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Ground-state properties of LdiO, and the isostructural compound JGuQ,, the parent material of some
high-T. superconductors, have been calculated using the Hartree-Fock approxithfiah To our knowl-
edge, this is the first report in the literature in which calculations for these two materials are done for an infinite
crystal using the HFA. The results show that both the nickelate and cuprate are antiferroméeiistic
insulators, in agreement with experiments. The character of the highest occupied band in the cuprate is found
to be in-plane O B, , strongly mixed with Cu 8,2.,2, agreeing with the hypotheses of most Hubbard models
for this problem. The spin densities show rather localized peaks with approximate cubic symmetry at Ni sites
(due to two singly occupied, orbitalg or approximate fourfold symmetry at Cu sit@hie tod,2.,2), and are
small elsewhere. The corresponding form factor agrees rather closely with our earlier cluster calculations for
the nickelate, while differing appreciably in the cuprate. We speculate on the reason for this. The results for the
cuprate are consistent with magnetic neutron-scattering experiments: The shape of the form factor is in overall
qualitative agreement with that measured on a sample of questionable stoichiometry; for a sample with pre-
sumably good stoichiometry, on which only one Bragg peak was measured, the absolute intensity is in
remarkably good agreement with our calculated result. The latter includes the well-known correction for
zero-point or quantum spin fluctuations. However, the shape of the form factor for the nickelate is in serious
disagreement with experiment. We also calculated the energy splitting between AFM and ferromagnetic states,
and, for both materials, found the corresponding Heisenberg exchange paratodterof the correct order of
magnitude(about a factor of 3 smaller than the experimental valuEise calculated value for the cuprate is
close to the result of a recent cluster Hartree-Fock calculation. We discuss the determindtiondehsity-
functional theories, as well as in the HFA, in the Append&0163-182¢09)02115-3

I. INTRODUCTION AND METHODS The second category is cluster calculations. This category
itself can be further divided into two subsets: single-
La,NiO, and LaCuQ,, which have essentially the same magnetic-ion cluster (SMIC) calculations and multi-
crystal structure, have attracted considerable theoretical antagnetic-ion clustefMMIC) calculations. The SMIC calcu-
experimental research efforts, especially since the latter waations were aimed at obtaining the neutron-scattering form
found to become a higfi; superconductor when properly factors of the crystafsand hyperfine properti€sA more
doped with Sr or Ba.Above their respective structural tran- detailed description of this approach will be given in Sec. I,
sition temperature§g, both materials are in a tetragonal when we come to the comparison of results of the SMIC
structure[space grou 4,*’(14/mmn); see Fig. 1 Below  calculations with the results of our present work. Note that,
Ts, they are slightly distorted to an orthorhombic structure.since the cluster in the SMIC calculations contains only one
Each of them is an antiferromagne(i&FM) insulator below  magnetic ion, the AFM ground state of the crystals must be
a Neel temperaturel((<Tg), and is a paramagneti®M) assumedh priori, and quantities such as the Heisenberg ex-
insulator aboveT . change parametel cannot be extracted from the calcula-
The past theoretical studies of these two materials can bions. On the other hand, MMIC calculatidns’ have given
broadly classified into two categories. The first one isinformation aboutl.
density-functional calculations executed on the crystals. This The present calculations were done using the program
sort of approach only achieved partial success, and failed torysTAL95! which is designed to do Hartree-Fo¢kF)
predict certain properties of the materials. For instancecalculations on infinite crystalline materials, using linear-
local-spin-density-approximatio. SDA) calculations incor-  combination-of-atomic-orbital basis sets. Clearly, the crystal
rectly predicted LgCuQ, to be a PM metdland LgNiO,to  Hartree-Fock approximatiofHFA) falls outside the two cat-
be an AFM metaf. After 1990, several modifications were egories mentioned above, and thus may provide useful
made to the LSDA to produce AFM insulating solutions, like supplementary information. The crystal HFA has recently
self-interaction-corrected LSDA and LSDAU.>*However,  been applied to a number of AFM Mott insulators including
since the modifications are somewlat hog whether the  MnO, NiO*> KNiF 3, KCuF;,'* and CaCu@*® These were
modified LSDA approaches still fall into theb initio regime  successful in that they gave the materials to be insuldters
or not is arguable. metalg, to be antiferromagnetéss ferro- or paramagnets
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01 that, the total energy per formula urtincluding one Ni or
O("’O/T\o ‘ Cu) changed by about 4.5 eV. However, the shape of the
O\./o———)Nl(C“) occupied bands and the spin density changed negligibly, and
l the energy difference between ferromagnéfibl) and AFM
solutions, which is around 36 meV, varied by only about 1.4
meV. The insensitivity of the FM-AFM energy difference to
variation of the outer shells of basis sets was also observed
for other materiald® The properties that are only slightly
affected by the bare L'& core approximation are the main
focus in this paper.

