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Ab initio theoretical comparative study of magnetic coupling in KNiF3 and K2NiF4

Ibério de P. R. Moreira and Francesc Illas
Departament de Quı´mica Fı́sica, Facultat de Quı´mica, Universitat de Barcelona, C/Martı´ i Franqués 1, 08028 Barcelona, Spain

~Received 23 September 1996!

The origin of magnetic coupling in KNiF3 and K2NiF4 is studied by means of anab initio cluster model
approach. By a detailed study of the mapping between eigenstates of the exact nonrelativistic and spin model
Hamiltonians it is possible to obtain the magnetic coupling constantJ and to compareab initio cluster-model
values with those resulting fromab initio periodic Hartree-Fock calculations. This comparison shows thatJ is
strongly determined by two-body interactions; this is a surprising and unexpected result. The importance of the
ligands surrounding the basic metal-ligand-metal interacting unit is reexamined by using two different parti-
tions and the constrained space orbital variation method of analysis. This decomposition enables us to show
that this effect is basically environmental. Finally, dynamical electronic correlation effects have found to be
critical in determining the final value of the magnetic coupling constant.@S0163-1829~97!07707-2#
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I. INTRODUCTION

The discovery of high-Tc superconductors has no dou
stimulated the research on the electronic structure, and
lated properties, of transition-metal ionic systems. Of p
ticular interest are the magnetic properties because of
strong relationship between magnetic order a
superconductivity.1 Most of the high-Tc superconductor par
ent compounds exhibit antiferromagnetic order and the m
nitude of the antiferromagnetic coupling constantJ is much
larger than that of isostructural related compounds. For
stance,J is 120 meV in La2CuO4,

2–5 while it is only '8
meV in the K2NiF4 isomorphic compound.6–8 On the other
hand, K2NiF4 and KNiF3, which may be viewed as proto
types of two- and three-dimensional antiferromagnetic s
tems, respectively,6–8 exhibit J values that differ by'1 meV
only. It seems logical to assume that these difference
antiferromagnetism arise from differences in the electro
structure. Hence theoretical studies should be able to pro
answers to these scientifically provocative questions. S
theoretical studies face difficulties because of the strong
related nature and extended character of these compoun

Since the magnetic coupling constantJ is usually deter-
mined from experimental data with the help of a spin mo
Hamiltonian that involves two-body operators, several
tempts have been made to computeJ from a cluster-model
representation of the extended system.9–18A cluster model is
also convenient because pure spin eigenstates can be e
handled. However, because of computational limitations
both software and hardware, initial attempts were able
achieve an essentially qualitative description only.9 More re-
cently, use of computational approaches that extensively
troduce the instantaneous electron-electron interactions
electronic correlation, has enabled a better, nearly quan
tive, description. In some special cases such as La2CuO4, a
cluster-model approach including only two magnetic cent
permits one to recover 80–90 % of the experimen
value.10,15–17 However, in other systems such as KNi3
~Refs. 11–14! or NiO,18 a similar approach is able to expla
only roughly 50–60 % of the total magnetic interaction. A
though these previous theoretical studies have enlighte
550163-1829/97/55~7!/4129~9!/$10.00
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some important physical mechanisms of antiferromagneti
the origin of the difference between calculated and exp
mental values is not completely understood. To explain
shortcoming of the cluster-model approach many fact
have to be considered. Among others, we quote the poss
role of collective effects implicit in the two-body effectiv
operator of the Heisenberg Hamiltonian, insufficient inc
sion of electronic correlation, or limited representation of t
cluster environment.

At a first sight it may seem that band-theory calculatio
which implicitly take into account the extended nature of t
solid, may be able to provide a more accurate descrip
than that offered by the cluster-model approach. Howev
band-structure calculations encounter another series of p
lems. First, we note that, in band theory, the computation
the magnetic coupling constant is carried out by compar
the energy of two unrestricted, or spin-polarized, Hartr
Fock ~UHF! solutions. These solutions correspond to the f
romagnetic and antiferromagnetic phases, the latter being
deed a broken-symmetry solution obtained by doubling
unit cell. As is well known, the UHF wave functions are n
eigenfunctions of the total square spin operator. Therefor
mapping between UHF solutions and Heisenberg eigenst
is not convenient and other model spin Hamiltonians have
be used. Moreover, methods based on the local-density
proximation ~LDA ! approach fail to appropriately describ
these strongly correlated systems, which are often predi
to be metallic instead of insulators.19 It has been claimed tha
better results could be obtained by introducing correctio
such as the self-interaction correction20,21or on-site Coulomb
repulsion22–24U to the LDA formalism; however, the use o
such approaches so far has been rather limited. An alte
tive approach is to use the periodic Hartree-Fock formalis
in its unrestricted or spin-polarized version, because
change interactions are treated as nonlocal as in stan
molecular calculations.25 However, this approach completel
neglects dynamical correlation effects, which are known
be very important in determining the actual magnitude ofJ,
in a given system. In fact, recent periodic Hartree-Fock st
ies of both KNiF3 ~Ref. 26! and K2NiF4 ~Ref. 27! perovskites
4129 © 1997 The American Physical Society
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report values that are only 30%~Ref. 28! of the experimental
values reported in Refs. 6–8.

