
PHYSICAL REVIEW 8 VOLUME 44, NUMBER 13 1 OCTOBER 1991-I

Magnetism and electronic structure in YBa2Cu3O6 and YBa~Cu3O7
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The influence of oxygen content and magnetic ordering on the electronic structure in YBa2Cu306 and
YBa&Cu, O7 is examined. The main difference is the presence in the superconductor, 1:2:307, of m states
on O{2) atoms (in the Ba planes), which are possible carriers of the holes needed for superconductivity.
They may also be responsible for the absence of antiferromagnetic ordering in the Cu(2)-O(3, 4) planes.
The calculated magnetic susceptibility in 1:2:3 07 is in satisfactory agreement with experiment. The
present calculations show that, for antiferromagnetic ordering of the copper magnetic moments in the
Cu(2)-0 plane and between the planes, a Slater gap opens in the neighborhood of the Fermi energy, and
1:2:3O6 becomes semiconducting. The Cu(1) sites in both systems are not likely to form substantial local
magnetic moments and thus probably are not directly involved in the mechanism for superconductivity.
The possibility of an anharmonic effect due to magnetic interaction is discussed.

I. INTRODUCTION

The recent discovery' of superconductors with criti-
cal temperatures, T„far above those previously con-
sidered possible for superconductivity has prompted
much interest in the physical properties of these systems.
Since many of the proposed mechanisms are based on
magnetic interactions between the copper atoms, the
magnetic nature of these systems is of interest.

Investigation of possible magnetic phenomena is com-
plicated as it is now known that the local-spin-density-
(LSD) functional approach does not account for spon-
taneous magnetic ordering in these compounds and that
non-spin-polarized calculations predict metallic proper-
ties for the related insulators. The other approach, from
the strong-correlation limit such as the Mott-Hubbard
model, leads to an insulating state that is not due to anti-
ferromagnetic (AFM) ordering but rather to strong on-
site correlations which are much larger than the band-
width so that an energy gap is created between spin-up
and spin-down electrons. This is in contradiction to
another point of view where insulating behavior is due to
AFM ordering. ' In previous work we demonstrated
that, by performing forced antiferromagnetic ordering
calculations for a half-Nled band, an AFM "Peierls-type
gap" or, the more commonly called, Slater gap, opens up
at the Fermi energy due to the doubling of the unit cell.
We called the gap a "Peierls gap" as the effect of meta-
AFM ordering on the electronic structure is analogous to
the Peierls lattice distortion effect. As soon as the gap
opens in the iterative process, the density of states close
to the gap boundary rises due to Aattening of the bands,
and the energy lowers. As a result, the external splitting
can be removed and the antiferromagnetic ordering be-
comes stable. Thus, in this case, the insulating state can
be obtained in the LSD approximation provided an anti-
ferromagnetic phase can be created.

The consequences of the sharpening of the density of
states around the gap for superconductivity should be

noted. The sharp peak below the Fermi energy in the
density of states for 1:2:306 has been experimentally ob-
served as well as its disappearance with increasing oxygen
content. The gap produced at the Fermi energy is small
(-0.1 eV) due to a low value of the local moment on the
Cu2 sites (-0.3@~). The gap calculated within the
LSDF approximation cannot be compared with the ex-
perimental one because one should take into account an
explicit correction due to a discontinuity in the function-
al derivative of the exchange-correlation energy with
respect to density at the gap. It is quite essential to find
out what one would obtain in the pure LSD theory before
trying to introduce any of the possible corrections to it.
This is not an easy task since the expected gap in the bare
LSD electronic structure in cuprates is of the order of ac-
curacy of the calculations (0.1 eV). The difficulties of
reproducing narrow gaps in numerical calculations has
been demonstrated with the analytical example of a hy-
pothetical one-dimensional structure. It has been shown
that, unless a large number of terms in the Fourier expan-
sion (10 ) were taken into account, the expected gap in
the density of states would not occur. ' It is interesting
that, in numerical calculations for La2Cu04 with a
plane-wave basis set, it was found that only for a large
number (15 625) of plane waves was a gap created. "

Since we neglect the spin-orbit interaction, the absolute
direction of the moment is not defined. For the half-filled
band with a proper nesting at the Fermi surface, the ma-
terial stays insulating as long as there is antiferromagnet-
ic coupling between spins of copper atoms. Variation of
the band filling due to doping lowers the Fermi energy
and so, as soon as the metallic state is approached, the lo-
cal magnetic moment disappears. This stabilization of
the magnetic ordering due to the existence of the gap at
the Fermi energy explains the strong sensitivity of the
magnetic moment to doping which would not be true for
spontaneous antiferromagnetism.

