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Motivated by difhculties in understanding the magnetism of the insulating parents of high-T,
superconductors, we have studied the less covalent, and thus simpler, antiferromagnetic (AF} insu-

lators NiO and KNiF3. We also consider the apparently covalent material La&Ni04, which is closely
related to the high-T, superconductor parent La&Cu04. Despite many studies of KNiF3 and NiO
via cluster calculations, we found that a satisfactory ab initio cluster theory of the neutron form
factor is lacking. We have carried out, such a calculation in the unrestricted Hsrtree-Fock (UHF}
approximation, taking the basic cluster as (NiFs} and (NiOs} for KNiFs and NiO, respectively,
treating the remaining lattice in the point-charge model. We show that correlation effects and Pauli
repulsion corrections to the point charges are negligible in these cases. After correcting for the
zero-point spin Suctuations, the UHF form factor agrees well with experiment in KNiF3, where the
absolute value of the form factor is known for small scattering vectors g. The UHF calculations
agree satisfactorily with the relative form factor data for NiO, which cover s large range of ~g~ ( the
absolute experimental values are not available); the agreement in shape includes the variations with

g due to asphericity of the spin density. We also found that the UHF results on La&Ni04, obtained
by using similar methods, disagree sharply with experiment.

I. INTRODUCTION

We recently showed that contrary to many recent
statements, the magnetism of La2Cu04 and YBasCusOs,
insulating parents of high-T, superconductors, is not
well understood. ~ 2 The ordered antiferromagnetic (AF)
moment M«g was found, by magnetic Bragg neu-
tron scattering, to agree with the appropriate Heisen-
berg model, leaving therefore no room for the large co-
valent reduction expected (40—50%%uo) in addition to the
large reduction &om quantum spin Buctuations in the
two-dimensional spin-& Heisenberg model. 's We then
noted an error in the interpretations of the neutron
data, and pointed out the correct procedure which in-
volves a proper handling of the form factor f(cl).~ We
carried out that procedure as far as possible on the ba-
sis of the theoretical information available. This gave
improvement in the resulting ordered moment, but not
nearly enough, thus leaving intact the puzzle concerning
the antiferromagnetic ground state of these important
materials La~Cu04 and YBagCu306. ' Necessary to its
solution is a theoretical determination of the form factor.

Since neutron data on a stochiometric sample of
La2Cu04 are not available, we decided to focus first on
the very closely related La2Ni04, for which there is ap-

parently good data. r The first attempt at calculating the
observed form factor was phenomenological, namely, an
application of Hubbard-Marshall (HM) theorys using
linear combinations of Hartree-Fock ionic orbitals for Ni
and 0 (Nis+ and constrained 02 orbitals). This failed
when we took two different singly occupied e~ states for
Ni2+ for the form factor calculation. This failure was
confirmed by Wang et aL even though they earlier had
fit their experimental data nicely by taking two identical
spherical orbitals instead of two different es states. (The
latter procedure is of course incorrect, violating the Pauli
exclusion principle. ) The failure was somewhat surpris-
ing in view of the success of HM theory for KgCuF4. We
suspected that the de'erence might be due to the smaller
degree of covalence of the Buoride, although this Buoride
(which is in fact ferromagnetic) does show appreciable
covalence.

To understand the problem of covalence in antiferro-
magnetic insulators we first studied the weakly covalent
antiferromagnets KNiF3 and NiO. Several ab initio clus-
ter calculations have been done in KNiFs Refs. (10, 12)
and NiO. ' However, most of these works were inter-
ested in excitation energies rather than the ground state
wave function, which is needed to obtain the neutron
form factor. The only cluster calculation of the form fac-
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tor was in KNiFs Ref. (10) more than 20 years ago, and
was considered by the authors to be too crude to even
compare with experiment. Other attempts which had
been made to get the theoretical form factor from the
free ion Ni +, to compare with the experimental data,
did not give good agreement. This paucity of work on
the theoretical form factor motivated us to carry out clus-
ter calculations using the techniques of ab initio quantum
chemistry which have developed rapidly during the past
two decades. We followed a standard procedure, namely,
the basic cluster was chosen to contain one Ni2+ ion and
its six nearest neighbor ligands (F ion or 0 ion re-
spectively), and the rest of the lattice was taken into
account by employing the point charge model. Correc-
tions to the point charge model in the form of limited
Pauli repulsion are also considered.

In this paper we address the methods and results of
these cluster calculations of the neutron form factor for
KNiF3 and NiO and compare our theoretical results with
experiment in both materials. We also discuss the results
of form factor calculations in La2Ni04 obtained by ap-
plying similar methods and compare with experiment. In
addition to the form factor, we address a paradox in the
Mulliken charge analysis in our calculations for KNiF3
and NiO.