In order to achieve a better understanding of the differ
factors determining the magnetic coupling in ionic solids,
present in this paper a detailed comparative theoreticaab
initio study of antiferromagnetism in KNiF3 and K2NiF4. On
the one hand, this comparative study will permit us to s
whether the good value obtained for La2CuO4 using the clus-
ter approach is due to its effective two-dimensional magn
order or, on the contrary, KNiF3 and K2NiF4 are found to
behave similarly as suggested by the periodic Hartree-F
calculations.26,27On the other hand, the study of both perov
kites will permit a direct comparison between cluster a
periodic calculations. Such comparison will no doubt a
more information about the adequacy of the cluster-mo
approach.

This paper is organized as follows. In Sec. II we expla
the mapping betweenab initio exact nonrelativistic and spin
Hamiltonians; in particular we discuss the relationship
tween Heisenberg and Ising model Hamiltonians and h
comparisons between model andab initio, cluster or peri-
odic, calculations should be carried out. In Sec. III we brie
report the cluster models used to represent KNiF3 and
K2NiF4, while Sec. IV presents a short description of t
computational details used in this work. Section V disclo
the calculated results for both perovskites comparing
present cluster approach with previous periodic Hartree-F
results reported in Refs. 26 and 27. Section VI presents
analysis of the role played by the ligands surrounding
magnetic centers. Finally, in Sec. VII we present our conc
sions.

II. MAPPING EXACT AND MODEL HAMILTONIANS

To restrict this section to a minimum extent, while inclu
ing the material necessary to understand the contents of
work and its relationship with previous periodic calculation
let us consider the particular case of two Ni21 cations. We
start by noting that the magnetic interaction of two Ni21

cations can be simply considered as resulting from two p
ticles of total spinS51 ~see also Refs. 11–14!. In the
Heisenberg approach the interaction of these two parti
can be described by a model Hamiltonian that is usu
written as

Ĥ52JŜ1Ŝ2 , ~1!

whereJ is the magnetic coupling constant. With the pres
choice, a negative value ofJ in Eq. ~1! means antiferromag
netic order andŜ1 ,Ŝ2 are the total spin operators for particle
1 and 2, respectively. Making use of the well-known ladd
operatorsŜ1 ,Ŝ2, the above equation may be written as

Ĥ52J$ 1
2 ~Ŝ1Ŝ21Ŝ2Ŝ1!1Ŝz1Ŝz2%, ~2!

where Ŝ15Ŝ11
1Ŝ12

, Ŝ25Ŝ21
1Ŝ22

, and Ŝ11
(Ŝ21

) are

the spin-up~spin-down! operator for particle 1 andŜz1,Ŝz2
are the operators for thez component of spin for particles
and 2, respectively. As shown in previous work,11–14 the
eigenfunctions of Eq.~1! for two particles of spin 1 are a
singlet uS&, a triplet uT&, and a quintetuQ&. In order to com-
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pare with the periodic calculations we prefer here to den
these eigenfunctions also asuS,MS&, with S being the total
resulting spin andMS it z component. Obviously, there is
single eigenfunction for the singlet:uS&5u0,0& at energy 2J;
three energy degenerate states atE5J for the triplet, u1,1&,
u1,0&, andu1,21&; and five degenerate states atE52J for the
quintet, u2,2&, u2,1&, u2,0&, u2,21&, and u2,22&.

Given the ionic nature of these materials,29 in theab initio
cluster-model calculations, each of these two Ni21 cations
can be effectively regarded as a3F state arising from thed8

open-shell configuration. These two triplet states may
coupled singlet, triplet, and quintet and we see that there
one-to-one mapping between theab initio states and the
eigenfunctions of the Heisenberg Hamiltonian given by E
~1! or ~2!. This one-to-one mapping is precisely what perm
one to computeJ from the energy difference from well
defined states. It is straightforward to show that, indep
dently of the value of theMS component, one has

EuS&2EuT&5J, EuT&2EuQ&52J. ~3!

However, in the band-structure calculations the use of
UHF wave function, which is not an eigenfunction of th
total square spin operator, does not allow the use of the m
ping described above and other relationships have to
sought. In the recent periodic Hartree-Fock studies repo
in Refs. 26 and 27. The authors make use of the Ising mo
Hamiltonian that results from neglecting the ladder opera
terms in Eq.~2!. For a two-particle system the Ising Hami
tonian is simply given by

Ĥ Ising52JŜz1Ŝz2. ~4!

