltonians has hindered a quantitative comparison
with the growing amount of experimental information.
Band-theoretical calculations have been criticized for
such systems because of their inaccurate treatment of
on-site Coulomb correlation. On the other hand, band-
theoretical methods allow precise numerical calculations
and have been very successful in the last ten years in the
evaluation of the parameters governing conventional su-
perconducting properties. Indeed, band-theoretical
methods have recently been applied to the
La, ,Sr,CuO, system to evaluate the electron-phonon
coupling and the transition temperature, with results in
reasonable agreement with experiment.® It is therefore
of interest to further test the band theoretical approach
by evaluating the magnetic properties. To this end we
have used a first-principles linear combination of atomic
orbitals (LCAO) method to study both the ferromagnetic
and antiferromagnetic response of Sc,CuO,. The Sc
compound was chosen for the majority of the calcula-
tions in this paper because of the fewer number of core
electrons (compared to La) which greatly facilitated cal-
culations using the LACO codes. As discussed below,
the Sc and La potentials have a similar effect on the oc-
cupied band structure of these compounds, so that the
conclusions we obtain with regard to the Cu-O interac-
tions should be common to both materials.

METHOD

For the tight-binding or LCAO code used in these cal-
culations the radial part of the atomic basis functions
are represented by a series of Gaussian functions. The
potential, charge, and spin densities are also expanded
about atomic sites in a series of Gaussian functions.’
We have used this method recently to successfully calcu-
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late the electronic structure and total energies of Si,® Nb
and Mo,” and AIN.!° In addition, we have tested the
spin polarized version of the codes and obtained results
in excellent agreement with calculations on Ni (Ref. 11)
and Cr (Ref. 12). For the spin-dependent local-density
approximation to the exchange correlation potential we
have used the von Barth—Hedin form'3 as modified by
Moruzzi et al.'* Besides the core states, the atomic
basis consisted of 4s, 4p, and 3d functions on Sc; 2s, 2p
functions on O; and 4s, 4p, and 3d functions on Cu. The
lattice constants as measured by neutron scattering for
La,CuO, were taken from Jorgenson et al.!* With these
lattice constants it was found that the lowest Sc 3d band
remained unoccupied but dropped below the highest
Cu-O antibonding band (at the X point in the tetragonal
structure). This was the only significant difference with
the band structure of La,CuQO,. The lower Sc 3d band is
related to the smaller ionic radius of the Sc atom com-
pared to La. By decreasing the Sc-O distance along the
axis perpendicular to the plane (this changed the lattice
constant for the long axis from 25.045 to 24.000 a.u.) we
found that the Sc-O interaction mimicked the La-O in-
teraction. That is, the bottom Sc 3d band was raised so
that the modified Sc,CuO, bands closely resemble the
La,CuO, bands. The rest of the -calculations on
Sc,Cu0O, were made with this modification of the lattice
constants. The Cu-O in-plane separations were kept the
same for both compounds.

RESULTS

The band structure for Sc,CuQO, in the tetragonal
phase (one formula unit per cell) is shown in Fig. 1. The
bands are very similar to those reported for
La,Cu0,.'"!” The Fermi energy cuts a single band at
the top of the Cu 3d and O 2p complex of 17 bands hav-
ing a total width of about 10 eV. The Cu 3d-like charac-
ter is spread throughout the bands in this energy range
with the lowest band at the X point consisting of bond-
ing states between the Cu 3dx 2,2 orbital and the

nearest-neighbor, in-plane, O 2p, and 2p, orbitals. The
corresponding antibonding band is at the top of the
complex and is half occupied. The calculated Fermi sur-
face is in good agreement with that reported by Xu
et al.'® which differs only slightly from that of
Mattheiss.'’
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FIG. 1. The self-consistent band structure of Sc,CuO, in the
tetragonal phase.

An important quantity in the discussion of the mag-
netic properties is the generalized susceptibility

< SWO[1—f(k+q)]
XO= 2 T —Ek)

which is shown in Fig. 2 for q along the [110] direction.
The wave vector corresponding to the observed antifer-
romagnetic ordering occurs in this direction at the zone
boundary X point.2 The calculated X°(g) for the partial-
ly occupied band is very similar to that reported for
La,CuO, by Xu et al'® The magnitude of
X%g =0)=1N(Ep)=5.6 states/(Rycell) is somewhat
smaller than the 7.3 states/(Rycell) of Xu et al. for
La,CuO, and our own value of 6 states/(Rycell) for
La,CuO,. The value of X°(g =X) is 11.7 states/(Ry cell)
or more than double the X%(g =0) value.