At this point it is useful to recall the analogy between
the influence of lattice distortion and magnetic ordering
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on the electronic structure. If one takes this analogy
further one can conclude that a double-well potential
would be created due to local magnetic oscillations
which, in turn, may lead to an increase of the effective
electron-electron interaction. ' It has been shown' that
co„the frequency for quasilocal excitations in a double-
well potential, is smaller than coD, the characteristic pho-
non frequency. The following estimate has been ob-
tained' for the ratio of the effective electron-electron in-
teraction induced by a two-level system (A,, ) and phonons

p. &
- cntiferromagnetic

6F

Y Ba&Cu&06

kg /A, ph coD /egg

In the double-well potential model it is easy to obtain T,
around 100 K, which was predicted before high-T, super-
conductors were discovered. ' It also explains why T, is
actually of the order of 100 K and not 1000 K, as would
be expected from simple magnetic interaction pairing.
Sensitivity of the effective A, and T, to the shape of the
doub1e-well potential has been discussed recently. '

In the present paper we will discuss the important
differences in the electronic structure between these two
related compounds, one of which is superconducting
1:2:307 and the other is semiconducting 1:2:306.

II. LMTO-ASA STUDIES OF MAGNETISM
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FIG. 1. The calculated band structure for antiferromagnetic
1:2:3 06 along the indicated symmetry points in the
Brillouin zone [y=(0,0,0), X=(m /a 00), M=(m/ ma/ 0a),

Z =(0,0, 2m/c), R =(n/a, 0,2m/c), A =(m/a, n/a. ,2m/c)]

The LMTO-ASA (linear-muffin-tin-orbital atomic-
sphere-approximation) method has been used successfully
in explaining electronic and magnetic properties of met-
als and their alloys. ' For example, the calculated mo-
ment in metallic nickel' was in agreement with experi-
ment to within 0.01p~. It was also predicted that nickel
loses magnetic moment during hydrogenation. For the
new high--T, oxides, less approximate methods such as
the highly precise full-potentia1 linearized augmented-
plane-wave method' (FLAPW) should reveal the details
of the electronic and magnetic structure better, but the
important features in these compounds can be obtained
by LMTO-ASA and similar methods with much less
computer time required for the computations. The
LMTO-ASA method is much faster than most other
methods and thus permits the use of a larger number of k
points in the Brillouin zone which is essential for mag-
netic studies in these compounds.

In Fig. 1 we show that present band-structure results in
which antiferromagnetic ordering was assumed between
the copper-oxide planes in contrast to our previous calcu-
lations where ferromagnetic coupling between those
planes was assumed. In the present calculations we used
the Vosko-Wilk-Nusair' exchange-correlation potential
which leads to essentially the same results as the von
Barth —Hedin' potential previously employed, except
that convergence is faster. The wave functions were ex-
panded up to I =2 (d electrons) for all atoms except oxy-
gen [up to 1 = 1 (p electrons)]. Empty spheres (no orbitals
were assumed in the empty spheres except from overlap-
ping spheres) were positioned at the oxygen vacancies:
one empty sphere per unit cell in 1:2:3 07 and two in
1:2:306 and one additional empty sphere in the yttrium
plane. ' In the self-consistent process, a small mixing pa-

rameter of 5'%%uo has been used. To obtain convergence
within one panel and the minimal basis set approximation
(this approximation has been successfully used for elec-
tronic structure calculations of transition metals' ), we
had to assume a large value for E, (in our case, E„is at
the center of the band and not at the center of the occu-
pied portion) for p electrons of Y (5p) and Ba (6p), and s
electrons of 0 (3s), around which the expansion is per-
formed, in order to avoid ghost bands, which can be
created, for example, by picking up contributions from
both 5p and 6p electrons of Y in the same band. '

It is important to mention that, for these materials,
which have very nonuniform charge densities and vacan-
cies, the details around the Fermi energy might be sensi-
tive to approximations, such as the values of the atomic
sphere radii (influences the Madelung energy contribu-
tion), E„values (changes the initial hybridization), etc.
We find that, in the LMTO-ASA approximation, the ini-
tially chosen E values for p electrons of yttrium can
change the unoccupied band position by several eV. This
is probably the reason why the position of the unoccupied
bands in an earlier LMTO-ASA calculation ' is much
lower than in our LMTO-ASA and in highly precise
FLAP W calculations. ' In later work by these
authors, ' ' the position of the unoccupied bands above
the p-do. antibonding band agrees with our calculations.
In their spin-polarized calculations there is again an
unoccupied band crossing the top of the p-do. antibond-
ing band. ' ' It is possible that too low a position of the
unoccupied bands might suppress the gap at the Fermi
energy. Expansion about the center of the band should
give a better description around the Fermi energy for a
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half-filled band than expansion around the center of the
occupied portion. It has been suggested ' ' that an in-
crease of the angular-momentum expansion on either ox-
ygen or copper might suppress the moment. Unfor-
tunately, we are about at the limit of our available com-
puter memory and cannot investigate this conjecture.
However, this suggestion is very tempting since it might
explain why, in the FLAPW calculations in which very
large l values are used, not even a semimetallic state
could be obtained for this compound. Combined
corrections in the LMTO-ASA method might indirectly
introduce corrections for higher l values but they were
neglected in these calculations.