In order to compare cluster and periodic calculations it
necessary to find a mapping between electronic states re
senting approximate eigenfunctions of the exact nonrela
istic Hamiltonian and the eigenfunctions of the Ising mod
Hamiltonian. To this end let us first note that the eigenfun
tions of the Heisenberg Hamiltonian~1! or ~2! are not, in
general, eigenfunctions of the Ising Hamiltonian given
Eq. ~4!. Moreover, different spin eigenfunctions that are d
generate with respect to either the exact or the Heisenb
Hamiltonian exhibit different expectation values for the Isi
Hamiltonian. For instance, one has^20uĤ Isingu20&5J/3, and
^22uĤ Isingu22&52J, whereas for exact and Heisenbe
Hamiltonians,u20& andu22& are obviously exactly degenerat
However, after some simple algebra it can be proved t
some particular eigenfunctions of the Heisenberg Ham
tonian are also eigenfunctions of the Ising model Ham
tonian. In fact, it can be shown that

Ĥ Isingu22&52Ju22&, Ĥ Isingu10&51Ju10&. ~5!

Now, let us inspect theu22& and u10& spin eigenfunctions
more closely by recalling first that eachuSMS& originates by
coupling uS1MS1

& and uS2MS2
& and may also be written a

uS1S2MS1
MS2

&. From the Clebsch-Gordan series we kno
that

u22&5u11&u11&5u1111&, ~6!

which simply shows that the eigenfunction corresponding
the highest eigenvalue of both the Heisenberg and Ising
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models corresponds simply to an eigenstate that repres
the ferromagnetic coupling of the two Ni21 cations; hereafter
we will useu22& anduF& as synonyms. Indeed, notice that f
both model Hamiltonians the eigenvalue corresponding
the antiferromagnetic coupling is the same. Similarly, o
finds that

u10&5
1

&
$u11&u121&1u121&u11&%

5
1

&
$u11121&1u12111&%, ~7!

which shows that the lowest root of the Ising model is p
cisely the symmetry-adapted combination of the two poss
antiferromagnetic states resulting of reversing either the l
u12111& or right- u11121& hand side total spin of the give
Ni21 cation. We must stress the fact that, within this tw
magnetic-center-cluster model, the antiferromagnetic sta
a triplet. As in the previous case we will use eitheru10& or
uA& to indicate the antiferromagnetic state.

The previous analysis shows that, if the appropriate s
states are chosen, a correspondence~not one-to-one! between
Heisenberg and Ising models exists. Indeed, in the la
case, the energy difference between the ferromagnetic
antiferromagnetic spin arrangements is precisely twice
magnetic coupling constantJ. In other words,

EuA&2EuF&52J. ~8!

Now it is important to see that the two states in Eq.~7! are
degenerate and orthogonal. Therefore, one may think of
ing just one of the two components of the symmetry-adap
antiferromagnetic state, thus obtaining a broken-symm
solution. This is precisely the basis of a method sugges
earlier by Noodleman30 and Noodleman and Davidson31 to
deal with magnetic coupling in transition-metal dinucle
complexes. These authors have shown that for th
transition-metal dimers, a relationship exists between
UHF solution for the ferromagnetic or high-spin state an
broken symmetry solution for the lowest value of theMS
quantum number that will lead to the antiferromagnetic c
pling. According to these authors and using the definition
the Heisenberg Hamiltonian given by Eq.~1!, one will have

ESmax2Ebroken52Smax
2 J

2
, ~9!

which in the present case will lead to

ESmax2Ebroken522J, ~10!

whereSmax is the maximum value of the total spin resultin
from couplingS1 andS2. It is obvious that the information in
Eqs.~8! and~10! is exactly the same if spin-restricted orb
als are used. Notice, however, that we presently derived
~8! from a completely different point of view and that ou
derivation of Eq.~8! or ~10! does not need to assume an UH
wave function for the broken-symmetry solution. Howev
if spin contamination, inherent to the UHF procedure,
small, it can be appropriate to use the UHF broken-symm
solution to represent the antiferromagnetic state. In that c
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the above discussion serves to illustrate how UHF brok
symmetry solutions can be compared to the proper s
eigenfunctions of the Ising Hamiltonian and also to the a
propriate eigenfunctions of the Heisenberg Hamiltonia
Here we must point out that Eq.~9! differs by a factor 2 from
the one reported in Refs. 30 and 31. This is due to the
ferent choice of the Heisenberg Hamiltonian used by sev
authors. Given the fact that for two electrons in two dege
erate orbitals~e.g., two atoms at 10r e! the singlet-triplet
separation is twice the exchange integral, some authors
fer to write the expression~1! as

Ĥ522JŜ1Ŝ2 ~11!

andJ in Eq. ~2! is just half the value of that in Eq.~11!. As
we will show below, the existence of these two choices, E
~1! and ~11!, is at the origin of some errors in the rece
literature.

Now let us return to the Ising model, but assuming th
instead of two interacting cations one needs to deal with
infinite solid. If we assume additivity of the two-body inte
actions and that each cation is interacting withz neighbors
instead of one, Eq.~8! or ~10! will reduce to

EuA&2EuF&52zJ, ~12!

which is precisely the equation used by Ricartet al.26 and
Dovesiet al.27 in their periodic Hartree-Fock study of mag
netic coupling in KNiF3 and K2NiF4. We must point out that
Eq. ~12! is consistent with the form~1! of the Heisenberg
Hamiltonian. This point will be of importance in the forth
coming discussion when comparing cluster to periodic c
culations. In particular, we will show that because of an i
proper comparison, the periodic Hartree-Fock results
barely similar to cluster results.