We first consider the ferromagnetic response corre-
sponding to ¢ =0. The unenhanced Pauli susceptibility
is uyN(Ep)=2.6x10"° cm®/mol. To calculate the
enhancement we performed self-consistent spin-polarized
calculations with an applied field created by shifting the
spin-up (down) bands by —2 (+2) mRy. These calcula-
tions were made for Sc,CuQ, in the tetragonal structure
with 20 k points sampled in the irreducible zth of the
Brillouin zone.!” The band splitting, AE(k)=1I(k) m,
was found to be nearly uniform near the Fermi level and
gave an average value for I of about 0.030 Ry cell. Thus
the Stoner enhancement S =[1—IN(Eg)/2]"! ~1.2 is
not very large, and indicates the ferromagnetic ground
state is not stable. Indeed, whenever we released the ap-
plied field during our calculations the moment quickly
decayed to zero in a few iterations. It is difficult to ex-
tract an experimental value for the Pauli susceptibility of
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FIG. 2. The generalized susceptibility for Sc,CuQO, along the
[110] direction. Contributions only from band 17, which cuts
the Fermi level, are included.

La,CuQ, since many samples have some oxygen vacan-
cies and order antiferromagnetically with T as high as
290 K.! Since the measured susceptibility above Ty is
not Curie-Weiss—like and seems to be similar for sam-
ples with various values of Ty, there may be some
justification in making a comparison between our calcu-
lated value and the high temperature susceptibility. The
measured X at 500 K is about 5X10~> cm3/mol and
rises gradually to ~7X 1073 cm®/mol at 750 K.! This
is a factor of 2 larger than our calculated X, =3.0X 10-3
cm?/mol. (The theoretical temperature dependence is
small and amounts to less than 10% at 600 K.)

A potentially more informative measure of the fer-
romagnetic response would be the induced magnetic
form factor as measured by neutron scattering. This is
not the same as the form factor measured for the antifer-
romagnetic ordered state, but rather is a measure of the
induced ferromagnetic spin density arising in response to
an applied field. The applied field shifts the spin-up and
spin-down bands only slightly, and the repopulation of
states near the Fermi energy results in an induced spin
density corresponding to the charge density for states on
the Fermi surface:

d
S=2up $roe, 5 gy 1901

As discussed above, the states at Ep are predominantly
an antibonding combination of d , orbitals on Cu

with p, and p, orbitals on O. This means that unlike
the antiferromagnetic case described below, each in-
plane oxygen site has a fairly large moment (55% that of
the Cu moment) and contributes substantially to the
form factor. If band theory was incorrect and the mo-
ments were isolated on the Cu sites, the measured form
factor would resemble an ionic Cu form factor. The cal-
culated form factor is shown in Fig. 3 and differs from
the Cu ionic form factor for reflections which involve
destructive interference from the oxygen moment. Since
the Fermi energy lies well above the center of the Cu d
and O p bands and below the Sc of La d bands we do not
expect a significant van Vleck orbital contribution to the
form factor. Likewise the spin-orbit coupling for Cu is
not strong enough to add more than a few percent of or-
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FIG. 3. The induced magnetic form factor normalized to
the total moment. The reflections are labeled with respect to
the orthorhombic structure and (sinf)/A values are for the
La,CuO, lattice constants (see Ref. 2). The ionic Cu’* form
factor is shown for comparison.

bital contributions. Thus, the calculated from factor in
Fig. 3 provides a clear theoretical prediction based on
the itinerant model and it will be interesting to compare
with forthcoming experiments.?

We now consider the antiferromagnetic ordering. One
might expect pure La,CuQO, to be very near an instabili-
ty since less than 1% oxygen vacancies are required to
stabilize the antiferromagnetic ground state. Within the
itinerant model this state would be predicted to be stable
if I(g)X°(g)>1.0. Assuming for the moment that
I(g=X)=I(q =0)=1I we find IX°(q =X)=0.3, which is
far from a magnetic instability. Before accepting this
conclusion there are several factors to consider such as
the magnitudes of I (g =X) and X%g =X) as well as the
effect of the orthorhombic distortion.