II. CLUSTER CALCULATIONS

Ni06 in NiO, after establishing a reasonable conver-
gency in the value of the potential at the center of the
cluster (variation within less than 0.2 %). This number
of point charges in Evjen's procedure is known to give
an almost constant difference from the exact Madelung
sum even for the region far from the origin of the clus-
ter for the pervoskite and fcc structures corresponding to
KNiF3 and NiO, respectively. 2~

For a more realistic environment in KNiF3, point
charges, which had originally represented the eight near-
est neighboring K+'s, were replaced by effective core po-
tentials (ECP's).22 This enabled us to incorporate Pauli
repulsion particularly between electrons in the F 's of
the cluster and those in neighboring K+'s. The effect of
this replacement on the form factor of KNiF3 was found
to be negligible, and so we did not include ECP's for our
calculations in NiO.

We have also performed multiconfiguration SCF (MC-
SCF) calculations using the COLUMBUs codeis to investi-
gate correlation effects on the form factor for KNiF3 and
NiO. We allowed the d electrons in Ni to correlate among
themselves and with p electrons in the ligands. The re-
sults of our MCSCF calculation, which included 126 con-
figurations, indicated that mainly d-d intra-atomic cor-
relation was important. The MCSCF form factor values
however changed by less than 1% from the SCF values
for both the materials. Therefore we present only the
SCF form factor calculations in the figures.

A. Computational procedure B. Theoretical form factor

Restricted Hartree-Fock (RHF) and unrestricted
Hartree-Fock (UHF) calculations have been carried out
on the clusters NiF6 for KNiF3 and Ni06 for NiO.
The cluster consists of one Ni ion surrounded by six lig-
ands such as fluorine ions or oxygen ions. RHF and
UHF self-consistent-field (SCF) calculations were per-
formed with the COLUMBUs code and the GAUSSIAN90

code respectively using contracted Gaussian basis sets.
Huzinagais basis sets (9a6p) with an additional diffuse

p function are used for F and O. The basis set for Ni is
Wachters'ir basis (13a9p5d). The basis set (14a1lp6d) for
Ni with additional diffuse functions suggested by Hay
is also used to see how sensitive the calculations are
to adding the diffuse basis functions. These two basis
sets, (14sllp6d) and (13s9p5d) give the same form fac-
tor and charge density (difference is less than 1.5%), and
so we present the figures of the form factor with basis set
{13s9p5d) of Ni {see Sec. III C for further discussion of
this point). All the electrons of the cluster, 86 electrons,
are explicitly included in these ab initio calculations and
the rest of the system is treated as point charges to give a
Madelung potential to the cluster. Formal ionic charges
(for example, +2, —1, and +1 point charges for Ni2+,

F, and K+ respectively) were assigned to the atomic
positions for the rest of the system and fractional charge
values on the boundary were taken to make the whole
system charge neutral according to Evjen's method.
We took 482 point charges to obtain the Madelung po-
tential for NiF6 in KNiF3, and 722 point charges for

The spin density associated with one magnetic ion cen-
tered at the origin,

is determined from the results of HF cluster calculations.
In Eq. (1), g~(r) is the jth molecular orbital from the
SCF results, n = n~ —n~ [nt(n~) is the number of oc-
cupied up(down) spin electrons], and 0~ is the spin state
+1 or —1 for up or down spin for the jth orbital. When
mean field theory (MFT) for the full antiferromagnetic
crystal is assumed, S, is 1 for Ni.

The total spin density in the AF ordered crystal is
given by the sum of contributions associated with each
magnetic ion,

S(r) = ) e'~"' s(r —n).

n is a lattice vector associated with the chemical unit
cell, and q~ is a particular AF wave vector: e'&" is

+1(—1) at up(down)-spin sites n.
The experimentally measurable quantity from the neu-

tron Bragg scattering is the Fourier transform of the mag-
netic moment density per unit cell, gpBS(r)/% (N is the
number of unit cells),
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1
m(q) =gp~ — S(r)e ' 'dr

N

= ggg —) e'e"' f e(r —n)e 'e dr'
n

=ggg —) e '~e e"~' f e(r)e e 'dr'
N

re(ere) = ggg f e(r)e 'e"'"dr

= gp~S, f(q~),

where f(q) is the form factor defined by
OCC

f(e) = —).er f ld'r(r) I*""«

(4)

When we take account of spin Buctuations beyond the
MFT, S, is the mean value of the spin in the Heisenberg
model, (S,), instead of the MFT value 1 for Ni. ~ Thus we

now have the magnetic moment density m(q~) in terms
of (S,) which includes the quantum spin fiuctuation ef-

fect, and f (qA) which includes the covalence efFect:

m(qA) = g~~(S.)f(qA) (6)