In this section we have shown that while a one-to-o
mapping exists between the eigenstates~or suitable approxi-
mations! of exact nonrelativistic and Heisenberg Hamilt
nians, such a mapping does not exist, in general, betw
either exact or Heisenberg and Ising Hamiltonians. Howev
a mapping between certain appropriate states of both exa
Heisenberg and Ising exists. This permits one to comp
cluster and periodic calculations and, since the algebra
volved in the Ising model is simpler than that of the Heise
berg Hamiltonian, it will also facilitate the calculation ofJ
when clusters involving more than two magnetic centers
used.

III. CLUSTER MODELS FOR KNiF 3 AND K 2NiF4

Both KNiF3 and K2NiF4 have perovskitelike structure an
exhibit antiferromagnetic order. The former crystallizes in
cubic structure where Ni cations are at the centers of
cube, F anions at the face centers, and K cations at the
corners ~Fig. 1!, whereas K2NiF4 consists of Ni2F layers
separated by KF layers~Fig. 2!. Moreover, KNiF3 is a pro-
totypical antiferromagnetic compound with nearest-neigh
interactions only. Hence KNiF3 is ideal for a cluster-mode
study. Similarly, K2NiF4 is a model of two-dimensional mag
netic order also with nearest-neighbor exchange interact
only. The minimum cluster representation of magnetic int
action for both compounds is Ni2F embedded in an array o
point charges to adequately provide the appropriate p
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symmetry and the electrostatic or Madelung potential. How
ever, previous work on KNiF3 and other systems10–18 has
shown that the F ligands surrounding each Ni cation play
very important role in determining the magnitude of the
magnetic coupling constant and hence they have to be e
plicitly included in the model. This leads to Ni2F11 cluster
models for both compounds. This cluster is further embed
ded in an appropriate environment to represent the rest of t
crystal. This environment consists of two well-defined differ
ent regions. In the first one, total ion potentials32 ~TIP’s! are
used to represent the K1 cations near the cluster atoms and
also to represent the Ni21 cations directly connected to the
cluster anions. These TIP’s have a charge of either11 or12
depending on whether K1 or Ni21 cations are represented.
The second region of the environment consists of an array
point charges placed at the ion sites and using the expe
mental structure. The point charges are chosen to adequat
represent the crystal Madelung potential; formal ionic
charges of21, 11, and12 are used for all the ions repre-
sented by point charges except for those situated at the clu
ter edge, where the fractional charge method of Evjen33 has
been adopted in order to guarantee a good convergence
the truncated Madelung series.34 Now it is easy to understand
the need of the TIP’s placed in the first region: They simply
prevent an artificial polarization of the cluster anion elec
trons towards the nearest positive point charges.35

Taking into account the previous discussion, we prese
the final cluster models used in this work to study magneti

FIG. 1. Schematic representation of the KNiF3 crystalline struc-
ture: small dark spheres represent Ni21, small light spheres K1

cations, and large spheres F2 anions.

FIG. 2. Schematical representation of the K2NiF4 crystalline
structure: small dark spheres represent Ni21, small light spheres K1

cations, and large spheres F2 anions.
-
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coupling in KNiF3 and K2NiF4. For KNiF3 our cluster con-
tains a total of 35 centers~Fig. 3!, 13 atoms corresponding t
the Ni2F11 unit, which are explicitly treated, plus the TIP’
representing the 12 K1 and 10 Ni21 cations nearest the
Ni2F11 unit. This 35-center cluster is further embedded in
total of 430 point charges as described above. A 35-ce
cluster, also having a central Ni2F11 unit, is used for K2NiF4
as well~Fig. 4!, but in this case there are 16 K1 and 6 Ni21

cations represented by TIP’s plus a total of 1154 po
charges.

IV. COMPUTATIONAL DETAILS

Ab initio cluster-model wave functions of increasing com
plexity were obtained to describe the electronic structure
the central Ni2F11 unit of the KNiF3 and K2NiF4 cluster mod-
els. In both cases, nonempirical pseudopotentials36–38 are

FIG. 3. Ni2F11-cluster model used to represent KNiF3. Also
shown are the total ion potentials for the nearest K1 and Ni21

cations surrounding the Ni2F11 cluster. Thick lines link cluster at-
oms, while thin lines link cluster atom to TIP’s, small dark sphe
represent Ni21, small light spheres K1 cations, and large sphere
F2 anions.