It is possible to make an estimate of /(g =X). First
we consider the bands for the observed orthorhombic
structure so that there are now two formula units per
primative unit cell. As pointed out by Kasowski et al.,?!
this distortion leaves the two Cu atoms in the cell
equivalent and results in a set of degenerate bands on the
surface of the new Brillouin zone. This would indicate
that La,CuO, must remain metallic, contrary to experi-
ments."?? Antiferromagnetic ordering does split these
degenerate bands (see Fig. 4) and, by applying a stag-
gered field at the Cu sites and calculating the splitting
and moment per Cu, we obtain an estimate for I (¢ =X)
of 0.022 Rycell. This gives IX°=0.2 at g =X which is
smaller than the previous estimate using the value of I at
g =0. The main reason I is smaller at ¢ =X is that
there is now no moment allowed (by symmetry) on the
in-plane oxygen, so that states at Er which have sub-
stantial in-plane oxygen character in their wave func-
tions are missing this contribution (from an oxygen mo-
ment) to the splitting.

The magnitude of X%g) is dominated by the states
near the Fermi level separated by wave vector q. If
there is a nesting feature in the Fermi surface so that
two planar sections are exactly separated by wave vector
Q, a logarithmic singularity occurs in X%¢q) at Q and the
system is unstable. We do not find exact nesting; howev-
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FIG. 4. The bands near the Fermi level for Sc,CuQ, in the
orthorhombic structure with an applied staggered field corre-
sponding to 0.5up per Cu site. The splitting along MNSL on
the zone boundary is entirely due to the antiferromagnetic
field.

er it is fair to ask what would happen (i.e., what ground
state properties would result) if X%(g =X) were much
larger. We have been able to answer this question semi-
quantitatively by performing self-consistent, spin-
polarized calculations for the room-temperature ortho-
rhombic structure (this structure results from a distor-
tion of the tetragonal phase corresponding to the same
wave vector, ¢ =X, that describes the magnetic order-
ing). We effectively raise X%(g =X) by including in our
sampling mesh k points along the zone boundary where
in the absence of a moment bands 33 and 34, which cut
the Fermi level, are degenerate. For the k points on the
zone boundary we occupy the 33 band but not the 34
which is a way placing the Fermi level in the middle of
the antiferromagnetically split bands. This is of course a
device to maximize the tendency for the antiferromag-
netic state. If the dispersion of these bands were smaller
than the splitting, the Fermi level would fall in the gap
naturally; however, the dispersion along the zone bound-
ary shown in Fig. 4 for bands 33 and 34 is 0.7 eV while
the splitting for any reasonable moment (without an ap-
plied field) is less than 0.1 eV. The dispersion is smaller
for La,CuO, (0.43 eV) and is reduced 10% further by in-
cluding the full low temperature orthorhombic distor-
tion, but is still too large relative to the splitting to give
a semiconducting gap. Nevertheless, with a fictitious
gap forced by constraining the occupation for the zone
boundary states, the calculations did proceed to a self-
consistent antiferromagnetic ground state which is quite
informative.

The calculated moment on the Cu sites was 0.136up
with each out-of-plane oxygen site above and below the
Cu site having a moment of about 10% of that of Cu
and aligned in the direction opposite the copper mo-
ment. The average splitting of bands 33 and 34 along
MNSL on the Brillouin zone surface was 0.04 eV. We
also added staggered fields (corresponding to a moment
per Cu of up to 0.8ug) to see if the system might sustain
a larger self-consistent moment, but found the moment
per Cu to level off at about 0.16u 5 as long as only physi-
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FIG. 5. The magnetic form factor for the antiferromagnetic
state as described in the text. The values have been normalized
to lup on the Cu site. The values of (sinf)/A correspond to
the lattice constants of La,CuQ, in the orthorhombic structure
(see Refs. 2 and 15). The experimental data is from Ref. 2 and
has been normalized to 1.0 for the second reflection, with error
bars from Ref. 24. The line is the Cu®* ionic form factor.