Il. RESULTS

A. Heisenberg exchange parameted

Our results show that both L&iO, and LgaCuQ, are
AFM insulators, in agreement with experiments. The FM
solutions also exist for both materials, with higher energy.
The energy difference per formula unit between FM and
AFM states is 36.9 meV for L&liO, and 36.1 meV for
La,CuQ,. It is a common and long-standing
practicé®?112-147tg map energies of FM and AFM elec-
tronic states to the mean-field approximation for the nearest-

FIG. 1. The centered-tetragonal structure of,Ni®, and neighbor Heisenberg Hamiltoniad . This is done for
La,CuO,. materials such as these, whetg.s is known to accurately

describe the low-lying excitatiorfS;??> and leads to an esti-
they also gave energy differences between the various magpate of the Heisenberg exchange paramétér the Appen-
netic states in semiquantitative agreement with experimengix, we give a rationale for doing the mapping in HF calcu-
In this paper, in addition to these considerations, we willlations, while pointing out a potential inconsistency if the
compare the spin density with neutron-diffraction experi-same procedure is used in approximate density-functional
ments. Our major emphasis is on the ground-state propertiefjeories.

although some discussion of band structimee-electron en- To proceed then with the determination hfthe Heisen-
ergies, and the nature of one-electron staiepresented.  berg Hamiltonian is
In this work, we use the centered tetragonal crystal struc-
tures with lattice constants taken from experimental data. = E g . &
: HHeIS J S SJ ’ (1)
a=3.855 andc=12.652 for LaNiO,, anda=3.7793 and ')

c=13.226 for LaCuQy (in units of A). The basis sets of O, {he summation going over each nearest neighbor{pgirof

Ni, and Cu are taken from Ref. 17, which are especiallynagnetic jons, taken once. We equate the calculated FM-
designed for crystal calculationéNote that the usual basis appm energy difference in the HFA to the corresponding
sets used in molecular and cluster calculations are often togy.aAFm energy difference in the mean-field approximation

diffuse for crystal calculations; they may cause nonconverys gq (1), and thus define the Heisenberin the HFA, J¢,
gence or a very slow convergence rate with not much increzg follows:

ment in the accuracy to the result one might obtain using

tighter basis sets) Since La is a heavy atoifatomic num- NZ

ber 57, relativistic effects are not negligible for the inner AEHFZ(ZJHFSZ)<7)- (2
shell electrons. In addition, an atomic basis set for La suit-

able for crystal calculation is not available in the literature.AE,¢ is the FM-AFM energy difference for the whole crys-
We thus used the effective core potentiBICP calculated tal in the HFA, N is the number of magnetic ions,is the

by Hay and Wadf for the La3-ion corel® where the rela- spin of each sité1 for Ni and 3 for Cu), andZ is the coor-
tivistic effect of the inner-shell electrons is supposed to havelination number. Equatiof2) (with J instead ofJyg) ap-
been taken into account. In Hay and Wadt's papers, basisears elsewhefe'® for dimers whereN=2 andZ=1, but
sets for valence electrons designed for use with the ECPthe claim in some of the references that this givesctireect
were also given. However, they are so diffuse that they causer exact Jis not warranted in generdkee the Appendix

a numerical problem in the crystal HF calculation. Thus LaSince the interactions within a Cy@lane are much stronger
was treated in the present work as a barédLon, and than the interplanar ones, we take= 4. It turns out thatl is
represented by the Hay and Wadt large core ECP, no valen®&2 meV for LgNiO, and 36.1 meV for LgCuQ,. The
orbitals (therefore no valence electroriseing attached to it. La,CuQ, result agrees with an embedded-cluster calculation
We did test the significance of the bare*®acore approxi- using the HFA? which gives 37.8 meV, strengthening the
mation to some extent by addingdashell (consisting of a  suggestiofi'° that J appears to be a rather local property.
single, optimized, Gaussian exporjeiatthe La" and seeing These values are to be compared with the experimental data,
how it affected the results. It turned out that about 0.45 elecwhich give 30 meV for LaNiO,,2*?*and 134(neutron or
tron per La gathered into the added shell. Accompanyind28(Raman meV for La,CuQ,.2>?® Although our results are
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FIG. 2. The spin density in the magnetic ion-oxygen plane FIG. 3. The spin density in thel00) plane:(a) La,NiO,, AFM,;