FIG. 4. Ni2F11 cluster model used to represent K2NiF4. Also
shown are the total ion potentials for the nearest K1 and Ni21

cations surrounding the Ni2F11 cluster. Thick lines link cluster
atoms, while thin lines link cluster atom to TIP’s; small da
spheres represent Ni21, small light spheres K1 cations, and large
spheres F2 anions.
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55 4133AB INITIO THEORETICAL COMPARATIVE STUDY OF . . .
used to represent the@1s2# and [1s22s22p63s23p6] inner
cores of F and Ni, respectively. While recent work on N
has shown that the use of pseudopotentials has some i
ence on the final calculated value ofJ, this influence is not
crucial, especially in the present work where the main goa
a comparison of antiferromagnetism in two similar co
pounds using similar cluster models. The total number
electrons being explicitly treated is 104, 16 arising from t
d8 shell of each Ni21 cation plus 88 from the 2s22p6 of each
F2 anion. Notice that the number of electrons correspond
that of perfect ionic system. However, the wave functio
chosen in this work to describe these valence electrons
flexible enough so as to represent any possible degre
covalence. Indeed, it has been shown that the covalen
volvement in the bond is very small.25,26,29Finally, we must
point out that the final cluster models, including real atom
TIP’s, and point charges, are electrically neutral.

The cluster wave functions are obtained by making use
atomic basis sets expressed in terms of contracted Gaus
type orbitals. These basis sets are as follows: for Ni we u
(3s3p6d/2s2p3d) basis, for the bridge F anion at the bridg
site the basis set is (5s5p1d/3s3p1d), while for the remain-
ing ligands we use a (5s5p/2s2p) set. For the Ni2F moiety
the present basis is the same as that used in our prev
studies,11–14,29whereas that of the external ligands is now
double-z contraction of the primitive set, while it was a min
mal basis set in the previous works. We must add that ex
sive work on the basis-set dependence12 has shown that, be
yond the present basis-set quality, calculated values forJ are
rather insensitive to basis-set improvements. Using these
sis sets, a preliminary restricted open-shell Hartree-F
self-consistent-field calculation is carried out on the quin
state to generate a set of molecular spin orbitals. The
type of wave function that we consider is a complete act
space configuration interaction~CASCI! expansion. This
CASCI contains all the Slater determinants that, using
molecular orbitals described above, can be built by distrib
ing the active electrons in the active orbitals in all possi
ways. As usual, the active orbitals are those correspondin
the partially filledd shell in each Ni21 cation. In both com-
pounds, thed manifold exhibits a crystal-field splitting lead
ing to a filledt 2

6 and a half-fillede2 shell. The active space i
that formed by the four orbitals ofe symmetry and contains
four active electrons. As discussed in Sec. II, each of the
e2 shell is locally a triplet, and both triplets can be coupled
quintet, triplet, and singlet. The CASCI description repr
duces the so-called Anderson model,39,40 which indeed con-
tains the necessary ingredients to obtain superexcha
However, the Anderson model neglects terms that invo
excitations out of the complete active space~CAS!. These
excitations are generally referred to as external correlat
although it is possible to use the diagrammatic form
many-body perturbation theory to investigate the importa
of the terms that are missing in the Anderson model.
exhaustive list of second-order diagrams was reported b
Loth et al. in their study of copper-diacethate complexes.41,42

It is quite clear that improving the CASCI descriptio
requires one to further extend the configuration-interact
expansion. The simplest, manipulable, way to deal with s
extended expansion is by using second-order perturba
theory and considering the quintet, triplet, and sing
u-
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CASCI wave functions as zeroth-order wave functions. T
second-order procedure involves all single and double e
tations out of each occupied spin orbital in each Slater de
minant in the CASCI wave function towards the virtu
space. Among the different existing multireference seco
order procedures we employ the one followed in theCIPSI

algorithm, but using a CASCI wave function a
reference.43–46 As in previous work,14 the second-order re
sults will be indicated as CAS12ND. Now we may note that
many of the double excitations out of the CASCI contribu
equally to the quintet, triplet, and singlet wave functions a
hence do not improve the value ofJ that is obtained at the
CASCI level.47 This fact was exploited by Miralleset al. in
deriving their difference dedicated configuration interacti
~DDCI! method.48,49The determinants used in the DDCI a
selectedas those that contribute toJ, or the energy differ-
ences in Eq.~3!, up to second order. We must stress that
DDCI method is not aimed at optimizing the energies of t
individual quintet, triplet, and singlet states, but rather
giving, in a computationally efficient fashion, an accura
correlated energy difference. Hence the determinants en
ing into the DDCI list are found following the argumen
proposed by Miralleset al.48,49 This method has been suc
cessfully tested in a large variety of cases including diffic
problems involving small energy differences arising fro
magnetic coupling in molecules50,51 and solids11–14,16,18as
well in intricate transition energies such as 10Dq in NiO.52

In the present paper we will computeJ by including the
effect of the determinants in the DDCI list either up to se
ond order, CAS1S2ND, or variationally, DDCI. All calcu-
lations were carried out using thePSHF-CIPSIchain of pro-
grams, developed at the University of Toulouse, France;
University Rovira i Virgili, Tarragona, Spain; and the Un
versity of Barcelona, Spain.53

V. MAGNETIC COUPLING IN KNiF 3 AND K 2NiF4

We start this section by summarizing the experimen
results for both KNiF3 and K2NiF4. Both exhibit antiferro-
magnetic order and, with the definitions of the spin Ham
tonians given by Eq.~1! or ~4! in Sec. II,J is negative. For
KNiF3 the reported experimental value forJ is 29567 K;
for K2NiF4 the reported interval is210064 K.6–8 As noted
earlier, both compounds have similar values forJ in spite of
being prototypes of three- and two-dimensional antifer
magnetic order.