The electronic structure around the Fermi energy for
these high-T, superconductors can be well described in
the tight-binding scheme with consideration of only p
electrons of oxygen and d electrons of copper. It has
been demonstrated in this model that the (110) nesting
(required for stability of antiferromagnetic ordering) is
only present when second-nearest-neighbor interactions
are neglected. When they are included there is (100) and
(010) nesting which is obtained in band-structure calcula-
tions for most high-T, superconductors. Thus, the ex-
perimentally observed nonmetallic state with antiferro-
magnetic ordering cannot be obtained in a tight-binding
scheme (equivalent to the LMTO-ASA approximation' )

when parameterization from self-consistent LSDF calcu-
lations is used due to overestimation of overlapping pa-
rameters. This indicates that an insulating antiferromag-
netic state cannot be created only by artificially increas-
ing the exchange-correlation potential, but that correc-
tions leading to the reduction of overlapping integrals
and the proper nesting of the Fermi surface are necessary
as well.

In our calculation we obtained an almost spherical Fer-
mi surface for paramagnetic 1:2:3 06. It is interesting
that, in another related compound CaCu02, we could not
obtain stable magnetic ordering even by forcing it with
very high externa1 fields. This is in agreement with the
detailed study of this compound by Singh et al. These
authors found that the Fermi surface does not have any
nesting feature that would favor antiferromagnetic order-
ing even when applying an external field.

One way of creating antiferromagnetic ordering within
the present LSD formalism is by application of large
external antiferromagnetic fields. To demonstrate the
inhuence of a magnetic field on the Fermi surface, we
performed simplified tight-binding-model calculations for
a square lattice following Ref. 23 and using the parame-
ters t2 =0, t2/t, =0.23, t2/t& =0.45, and co=0:

e(k)= —2t, [cos(k a)+cos(k a)]+4tzcos(k„a)cos(k a) .

(2)

In the presence of an external field, the paramagnetic
band splits, and we represent this effect using rigid-band
splitting. In Fig. 2 we show the effect of the rigid-band
splitting by AII =—+0.9t& on square and spherical Fermi
surfaces: one with t2=0 [as mentioned above, a square
Fermi surface with (110) nesting] and one with
t2 jt~ =0.26 (for our calculations for 1:2:306). In addi-

FERMI SURFACE for 2 D SQUARE LATT IC E

tp= 0
x {po,o)

t&Zt~= O. 26

I' (o,o,o) sH= 0.9t, ~ a H=+O. 9t ~
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FIG. 2. The Fermi surface for the two-dimensional (2D)
square lattice (Ref. 17) with different t2/t

&
ratios as indicated (t

&

nearest-neighbor hopping integral, t2 next-nearest-neighbor
hopping integral). The applied field rigid-band splitting as indi-
cated.

tion, for t2/t& =0.45 (which is close to the observed Fer-
mi surface in high-T, materials), we applied
AH =0.7t

&
. The interesting result is that, after applying

a b,H splitting of the order of 0.1 Ry (t, of the order of
1.5 eV), one part of the Fermi-surface nesting vector ro-
tates from the [100] direction towards the [110]direction.
This part of the Fermi surface is the one which stabilizes
the meta-antiferromagnetic solution.

In our calculations we apply this field (0.05 Ry —0.1

Ry) to all atoms with the restriction that the sign of the
field was opposite on nearest-neighbor copper atoms.
Hundreds of iterations (initially with small numbers of k
points) have been performed until a gap opened up
around the Fermi energy. Then the external field has
been removed and further iterations have been performed
with a large number of k points and low mixing (5%%uo) of
the new with the previous charge density. There is an
evident analogy between our calculations and those previ-
ously performed for the metamagnetic state in Pd. In
both cases, a large number of k points were needed in or-
der to eliminate artificial fluctuations at the Fermi ener-
gy. We used 108 k points in the irreducible wedge of the
Brillouin zone.