In HF molecular orbital (MO) theory, each MO is a
linear combination of basis functions such as

where y&' is a basis function centered at Ni and yl
' is a

basis function centered at the jth ligand. The subscripts,

The sum g„e '(& &")' gives the shape of the Bragg
peaks which center on the general AF wave vectors q~.
The variation of intensity of the Bragg peaks is controlled

by

k and 1 label the individual basis functions for Ni and the
ligands respectively. For simplicity, we omit the label on
the molecular orbitals, and the basis function y includes
its MO coefficient. The square of the MO becomes

I@( ) I' = ):Xa 'Xs'+ 2 ).).»'Xi '
k, Ie' Ic,l j

+) ): x,"x,'."+).):x,"x,"
j,l j,l Wj, l

(8)

When the jth ligand is shared by two nearby Ni2+'s with
antiparallel spins, the contributions to f (q) from the last
term of Eq. (8) vanish at q = qdt. This leads to the
covalent reduction in the form factor. Also the ¹iligand
cross terms lead to a Battening of the form factor in the
small q region.

III. RESULTS

A KNiFs

The theoretical AF form factor values from RHF and
UHF calculations are compared with the experimental
values of Hutchings and Guggenheim s in Figs. 1(a),(b).
The experimental values of the product (S,)f(qA) are
determined from the absolute values of g(S, )f(qA)/F2pp
which include no unknowns and are extracted from the
ratios of magnetic and nuclear Bragg scattering inten-
sities at 4.2 K in Ref. 23. Here we took the g factor
as g = 2.29(+0.02) and the nuclear scattering length as

F2pp = 1.218(+0.020) from the same Ref. 23.
The calculated form factor values are multiplied by

the factor (S,) to fit the experimental data. The UHF
results, which incorporate core polarization, in Fig. 1(b)
difFer slightly from the RHF results in Fig. 1(a), but this
small difference helped to obtain a near perfect agree-
ment between the UHF results and the experiment. The
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FIG. 1. Magnetic form factor in KNiF3
(a) RHF, (b) UHF with scale factor (S,) as
Oe90 in the calculated values to compare with
the experimental values in Ref. 23.
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best fit to the experiment in Fig. 1(b) gives (S,) = 0.90
which can be directly compared with the result of spin
wave theory for the simple cubic lattice (S,),~;„
0.92

We conclude that the theoretical results for the mag-
netic moment density m(q~) in terms of covalence and
spin fluctuation effect [Eq. (6)] agree well with the exper-
imental data in KNiF3.

B. NiO
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The theoretical AF form factor values from RHF and
UHF calculations are compared with Alperin's experi-
mental values in Fig. 2 and Figs. 3(a),(b). The abso-
lute values of (S,)f(q~) are not available2s for NiO and
the experimental values were scaled by 0.93 to give the
best fit to our UHF results, particularly for the small

Iq~ region. The Bragg scattering data in NiO are ex-
tended to a larger region of Iq~I than those in KNiFs. In
Fig. 3(a), we compare our UHF results with the scaled
experimental values. Apparently, the UHF results agree
very well with the experiment for the first three Bragg
peaks and are consistently lower than the experiment for
larger Iq~I values. However, the bumpiness of the data is

traced rather well by our theoretical calculations, which
results &om asphericity of the spin density around each
Ni. The overall agreement between UHF results and ex-
periment in Fig. 3(a) is reasonable.

A correction to the form factor in the larger q region
comes from the orbital contribution. We took the orbital
contribution for NiO from the work of Khan et al. who
made a spherically averaged estimation of this contribu-
tion using the ionic Ni + wave function. This orbital
contribution is negligible in the small q region, and so we

do not expect it to be important in our comparison with
KNiF3 experiments, where the data are available only
for small q. For larger q, the orbital contribution in NiO
helps to give a better fit with experiment, as shown in

Fig. 3(b). The small discrepancy between the calculated
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FIG. 3. Magnetic form factor in Nio (a) UHF, (b) UHF
+ the correction from the orbital contribution Ref. 27. The
experimental values in Ref. 25 are scaled by the factor 0.93.

C. Failure of the Mulliken charge population analysis

In the UHF calculations of NiO and KNiF3, we found
the Mulliken charge values obtained with diffuse basis
functions in Ni (14sllp6d) to be quite different from the
nominal charge values for the ionic material (see Table
I). Particularly for NiO, the discrepancy is very large.
These values (—0.21 for Ni and —1.63 for 0) for NiO
seem to contradict the assumption that NiO is highly
ionic, which allows us to assign the nominal point charge
values, +2 for Ni and —2 for 0, when generating the
Madelung potential. Therefore we performed the same
cluster UHF calculations without diffuse basis functions
in Ni (13s9p5d) to see how sensitive the Mulliken charge
population was to the choice of basis functions. The
Mulliken charge values without diffuse basis functions
(13s9p5d) were found to be +1.75 for Ni and —1.95 for 0,
much closer to the nominal point charge values. (Similar
values were obtained by Sulaiman et a/. in their cluster

TABLE I. Mulliken charge population values for different
basis set for Ni.