Calculated values for the magnetic coupling constant
tained using the Ni2F11 cluster model for both KNiF3 and
K2NiF4 are reported in Table I at the various levels of theo
described in Sec. IV. First, we note that the Anderson mo
of superexchange, reproduced at the CASCI level, eff
tively predicts the compounds to be antiferromagnetic. Ho
ever, the CASCI value is, for both compounds, too small
a factor;4. In spite of the disagreement on the absolu
value of the CASCI value forJ, it is remarkable to realize
that this simple model already predicts a value ofJ that is
larger, in absolute value, for K2NiF4 than for KNiF3; indeed
the calculated ratio forJ in the two compounds is very simi
lar to the experimental one. The CASCI value is too sm
because, as pointed out by several authors,31,41,42 there are
important physical mechanisms that are lacking in
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Anderson model. Those mechanisms are often referred t
ligand-spin polarization, dynamic spin polarization, doub
spin polarization, etc., and their names come from a deta
study of the second-order terms31 or diagrams41,42 involved
in the second-order energy corrections, although high
order terms may also be important. Here we will refer
these terms as external correlation and use the CAS12ND,
CAS1S2ND, and DDCI methods to explore its relative im
portance. Results in Table I show that these external co
lation effects are very important, largely reducing the d
crepancy between calculated and experimental values.
importance of external correlation can be understood fr
simple considerations based on the widely used Hubb
model Hamiltonian. It is well known that second-order pe
turbation theory on the Hubbard model shows thatJ't2/U,
where t is the hoping integral andU the on-site Coulomb
repulsion. In the Hartree-Fock, CASCI, or CAS se
consistent field approaches the estimate of the hoping i
gral is, in general, rather good. However, the on-site C
lomb repulsion, which can be roughly estimated as
energy difference between the ionization potential and
electron affinity on the atom, is too large unless orbital
laxation is included. These arguments have been numeric
tested for La2CuO4 ~Ref. 54! and it is very likely that the
same arguments hold for the two nickel crystals studied
this work.55 Since the CASCI wave function is invariant un
der unitary transformation, we may make our reasoning
terms of localized orbitals. In this localized framework t
CASCI, or Anderson model, is nothing but the mixing
neutral and ionic valence bond components~see Ref. 48!.
The exceedingly large value ofU resulting from the use o
the same orbital set for all neutral and ionic valence-bo
determinants does not allow an efficient mixing of ionic a
neutral forms and hence the CASCI calculatedJ is too small.
External correlation acts to lower theU determined from the
Hartree-Fock orbitals and the final result is a much lar
calculated value ofJ. The above arguments also explain t
success of the approaches based on nonorthogonal con
ration interaction~CI!, where orbitals are optimized for eac
configuration entering into the CI expansion.15,17

In spite of the large improvement over the CASCI res
resulting from explicit inclusion of external correlation, th
calculated value is only 50–60 % of the experimental val
Before trying to understand the origin of the remaini

TABLE I. CalculatedJ between different electronic states co
responding to different spin couplings of the Ni2F11 cluster model
used to simulate KNiF3 and K2NiF4 @see Eq.~3! and Sec. III!.
Results are in K; 1 hartree5315 773.21 K.

Method

Compound

KNiF3 K2NiF4
ES2ET (ET2EQ)/2 ES2ET (ET2EQ)/2

CASCI 220.5 220.5 222.7 222.8
CAS12ND 250.2 250.2 254.4 254.8
CAS1S2ND 245.5 245.5 249.5 249.8
DDCI 247.6 248.0 252.7 252.2
Expt. valuea 29567 210064

aReferences 6–8.
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calculated-experimental difference, it is worth noting that t
three estimates of external correlation lead to almost ide
cal values. This shows the effective cancellation of ma
second-order terms as predicted by Malrieu.47 Also, the fact
that CAS1S2ND and DDCI lead to nearly the same res
means that the higher-order contribution arising fro
second-order terms is not important to determine the m
netic coupling constant of these highly ionic materials. If t
difference between calculated and experimental results is
to incomplete evaluation of external correlation, it would
more appropriate to include third- and fourth-order ter
than summing up the DDCI second-order terms up to infin
order.