At this point, a comment about the sensitivity of anti-
ferromagnetic solutions to the number of k points em-
ployed is in order. According to Guo et al. , the mo-
ment for the antiferromagnetic solution is La2CuO4 de-
creases smoothly for increasing number of k points and
the opposite behavior is found for La2NiO4 where the
moment is present only for more than 105 k points. In
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later work they claim. ' ' that their results agree with
ours for 1:2:306 only when a small number of k points
(30) is used. We do not find for 1:2:306 a smooth depen-
dence of the value of the moment on the number of k
points. The value varies quite randomly from higher to
lower values for small numbers of k points and becomes
relatively stable for 108 and more k points where, for ex-
ample, there is essentially no difFerence (&0.01pz) be-
tween our calculations with 108 and 135 k points. The
magnetic moment for the antiferromagnetic solution is
more sensitive to the number of k points than for the fer-
rornagnetic solution. This is mainly due to interpolation
errors for spin-up and -down electrons which, in the anti-
ferromagnetic case, do not subtract as in the ferromag-
netic case where the spin-up and -down electron density
of states are almost rigidly shifted and the detailed
features of the density of states are not important. The
sharpening of the density of states around the gap bound-
ary demonstrates the sensitivity of the results to the num-
ber of k points employed. We should, however, point out
that our solution for 1:2:306 is consistent with the other
LMTO-ASA calculations, ' ' where it was demon-
strated that the LMTO-ASA method can lead to a sem-
imetallic solution in contrast to the FLAPW (in principle,
a more accurate method) calculations where such solu-
tions have not yet been obtained.

In Table I we present our results from the present cal-
culations for the charge distribution. We use the nota-
tion of Kamaras et al. for the atomic positions. The
calculated moment of the Cu2 sites is equal to 0.31@~,
which is lower than obtained experimentally (about

0.5@~). As noted by Slater, the exchange potential is
dependent on the momentum and energy of the electrons,
while the Kohn-Sham exchange potential used in the
LSD approximation (for electrons at the top of the Fermi
surface) is —', of the Slater potential (which is averaged
over the Fermi distribution). Because of this we also per-
formed calculations with a factor 1.5 introduced in the
exchange part of the exchange-correlation potential. The
moment increased to 0.41pz with almost the same shape
of the band structure and the same value (-0.1 eV) of
the band gap. This indicates that a simple rescaling of
the exchange-correlation potential is not sufhcient to de-
scribe the magnetic properties and the band gap in these
compounds.

The calculated value of Is«„„(Ref.30) (I=5,/M,
where 5 is the band splitting due to magnetic ordering
and M is the local magnetic moment) from Table I yields,
for 6vefold degenerate d electrons, a U value equal to 5.3
eV. The valence electron distribution presented in Table
I is dependent on the assumed atomic sphere radii, but
the predominantly p and d character of the band elec-
trons is not affected. The presented values of intrinsic
band mass enhancement (m*/m) (Ref. 14 ) for d elec-
trons of copper and p electrons of oxygen are much larger
than one because of the two-dimensionality (reduction of
the overlap in the z direction) of this compound which
causes narrowing of the band and its seen as the
effective-mass enhancement.

In Figs. 3 and 4 the local density of states of d elec-
trons for 1:2:306 is show for Cu2 and Cul sites, respec-
tively. It is easy to understand why no magnetic moment

TABLE I. The calculated contributions for the antiferromagnetic solution to the spin moment (p&),
charge distribution {E),Is„„„parameter(Ry), and intrinsic band mass enhancement ratio (m /m) for
the semiconductor 1:2:3O6.

Atom

Copper

Quantity
Site

Spin moment

Istoner

Electron
type

S

p
d
d

Two (up)

—0.004
—0.003

0.313
0.078

Calculated values
on di6'erent sites

Two (down)

0.004
0.003

—0.313
0.078

Copper

Copper

Site

Charge

m */m

S

p
d
Sf
sl
pl
pL

d~

One

0.604
0.444
9.600
0.798
0.798
0.934
0.934

12.351
12.351

Two (up)

0.340
0.511
9.365
0.813
0.812
0.951
0.949

13.776
13.412

Two (down)

0.340
0.511
9.367
0.812
0.814
0.949
0.951

13.413
13.778

Oxygen
Oxygen

Site

Charge
m */m

p
pf
pl

Two

4.550
3.368
3.368

Three, four

4.514
3.371
3.370
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is present on Cu1 sites since almost all (except some 1 eV
above the Fermi energy) Cu1 states fall below the Fermi
energy due to strong localization effects for the assumed
idealized structure with the absence of oxygen atoms in
the Cu1 layer.