cally reasonable fields were used so that bands 33 and 34
were the only ones involved. In a simple system one
might expect a saturation of lug/atom, but here the
bands at E. consist of states with a large amount of
wave function character on the in-plane oxygen sites
which have an equal amount of spin-up and spin-down
density. We calculated the magnetic form factor for the
self-consistent ground state and find that the small out-
of-plane oxygen contribution interferes with the Cu con-
tribution so that the calculated form factor (shown in
Fig. 5) differs noticeably from a Cu ionic form factor.
The form factor has been measured experimentally for
only four reflections with fairly large error bars (also
shown in Fig. 5) and has a shape similar to the theory
which suggests a moment on the out-of-plane oxygen
may be present.” The most important aspect of the ex-
perimental measurement is the magnitude which would
indicate a moment per Cu of about 0.4up. This is well
out of the range that can be reached by an itinerant
model, and is also far from the luz one might expect for
a localized model.

Calculations similar to those described above were
made for the antiferromagnetic state with an 8% larger
and an 8% smaller planar lattice area (we assume the
effect of pressure on the states near E will be dominat-
ed by the change of the in-plane lattice constant).
Surprisingly the increase in I with pressure was enough
to overcome the decrease in X and a small (~5%) in-
crease in the antiferromagnetic response in predicted
with pressure.

CONCLUSIONS

Although our calculations were made for Sc,CuQ,,
the copper-oxygen geometry was the same as for
La,CuO, and the occupied band structure of the two
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compounds are nearly identical. We therefore expect
the calculated physical properties of the two materials to
be similar. The spin-polarized calculations indicated lit-
tle tendency toward ferromagnetic or antiferromagnetic
ordering. This is somewhat surprising since less than
1% oxygen vacancies are needed to stabilize the antifer-
romagnetic state in La,CuO,. More significant is the ob-
served semiconducting behavior of pure La,CuO, at low
temperatures,! while band theory has no energy gap at
the Fermi level. A somewhat similar situation occurs in
other transition metal oxides such as NiO, FeO, and
CoO which are frequently described as Mott insulators.
These compounds, however, have the center of the oxy-
gen bands well below the transition metal d bands and it
is the d bands which occur at the Fermi level. The anti-
ferromagnetic ground states of these compounds are ob-
tained by band theory, but for FeO and CoO the ob-
served semiconducting state is not obtained.’> The
bands for La,CuO, are quite different in the sense that
the center of the oxygen 2p and copper 3d bands is the
same so the width of the band complex (~9 eV) is deter-
mined essentially by the bonding and antibonding states
from the Cu-O pdo interaction. This band width means
the usual criterion for Mott insulators W /U << 1 is not
well satisfied or is in need of modification for this type of
bonding. We suspect the local density functional (LDF)
theory is not adequate here and some on-site or intersite
(Cu-O) correlation beyond that of the LDF approxima-
tion is required for further progress.?*

If some symmetry breaking in the charge distribution
arises so that local moments (ordered or not) can appear
on the copper site then the induced magnetic form fac-
tor should look quite different than what we have pre-
dicted. On the other hand if localized states are present,
one might have expected the measured moment in the
antiferromagnetic state to be closer to lug/Cu rather
than the estimated 0.4u5.> We are presently incorporat-
ing a Hubbard like U into a tight-binding Green’s func-
tion formalism to see if better quantitative agreement
with experiment might be obtained.

Note added in proof. We have subsequently calculated
both the Van Vleck and diamagnetic susceptibility and
find Xly~4x10~°  emu/mole, Xiy~1.5%10"°
emu/mole, and X, = — 11X 10~ emu/mole; so that the
total susceptibility within a standard band-theoretical
treatment is negative, which we believe is a further indi-
cation of strong correlation effects and the need to go
beyond band theory.

ACKNOWLEDGMENTS

We wish to thank Dr. S. K. Sinha, Dr. W. Weber, and
Dr. D. C. Johnston for useful discussions. Ames Labo-
ratory is operated for the U. S. Department of Energy
by Iowa State University under contract No. W-7405-
Eng-82. This work was supported by the Director for
Energy Research, Office of Basic Energy Sciences.