[(00D plang: (a) La;NiO4, AFM; (b) La,CuQ,, AFM. The range of  (b) La,CuQ,, AFM. The range of the basal plane in the graphics is
the basal plane in the graphics ia Za is the lattice constaptn ain each direction, and is centered on one magnetic ion. The labels
each direction, and is centered at one magnetic ion. The verticalf the two axes of the basal plane refer to thendz directions in

axis is in atomic unitg§same as Fig. 3 in the following the conventional tetragonal lattice coordinates.

about a factor of 3 too small, it actually is remarkable to beof these two materials does exist, and can be seen in a tomo-
so close, since we are picking up the small difference begraph of other directions. For instance, Fig. 3 shows the spin-
tween the FM and AFM energies with each on the order ofjensity tomographs of these two materials in th@0) plane
4000 Hartrees(So it is at an accuracy of about one out of a passing through a magnetic ion. For this plane, the peak in
million.) Similar underestimates faF using the HFA were the graph of LaNiO, still has four lobes, while the peak in
found for other material&’** the graph of LaCuQ, has only two lobes aligned in the
direction. This is expected because each copper L@,
B. Spin density and spin form factor has only a singly occupied,z.,2, while each nickel in

. . . . La,NiO, has a singly occupied,-.,2 and a singly occupied
lay‘:’f’['(”dgf)”slg]g:fj;Cézfnpl‘firg"zs';gf&?ﬁﬁ;‘t‘;;g‘;‘)’%}geera3zz_rz, which together give a spin distribution with cubic
%-v plane of the araphs matches ;[he i0CUO,) plane :;md symmetry(small distortions from cubic symmetry are caused
Xy p grapns m . o P ' by the surroundings Later on we will see that this differ-
includes 3)<3 magnetic on sites. The large pegk; on theence in spin densities leads to characteristically different spin
graphs coincide with the locations of the magnetic ions. Therorm factors for these two materials
sign.of the.spin density alternates from one site to another, a Spin density is connected to elas'éic neutron scattering ex-
manlfgstatlon of 'the AF.M character of the sy;tems. Theperiments, where the scattering amplitude is proportional to
magnitudes of spin density aroynd oxygens, which are halffhe Fourier transform of the spin density. It has been sRown
way between each nearest-neighbor pair of magnetic Ion?hat, for the single-band Hubbard model, assuming small
are extremely .smaII, as expected. E\(ery peak in the grapnﬁsoppingt compared to the repulsidd, the Fourier transform
has an approximate fourfold symmetric shape, a result of tth the spin density is
singly occupiedd,2.,2 orbital. Although Figs. &) (for
La,NiO,) and Zb) (for La,CuQ,) resemble each other very

much, a characteristic difference between the spin densities s(K)=(s,)neiF (K) F(K)[1+O((t/U)?)]. 3
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Here(s,)eis IS the expectation value of the spin at a g&e 1
up site in the (spontaneously symmetry-broken ground

state of the corresponding Heisenberg moﬁeﬁ), the form +
factor, is the Fourier transform of dtimes the HF spin : .
density over a nonmagnetic unit cell centered at a magnetic * %
ion, wheres is the spin quantum number for the free idn
for Ni*2 and 3 for Cu™?). This implies f(0)=1. F(k) is
given as