In previous studies a small Ni4F4 four center cluster was
also used to extract the magnetic coupling constant. C
pared to the value resulting from Ni2F, the Ni4F4 cluster
showed a considerable increase on the calculatedJ. This was
interpreted as the identifying characteristic of the collect
effects hidden in the effective two-body operator of t
Heisenberg, or Ising, model Hamiltonian and was used
justify the calculated-experimental difference remaining
the correlated level. This result, however, needs to be c
sidered with caution because these small clusters lack
surrounding ligands that are found to have a very large ef
on the calculatedJ value.11–14,16,18Better conclusions could
be extracted if calculations were carried out on a Ni4F20 clus-
ter model. However, this cluster is too large to be hand
beyond the CASCI level with the present software capab
ties and work is in progress to modify the computer codes
enable such a large, and important, calculation to be car
out. In this work we will investigate the role of collectiv
effects indirectly by comparing the cluster-model results
the periodic Hartree-Fock calculations by Ricartet al.26 and
Dovesiet al.27 From the UHF results for ferromagnetic an
antiferromagnetic, doubling unit cell broken symmetry so
tions and using Eq.~12!, these authors report values o
229.8 K for KNiF3 and231.3 K for K2NiF4. Unfortunately,
these authors compare these calculated values with the
perimental ones reported by de Jongh and co-workers,7,8who
uses the Heisenberg Hamiltonian in the form of Eq.~11!.
These lead to the erroneous conclusion that the periodic
restricted Hartree-Fock calculations were able to account
'60–65 % of the experimental result. Now, it is clear th
the results from periodic unrestricted Hartree-Fock meth
are rather close to the CASCI results for Ni2F11 and the small
differences can be attributed to the differences betw
CASCI and UHF wave function. The closeness of clus
and periodic results seems to indicate that, contrary to pr
ous beliefs, collective effects are not important in determ
ing the magnetic coupling constant. This is a very import
point and merits a more detailed analysis. Therefore, we p
ceeded to obtainab initio unrestricted Hartree-Fock wav
functions for the Ni2F11-cluster models of KNiF3 and
K2NiF4. Hence we obtained UHF wave functions for th
ferromagnetic and antiferromagnetic coupling; in the lat
case a broken-symmetry solution was used. In order to m
a meaningful comparison, an all-electron approach was u
where the basis sets are similar to those used in the peri
calculations. We also used much larger basis sets, again
no noticeable effects onJ. Using the UHF results and Eq
~10!, we found values ofJ of 231.4 and233.6 K for KNiF3



ri-
c
is

c

he
rk

s
ice

th
re
st
el
e
or

ac
el

er
te
o
rli

i
p

th

n
he

re
o
ri-

th
e

a
-

bi
o
ly
er

in
y
c
n-
lue
u
w

nd

tic

the
gh
the
ail-

de
i-
ag-
a-
OV

r-
ck
s
als
-

ck

lly
that
ar-
i
on-
ing
g-
he
en-
-

he F

e a
e.

the

in-
In

n

to
en-
a
th
al-

55 4135AB INITIO THEORETICAL COMPARATIVE STUDY OF . . .
and K2NiF4, respectively. These results differ from the pe
odic ones by less than 5%. Considering that these differen
are of the order of'3 K, the agreement is remarkable. Th
cluster-periodic model comparison seems to indicate thatJ is
in fact a genuine two-body quantity. At first glance, the fa
that cluster and periodic calculations lead to the sameJ may
be surprising, but we note that it is also consistent with ot
findings from the periodic calculations. In fact, in the wo
of Ricart et al.26 and Dovesiet al.27 additivity of the mag-
netic interaction is assumed by using Eq.~12!. Moreover,
these authors use different unit cells to verify the hypothe
of additivity and the results do indeed support it. Now, not
that Eq. ~12! simply shows thatJ scales linearly with the
number of interacting magnetic centers, thus meaning
the sameJ will be obtained whether two or more centers a
used. Calculations on other systems using as well clu
models containing more than two magnetic centers will h
to settle this question. From the present study, we ventur
predict, however, that clusters having two, three, or m
magnetic centers will lead to the sameJ value.

Before ending this section we would like to stress the f
that the energy differences in Table I do in fact accurat
follow the relationships given in Eq.~3!. While this may
seem to be a confirmation of the validity of the Heisenb
Hamiltonian, earlier phenomenologically proposed and la
derived using very restrictive conditions, rather it is a test
the adequacy of the present models since from the ea
work of Nesbet57–59 it follows that two particles with spinS
must indeed interact according to the Heisenberg Ham
tonian; a comprehensive and complete review on this to
has been given by Herring.60

VI. ROLE OF LIGANDS REVISITED

Results in the preceding section strongly suggest that
magnetic coupling between Ni21 cations in both KNiF3 and
K2NiF4 may in fact be described as a two-body interactio
Therefore, it is difficult to understand the importance of t
ten ligands surrounding the basic unit Ni2F containing the
two interaction cations and the bridging ligand. In fact, p
vious work has shown that results from the Anderson,
CASCI, model in the Ni2F cluster, embedded in an approp
ate point charge array plus a representation of Ni21 and K1

as TIP’s, gives roughly half the value obtained using
larger Ni2F11 cluster. In the present work we have also us
such a small Ni2F cluster model for KNiF3 and K2NiF4 and
found the same behavior. The influence of the ligands w
studied in previous works11–14,16by making use of the con
strained space orbital variation~CSOV! method.61–63 The
CSOV approach permits one to obtain different sets of or
als in which well-defined physical interactions are turned
or off, thus allowing one to study each effect separate
Starting with the molecular orbitals resulting from the sup
position of the Hartree-Fock densities for Ni2