The moment on Cu2 sites is quite well localized as can
be seen in Fig. 5 with the maximum of the spherical spin
density at 0.56 a.u. We find some sensitivity of the rno-
ment to the atomic radii employed. This is due to the
tails of the muffin-tin orbitals. We cannot judge the sta-
bihty of the antiferromagnetic solution based on calculat-

ed total energies in the nonmagnetic and antiferromag-
netic states as they are the same within the accuracy of
our calculations. It has been shown by Freeman et aI. '

and independently by us that spontaneous magnetic or-
dering is possible for isolated copper-oxygen planes. For
the full structure of l:2:3 06, the Stoner criterion
[Ip(ez) ~1, where p(e~) is the density of states at the
Fermi energy per spin and I is the Stoner parameter
defined above] is not fulfilled and there is only a stable
"metarnagnetic" type of antiferrornagnetic solution.

In addition, we have performed calculations for forced
ferromagnetism of an idealized structure of 1:2:307 (Ref.
28) where 100% occupancy of oxygen in the Ol site of
the chain was assumed. In that case, a small moment ap-
peared on the Cu l sites. The absolute value of the mo-
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FIG. 4. The local density of states of spin-up and spin-down
d electrons on Cu1 sites in 1:2:306. The shaded area represents
in-plane states, i.e., states projected onto the Cu2-O plane.

FIG. 5. Spherical spin density on the Cu2 atom in AFM 1:2:3
06 as a function of radial distance r.
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ment is irrelevant as it is dependent on the value of the
external field and all moments disappear when the field is
removed (please notice that, in our earlier paper, we also
did not mention the value of the moment in the presented
forced ferromagnetic solution and it should not be inter-
preted as a stable ferromagnetic solution ). However, it
is interesting that the moment on the Cul sites was more
than four times smaller than the moment on the Cu2
sites. In a recent paper, neutron-diffraction measure-
ments show that, in 1:2:306+, there is a phase present
with a small moment 0.012+0.007pz on the Cul sites.
On the basis of our results, we suggest that the phase
with the moment on the Cul sites must have more oxy-
gen present in the Cul layer than the phase which is non-
magnetic.

We also calculated the unenhanced Pauli susceptibility
[p =piip( E~ ) ] at the magnetic field strength (35 kQ) cor-
responding to thermal fluctuations at the Neel tempera-
ture (0.0015 Ry) and obtained y=3.6X10 cm /g Cu(2)
atom, 4. 1X10 cm /g Cu (1) atom, and 3.77X10
cm /g Cu atom. These results are in agreement with the
value which we calculated from the results of Massida
et al [p(.Ef ) = 1.13 states/eV per Cu atom];
y=3.65X10 cm /g Cu atom. The corresponding sus-
ceptibility per g of material measured experimentally is
y=2X10 cm /g, which is slightly lower than our
value y=2. 5 X 10 cm /g. We also calculated the
maximal susceptibility: y =Arn /b, H, which is

=10X10 cm /g Cu (1) atom and y =43X10
cm /g Cu(2) atom.

In Fig. 6 we present the calculated d-electron density
of states for Cul and Cu2 sites in 1:2:307. The feature
which appears is a small contribution of d-electron states
of Cul atoms in the a-b plane and perpendicular to the
plane (along the c axis) at the Fermi energy. Of particu-
lar interest is the effect of the occupancy of the 01 oxy-
gen on the bonding. In Figs. 7 and 8 we compare the
variation in the population of states around the Fermi en-
ergy due to the p electrons of oxygen. The appearance of
out-of-plane (a-b) states of 02 atoms at the Fermi energy
for 1:2:307 is important and explains the experimentally
observed sensitivity of T, to the variation of the Cul-
02 bond length in the c direction [note in Ref. 30, 02 is
designated as O(4)]. These 02 states are probably respon-
sible for creating the magnetic instabilities in 1:2:3 07,
which are essential for superconductivity. They might
also carry holes as they are weakly bonded. We cannot
rule out the possibility of supercurrents due to holes on m

electrons of 02 atoms. The Cu2-O(3, 4) planes might be
the source of attraction for holes (electrons) due to spin
or charge fluctuations.

In Fig. 9 we present the spherically averaged spin den-
sity for forced ferromagnetic ordering in 1:2:3 07. It is
most interesting that the spin density on the Cu2 site
(Fig. 9) remains almost the same as for antiferromagnetic
ordering (Fig. 5) with the values slightly higher due to the
applied field. It is tempting to suggest that, in the super-
conducting phase where no static moment is present, an
oscillating moment would exist. The tail spin polariza-
tion on the O(3,4) sites should be noted as well as the
small contribution from the Cu1 site.

o. 32
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