388 T. C. LEUNG, X. W. WANG, AND B. N. HARMON 37

ID. C. Johnston, J. P. Stokes, D. P. Goshorn, and J. T. Lewan-
dowski, Phys. Rev. B 36, 4007 (1987).

2D. Vaknin, S. K. Sinha, D. E. Moncton, D. C. Johnston, J.
Newsam, C. R. Safinya, and H. E. King Jr., Phys. Rev. Lett.
58, 2802 (1987).

3S. Mitsuda, G. Shirane, S. K. Sinha, D. C. Johnston, M. S. Al-
varez, D. Vaknin, and D. E. Moncton, Phys. Rev. B 36, 822
(1987).

4Y. J. Uemura, W. J. Kossler, X. H. Yu, J. R. Kempton, H. E.
Schone, D. Opie, C. E. Stronach, D. C. Johnston, M. S. Al-
varez, and D. P. Goshorn, Phys. Rev. Lett. 59, 1045 (1987).

5]. E. Hirsch, Phys. Rev. Lett. 59, 228 (1987), and Refs. 1-16
therein. See also M. Cyrot, Solid State Commun. 62, 821
(1987).

6W. Weber, Phys. Rev. Lett. 58, 1371 (1987).

’J. A. Appelbaum and D. R. Hamann, in Transition Metals,
edited by M. J. G. Lee, J. M. Perz, and E. Fawcett (Institute
of Physics, Bristol, 1980), p. 111; P. J. Feibelmann, J. A. Ap-
pelbaum, and D. R. Hamann, Phys. Rev. B 20, 1433 (1979).

8B. N. Harmon, W. Weber, and D. R. Hamann, Phys. Rev. B
25, 1109 (1982).

9B. N. Harmon, W. Weber, and D. R. Hamann, J. Phys. (Paris)
Collog. 12, C6-628 (1981).

10W. Y. Ching and B. N. Harmon, Phys. Rev. B 34, 5305
(1986).

1J. Callaway and C. S. Wang, Phys. Rev. B 7, 1096 (1973).

12J, F. Janak, Phys. Rev. B 16, 255 (1977).

13U. von Barth and L. Hedin, J. Phys. C 5, 1629 (1972).

14y, L. Moruzzi, J. F. Janak, and A. R. Williams, Calculated
Electronic Properties of Metals (Pergamon, New York, 1978).

155, D. Jorgensen, H.-B. Schuttler, D. G. Hinks, D. W. Capone
II, K. Zhang, M. B. Brodsky, and D. J. Scalapino, Phys.
Rev. Lett. 58, 1024 (1987).

16J, Yu, A. J. Freeman, and J.-H. Xu, Phys. Rev. Lett. 58, 1035
(1987).

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

18 _H. Xu, T. J. Watson-Yang, and J. J. Yu, Phys. Lett. A 120,
489 (1987).

19Both the resistivity and the magnetic susceptibility show very
little change at the orthorhombic to tetragonal transition
(see Ref. 1) so we have restricted our ferromagnetic calcula-
tions to the tetragonal phase.

20C. Stassis and S. K. Sinha (private communication).

2IR. V. Kasowski, W. Y. Hsu, and F. Herman, Solid State
Commun. 63, 1077 (1987).

22Two groups have reported superconductivity in pure
La,CuQ,, but their results suggest only a small, perhaps fila-
mentary, part of the sample goes superconducting, the bulk
behavior is semiconducting as reported for pure La,CuO, in
Ref. 1; J. Beille, R. Cabanel, C. Chaillout, B. Chevallier, G.
Demazeau, F. Deslandes, J. Etourneau, P. Lejay, C. Michel,
J. Provost, B. Raveau, A Sulpice, J. L. Tholence, and R.
Tourmier, C. R. Acad. Sci. 304, 1097 (1987); P. M. Grant, S.
S. P. Parkin, V. Y. Lee, E. M. Engler, M. L. Ramirez, J. E.
Vazquez, G. Lim, R. D. Jacowitz, and R. L. Greene, Phys.
Rev. Lett. 58, 2482 (1987).

K. Terakura, T. Oguchi, A. R. Williams, and J. Kubler,
Phys. Rev. B 30, 4734 (1984).

243, K. Sinha (private communication).