Form Factor
<o
(o3}
O‘
»
4

o
IS
3

.1 L
Flkj=g 2 ek, (4
R

whereR runs over all the Bravais lattice vecton, is the
total number of sites, ank, is an antiferromagnetic wave

vector[e.g., for the square lattice with lattice constantzA
is (w/a,w/a)]. The correction tern®[ (t/U)?] is negligible (@) X
for the cuprateand, we expect, for the nickelateAlthough

the derivation of Eq(3) is somewhat lengthy, the result is 1
physically understandablés,};.is accounts for the quantum

spin fluctuations(QSF's in the Heisenberg-model ground

state, and is just an overall scale factB(.IZ) accounts for ) TN

the occurrence of the Bragg pealf$lZ) gives the relative N
sizes of the Bragg peaks, and conveys detailed information
about the spin densitg(r) in the unit cell. Equation(3) is
discussed further in Sec. Ill. o
In an earlier worR of our group, SMIC calculations on
several AFM insulating compounds including DO, and ) .
La,CuQ, were carried out, and the obtained spin densities
were compared with experiments based on @By. The re-
sults agreed extremely well for KN4fand NiO; for LgCuO,

they gave rough overall agreement for the shapg(kf (for
a sample well off stoichiometjy Only in the case of
La,NiO, did the results show a serious qualitative disagree- 1 2 3 4 5 6
ment with experiment® This disagreement provided a strong k

part of our motivation for the present study. FIG. 4. The spin form factorta) La,NiO,, AFM; (b) La,CuOy;
Thus the Fourle!’ transform of the spin density from theAFM. The horizontal axis is the magnitude Iafin units of inverse
crystal HF calculations was performed. The resulting formA The black st tor the familv o (—2 1) B K
factors at thek values for the magnetic Bragg peaks are" ™ € blac sais are for the arrlu33/ of(~z,1) Bragg peaks,
shown in Fig. 4. diamonds for §,3,1), circles for (,3,1), empty stars for %,
Note that if the spin density is spherically symmetric, all —3.1), triangles for §,—3,1), and squares forj,3,1), where the
the data will fall on a smooth curve. In Fig(l}, the form  three components of the triple numbers are in unitsofe, 27/a,
factor of LaCuQ,, the data separate into several branchesand 2m/c, respectively. With our choice of coordinate system, fqr
indicating that the form factor varies dramatically in differ- the Bragg peaks the sum of the three components of each triple

ent directions ok. This is understood as due to the asphe—number must be an even integer.

ricity of the Cud,2.,2 orbital of the unpaired electron, as first good agreement between theory and experimental results for
pointed out by Shamotet al** On the other hand, in the Ni - several other compounds like KNjEnd NiO? it seems odd
compound botfe, states are singly occupied, giving a nearly that the theory would be so far off from experiments for the
cubic spin density, and thus(r) is closer to spherical. In-  ¢ase of LaNiO,. The agreement between the cluster and the
deed, the corresponding form factdfig. 4@)] reveals no  crystal calculations ensures that the theoretical results are
obvious branches. ) calculation-error free, excluding one possible source of the
Our present results are compared to the previous clustgfiscrepancy between theory and experiment. Then, logically,
calculations and to experiments in Fig. 5. Note that Fi@) 5 more independent experiments are called for to cross-check
for the nickelate shows the Bragg scattering amplitde yith the single existing experimental work on a presumably
units of ug), and Fig. §b) for the cuprate shows the form gigichiometric sampl&®32 We should note that the plot in
factor. In Fig. 3a), the Bragg scattering amplitude Fig. 54)is on an absolute scale; thus the agreement between
9(Sy)neif (K) is calculated usingg=2.29 (Ref. 30 and theory and experiment at largemight be significant®
(S,)1eis= 0.8 from the spin-wave theory.The two theoreti- For the cupratéFig. 5b)], the experimental form factor
cal results agree with each other very well; however, botidatg* have been scaled to give the least-square fit to the
disagree qualitatively with experiment. In view of the very crystal HF result. It has been argi&dthat the momentand
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FIG. 5. Comparison of the crystal and cluster calculations with
experiments(a) Bragg scattering amplitude for LidiO,. (b) Spin
form factor for LgCuQ,. The diamonds are for the crystal, stars for
the cluster, and circles with error bars for the experimental dat
Note that in(b) the experimental data have been scaled to make th
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least-square fit to the crystal results.
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aéree magnetic ion spifl for Ni*? and 3 for Cu*?), we see a
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TABLE I. Comparison of the crystal HF approximation, the
cluster HF approximation, and the experiment results of the spin
form factor of KNiF;. The first row shows the indices of the three
Bragg peaks measured in experiment. The components of the in-
dexing are in units of Z/a, a=Iattice constant.