Ni
NiO

0 Ni
KNiFp

and the experimental values in Fig. 3(b) might come from
the error involved in the spherical averaged estimation of
the orbital contribution. With the inclusion of the or-
bital contribution to the form factor, we conclude that
the results in Fig. 3(b) are in good agreement with ex-
periment.

FIC. 2. Magnetic form factor in NiO. Theoretical values
are from RHF calculations and the experimental values in
Ref. 25 are scaled by the factor 0.93.

(14811p6(j)
(1389p5d)

-0.21
1.75

-1.63
-1.96

1.76
1.86

-0.96
-0.98
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calculations of YBa2CusOs and La2Cu04. )
Even though the results of the two calculations, with

difFerent basis sets, look so different in Mulliken charge
analysis, we found that physically meaningful quantities,
such as the charge and the spin density, are essentially
the same. Our understanding of how this is possible is
the following. The diffuse functions in Ni (14sllp6d) are
so difFuse that they spread over the neighboring oxygen
sites and can mimic the diffuse function on the oxygens.
We estimate that the approximately I/3 of an electron
per 0 assigned to the diffuse Ni orbitals are physically
associated with the oxygen ions.

The Mulliken population values in KNiF3 are rather
stable with respect to the choice of basis sets and the
calculated values are close to their ionic charges (+2 for
Ni2+ and —1 for F ) even when we use the diffuse ba-
sis functions in Ni (see Table I). This is due to the fact
that the F wave function is much more compact com-
pared with the 02 wave function so that the diffuse Ni
functions are simply not appreciably occupied.

In summary, these results show that the Mulliken
charges assigned to different ions (such as Ni, F, 0, etc. )
depend not only on the choice of basis set but also on
the type of ions in the cluster. (A similar problem was
noted by Noellso and Bauschlicher and Baguss~ for the
transition metal complexes. ) Therefore it sometimes may
be misleading to use these charge assignments in describ-
ing physical quantities such as the electrostatic potential.
As we just noted, our NiO results give an extreme exam-
ple: Clearly the assignment to Ni of electrons in orbitals
centered on Ni, but so diffuse that most of their weight
is at the Ni-0 distance, is not sensible. The Mulliken
assignment is much more sensible when the orbitals are
not so diffuse. The charge density was in fact found to
be essentially the same with or without these diffuse Ni
functions, and so it is clearly reasonable to prefer the
Mulliken charges calculated without diffuse functions.

IV. DISCUSSION AND CONCLUSIONS

The good agreement between our UHF results and the
experiment in KNiF3 and NiO indicates that for these
rather highly ionic materials, the form. factor is well de-
scribed by the UHF cluster calculations with a simple
point charge model to describe the effect of the ions
outside the basic cluster. For KNiF3, where the abso-
lute experimental values are available, we found that
the experimental data support our previous theoretical
studies;~ namely, the magnetic moment density m(q~)
is affected by both the covalence and the quantum spin
fluctuations. Furthermore, the reduction due to the spin
fluctuations agrees well with the spin wave theory. The
covalent reduction of the ordered moment as de6ned in
Refs. 1,2,8 is found to be O'Fo and 9% for KNiFs and
NiO, respectively. For NiO, we conclude that the cal-
culated values of m(q~) which include an approximate
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FIG. 4. Magnetic form factor in La2Ni04. Theoretical
values are from RHF and UHF calculations. The experimen-
tal values are from Ref. 7.
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evaluation of the orbital contribution are in good agree-
ment with the experiment. For further improvement in
the theoretical results, we need to use a more accurate
calculation of the orbital contributions (in the larger ~q~

region).
We applied similar methods for La2Ni04, which we

were originally interested in, by taking a (NiOs) ~P clus-
ter with a 544 point-charge environment plus ECP for
the nearest 8 Las+ ions. 22 (The detailed procedure and
discussion for La2Ni04 will be published later. ) Inter-
estingly, both UHF and RHF results within our simple
cluster method deviate seriously &om the experimental
form factor in Fig. 4. Especially, the experimentally ob-
served plateau at small q values is not reproduced in ei-
ther calculation. To incorporate the effect of the spin
fluctuations, we can scale our calculated values by a con-
stant factor, but we clearly cannot reproduce the shape of
the form factor with this type of scaling. The plateau at
small q in the measured form factor was seen not only
in La2Ni04 but also in La2Cu04. We are surprised
that the present cluster model has failed so seriously for
La2Ni04 in the view of its success in KNiF3 and NiO.
More extensive calculations on La2Ni04 are now under
study and will be reported in the near future.
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