(372 (322 (332
Crystal HF 0813 0.679 0.554
Cluster HF  0.807 0.683 0.564
Experiment ~ 0.7830.018  0.6720.015 0.55%0.013

plitude g(s(k)) at the Bragg peak with the smalleist di-
vided by 0.835(the form factor of KCuF,, interpolated for
the k value appropriate for the cuprate being meastied
is the usualy factor, =2.2 for the cuprate. Multiplying the

above “moment” by 0.835 yieldg(s(ﬁ))expzo.SOt 0.04.

Using our calculated HF value of(k)=0.763, (S,)neis
=0.3 for the square latticéappropriate to a CuQplane,*!

and g=2.2, Eq. (3) gives g(s(K))meo=0.504. This exact
agreement is surely fortuitous. In fact a sample with a
slightly higher Ty (325 K) has been reportéd as being
highly stoichiometric. Unfortunately an absolute magnetic
Bragg intensity measuremeigivhich would yield, e.g., a
value of the “moment’) was not reported on this sample.
Judging from the increase in “moment” witfy shown in

Ref. 36, the experimental amplitude will be larger than the
0.5 quoted above. Nevertheless, this agreement between
theory and experiment suggests that the HF approach, cor-
rected for quantum spin fluctuations, gives a very good ac-
count of the ground-state spin density. It is clearly important
to have the absolute intensities at several Bragg peaks mea-
sured on an excellent sample like that of Ref. 38, for com-
parison with our calculations.

It is noted that an appreciable discrepancy between the
crystal and cluster HF results exists. This is interesting in
view of the very good agreement between the two theoretical
calculations for the nickelate, as shown in Figa)5We be-
lieve that the larger covalence in the cuprate is the cause of
this discrepancy. Indeed, we performed the integration of the
HF spin density over a Wigner-Seitz cell on the magnetic ion
sublattice, as a measure of the ordered spin per magnetic ion
(without QSF’S, on both materials. We found 0.926 for the
nickelate and 0.421 for the cuprate. In comparison with the

7.36% reduction for the nickelate and 15.8% reduction for
the cupraté® This reduction is evidence of the covalence

. . L. . H 0,41 : H
Néel temperatureshould be maximum at the stoichiometric Petween Ni(Cu) and oxygerf”** The finding here of appre-
compound; the main experimental question here is the 0Xymably less covalence in the nickelate strongly suggests that

gen content®®” Since the experimental “moment” in Ref.
34 is appreciably smaller than that of other sampiese
expect the one used to measure the form factor shown is f

the original explanaticfi of the extreme flattening of the
form factor at smalk as being due to strong covalence may

410t be correct?

from being stoichiometric. Therefore, only comparison of the AS one further check on the accuracy of our crystal cal-
“shape” of the form factor might be sensible. It is seen thatculations, we considered another Ni compound, KNiF

the overall shape is in rough agreement with theory.

where the cluster approach agreed excellently with

For a test of the absolute value of our calculated spirexperiment:®® Taking (s;)yeis=0.92 from the spin-wave
density, we consider the sample with the highest “moment,”theory3! we summarize the results for the amplitu@gk))
0.6+ 0.05 Bohr magneton@with a Neel temperature of 298 at the three Bragg peaks measured in Table I. It is apparent

K).26 As discussed in Ref. 5, the “momenttalledmoment

that both the crystal and cluster results are slightly larger

in that referencedefined by the experimentalists is the am-than the experimental data. However, if we to¢d)eis
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FIG. 6. The band structuréa) La,NiO,; AFM; (b) La,CuQ,; AFM. The band structures of the spin-up and -down states are the same
(because of the antiferromagnetjsrso the figure shown here is for either one. Thertical) ¢ axis is in units of Hartrees. Thi@orizonta)
k axis goes through two contiguous path$:%0)— (000)— (% 20)— (3 20)— (000)— (001) and &  2)—(000)— (% 0 3). For the con-
vention of the triple numbers, see the caption of Fig. 4. The horizontal line inside each graph indicates the Fermi energy.

=0.9, both of them predict the experimental data to withinboth materials, thd™ point is the minimum in the lowest
the error bars. It should be remembered that the spin-wavienoccupied band but not the maximum in the highest occu-

theory of Ref. 31 is an approximation of the ground state ofied band, showing an indirect band gap. The width of the
the Heisenberg modét. highest occupied band is about 1.6 eV for,hN&, and 0.6

eV for La,CuQy. The projected densities of occupied states
(not shown have many features in common with those pre-
viously reported HF results for other Mott insulatdfs
The band structures of the AFM solutions are given inTwo of these features are that it is mainly anjpatates that
Fig. 6. The results show a wide gép17 eV) for both ma-  exist near the Fermi energy, and that the bulk of the mag-
terials; we also see a similar large gap for the FM solutionsnetic ion ey states is lower in energy than thgy states.
The experimentaloptica) gap for LgCuQ, is about 2.0 These results are presently under analysis, and will be dis-
eV.* That the gap is much larger than the experimental gagussed further in a future publication.
has been found much more generally in the HFA; see Refs.
12-14 for examples, and Ref. 12 for discussion. The results
suggest that the insulating character of both materials is not
strongly correlated with their magnetic ordering, in agree- We have calculated the electronic structure ofNi®,
ment with experiment? and in contradiction to a band- and LaCuO, using the crystal HF approach. The major em-
theory scheme proposed in Refs. 15 and 46. In thifNI@,  phasis has been on ground-state properties, although some
AFM solution, thel” point of the highest occupied band con- discussion of band structure has been given. The results pro-
sists mainly of the Ni 8,2.,2 and Q1) 2p,,, and thel'  vide supplementary information to that obtained from crystal
point of the lowest unoccupied band consists mainly of theLSDA and embedded-cluster calculations in interpreting the
O(1) 3s and Q2) 3s, plus a bit of Ni 4 and Q2) 3p,. In  experimental data. For both materials, our crystal HF results
the LgCuQ, AFM solution, thel point of the highest occu- correctly predict an AFM insulating ground state. The calcu-
pied band consists mainly of the Cd3.,2 and Q1) 2p, ,, lated Heisenberg exchange paramétier about a factor of 3
and thel" point of the lowest unoccupied band consiststoo small compared with experiments. This is consistent with
mainly of the @1) 3s and Q2) 3s, plus a bit of Cu 4. For  the interpretation of Martin and llldsand Towleret all?

C. Band structure

1. SUMMARY AND DISCUSSION
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that the HFA overestimates the on-site Coulomb interactionmagnetic electrons, one could in practice calculate the ener-

The spin form factorf (k) basically agrees with earlier clus- gies of the true lowest-energy eigenstates, singlet and triplet.
ter calculations. However, there is an appreciable discrepEduating their energy difference to the difference in eigen-
ancy between the two theoretical calculations in the cuprati@lues of the Heisenberg Hamiltonian, would then yiéld
case, which we believe is due to the larger covalence in théhis approach has been ug?08-10

cuprate. We found rough overall agreement with experiment However, for more complicated systems, we are forced to
for the shape of (K) vs |K| for a poor sample of the cuprate, Make approximations. The mapping scheme to estidate

and excellent agreement for the absolute intensity of the on?ec' .“A has been used for years, in both HF and density-
Bragg reflection measured on a good cuprate sample. Howl-?nCtlonal calculathns. We have shofiithat for Some spe-
ever in the case of LAliO, the shape of the form factors in cial cases, e.g., a smgle—baqd Hubbard_ moﬂj@l,deﬂr)ed bY
both the crystal and cluster calculations disagree seriouslyd- (2) €quaisJ to the leading order in perturbation with

with experiment. The fact that we found the nickelate to be r:nallhhopping; hOWSV?r' this does not hold _in gfeneﬁed»l
(appreciably less covalent than the cuprate deepens the puzt- ough one may o tain a contrary impression from some
aperd)). Still J¢ serves as a reasonable and well-defined

zling nature of this disagreement with the nickelate togetheP T £
with agreement for the cuprate. For a further check, we als&stimation ofJ. N - .
We now discuss the determination dfwithin density-

calculated the form factor for KN and found excellent tional th h hich invoke the followi
agreement with experimental absolute intensities. These rdunctiona 15$g’2ry approaches, which invoke the following
roceduré}®1*20ne obtains a symmetry-brokésB) solu-

sults should create strong motivation for performing moreP . o

experiments on a stoichiometric sample of the nickelate; it idlon for the Kohn-Sham QetermmaDtK_S f°F t.he ant|f_erro—

also important to measure the absolute Bragg intensities agnetic” state and atnpllet staffer simplicity, we 'dISC.USS.

more than one Bragg peak for a stoichiometric sample ofne case Of_ one magnetic ele(_:tron per magnetic site in a

La,CuO, for a more stringent test of our theory. two-magnetic-site <_:Iust¢rThe triplet energy minus th_e SB
We conclude with a discussion of the procedure used t FM state energy is equated to .the triplet energy minus the

calculate the spin density. We used our earlier result calcu average energy of the SB spin state(1)5(2) for the

lated within the single-band Hubbard model as a guide. Thaf'€iSenPerg model, thereby obtaining a nuTberJ‘fﬁ Al
is, following that result, we took the spin density to be that in' ough making ”le correspondence  “SB  electronic
the HFA reduced by the rati,)eis/S, the reduction from 1 state-SB Spin state. sounds rgasonable, one mgst .reallze
being due to the quantum spin fluctuations in the Heisenber atthere is not a unique SB spin state, even in this simplest
AFM ground state. In fact, we have shoffithat this proce- ©! ¢ases The following spin state is SB for all values pf
dure is not exact for a model more general than the single?to oree:

band Hubbard model. Thus we need to understand, e.g., why

. ! 1
our present and previousesults are in excellent agreement Q = DB(2)— B(1)al2

with experiment for a number of cases using the HFA. Such o214 4?) {a(DA@)-A1)a(2)

studies are in progress. In any case, we want to emphasize

that the QSF’'gwhich give large effectscannot be ignored, +ula(1)B(2)+B(1)a(2)]}. (A1)

as they were in Ref. 10, where a large moment reduction waghe expectation value of the Heisenberg energy is
attributed entirely to covalence. We note also that, in Ref. 7,

a large QSF correction was made, showing the confusion on . J 3—u?
this issue in the literature. The single-band Hubbard model S S)=—7 T4 i (A2)
result[Eq. (3)] is a good starting point for clarification, and
the generalization is clearly important. If one used theexactdensity functional(DF), then the
energies of the exact lowest triplet and singlet states would
ACKNOWLEDGMENTS be obtained. The difference in these energies would be
_ equated to the corresponding difference in E&R) with u
We thank K. Kubo, D. J. Buttrey, and J. M. Honig for —q ande, and this would give the exadt However, given

valuable discussions. an approximate DF, as in almost all applications, one is
faced with the problem of what value pfto use in Eq(A2)
APPENDIX: ON THE DETERMINATION OF THE for the SB AFM state. Many peopte®>2take .= 1 without
HEISENBERG J FROM ELECTRONIC STRUCTURE giving a reason. But there is a potential inconsistency in
CALCULATIONS doing so: as one’s approximate DF grows closer to the exact

) ) ) ) . ... DF, continued use oft=1 may lead to serious errors. Thus
In this appendix, we discuss the theoretical justification,e appropriate value gi to use is unknown.

behind the commonly used mapping scheme mentioned in- 5 possible way out of this dilemma is as follows. From
Sec. Il A in estimating the Heisenberg exchange param]eterEq. (A2) one obtains
from ab initio electronic calculations. We assume that the

problems under consideration have their low-lying states 20 12
governed by a Heisenberg Hamiltonian. Of course, if a prob- - (s

lem is simple enough, one can calculateexactly (using

standard quantum-chemistry techniques such as configura- oo R
tion interaction. For example, if one were actually dealing whereS=S;+S,. One could demand th46%) be equal to
with two magnetic electrons, with a limited number of non- the expectation value of the square of the total electronic

e (A3)
(2—(S?)
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spin in Dg, thus determiningu via Eq. (A3). One should
remember that there is no guarantee that is an eigen-

function of $? or that the average valuy&?) in Dy is cor-
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Interestingly, this idea raises a question about the standard

mapping used for the HFA, whege is taken to be 1 for the
AFM spin state. For this two-site, two-electron, example,

rect, even for the exadys, presenting a possible inconsis- one can show easily thd6”)p, _=1- 5% whereD, is the
tency in this approach. Also, how to generalize this mappingHF determinant of the AFM state antlis the overlap inte-
idea for determining the SB AFM spin state to more than twogral between the two localized orbitals. Sindas usually
sites(two electrongis not obvious, and remains to be inves- quite small(<0.1), it is seen that this probably would make
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