41 and F11
112 ,

each fragment in the appropriate environment of po
charges, and TIP’s resulting in a zero net charge, onl
weak antiferromagnetic interaction is found. The introdu
tion of intraunit polarization or interunit charge transfer i
volving closed shell orbitals does not modify the small va
of J obtained using the frozen orbitals arising from the s
perposition of the charge density of both fragments. Ho
es
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ever, a large increase in the magnetic interaction is fou
when the open-shell magnetic orbitals of the Ni2

41 unit are
allowed to mix with the closed-shell orbitals of the F11

112

unit; this is interpreted as the delocalization of the magne
orbitals into the anionp band.11–14,16Again, it is difficult to
reconcile this effect with the apparent two-body nature of
interaction arising from the previous discussion. Althou
not reported here to avoid an exceedingly long paper,
complete set of results for the CSOV decomposition is av
able upon request to the authors.

In a recent study on the magnetic interaction on NiO,
Graafet al.18 suggested that a different partition of the sim
lar Ni2O11 cluster can be used to further decompose the m
netic interaction, which helps to find the leading mech
nisms. These authors suggested to start the CS
decomposition from Ni2O and O10 units. They found that the
CASCI value forJ obtained using the frozen molecular o
bitals resulting from the superposition of the Hartree-Fo
densities of both Ni2O and O10 units was almost the same a
that obtained using the fully relaxed Hartree-Fock orbit
obtained using the whole Ni2O11 cluster. Therefore, we de
cided to carry out a similar study on the Ni2F11 unit cluster
models of KNiF3 and K2NiF4. Starting from the orbitals re-
sulting from the superposition of the electronic Hartree-Fo
densities of the Ni2F and F10 units, the CASCI value for
KNiF3 and K2NiF4 is218.4 and220.2 K, respectively, to be
compared with220.5 and222.8 K ~Table I! corresponding
to the Anderson model value obtained when using the fu
relaxed Hartree-Fock orbitals. These results clearly show
delocalization of the magnetic orbitals is of rather local ch
acter; in fact, it appears to be already included in the N2F
unit. This result strongly suggests that a mechanism resp
sible for the magnetic interaction is precisely the bond
covalent contribution arising from the mixing of the ma
netic orbitals and the orbitals of the bridging anion. In t
cluster model, the effect of the remaining ligands is ess
tially environmental. A further indirect proof of this environ
mental effect can be obtained by recalling that K2NiF4 is best
described as a two-dimensional system. This is because t
anions perpendicular to the NiF2 planes are not involved in a
direct antiferromagnetic interaction~see Fig. 2!. Therefore, it
would be possible to ignore these apical ligands and us
smaller Ni2F7 cluster with all the atoms in the same plan
However, it turns out that the calculated value forJ, either at
the CASCI or the correlated level, is much smaller than
value reported in Table I for the Ni2F711 cluster. This is con-
trary to previous findings for La2CuO4, where Cu2O7 and
Cu2O11 clusters give essentially the same result.

16 The reason
for these differences is easily understood by simply exam
ing the space orientation of the magnetic orbitals.
La2CuO4 each Cu cluster may be thought of as a Cu

21 cation
with a d9 electronic configuration; the magnetic interactio
arises then from the unfilleddx22y2 orbital that lies in the
CuO plane. However, in K2NiF4 and also in KNiF3, the mag-
netic orbitals aredx22y2 anddz2; dx22y2 is in the NiF plane,
but dz2 is perpendicular to it and hence very sensitive
environmental changes. This is a clear indication of the
vironmental role of the ligands not directly involved in
magnetic interaction. In addition, this is fully consistent wi
results in Sec. V, with the fact that cluster and periodic c
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culations lead to the same results, and with the ideas of
superexchange mechanism.

VII. CONCLUSION

In this paper we used cluster models and sophisticatedab
initio techniques to study the origin of magnetic coupling
two different ionic insulators KNiF3 and K2NiF4, represen-
tative of three- and two-dimensional antiferromagnetic s
tems. By a detailed study of the mapping between the ap
priate eigenstates of exact nonrelativistic and model s
Hamiltonians it is possible to compare cluster-model res
to experimental values and also to compare cluster mo
and periodic unrestricted, or spin-polarized, Hartree-F
calculations. From these comparisons we learned that m
netic interactions in KNiF3 and K2NiF4 have a similar origin.
At the CASCI, or Anderson model, level the two compoun
are predicted to be antiferromagnetic, in agreement with
perimental evidence. Moreover, when properly compar
the CASCI cluster-model results appear to be very close
the periodic calculations results.26,27That this coincidence is
not fortuitous is clearly seen when comparing the UH
cluster-model results for the ferromagnetic and antiferrom
netic broken-symmetry solutions with those of the perio
UHF calculations; the calculated magnetic coupling co
stants resulting from both approaches are almost ident
This coincidence seems to indicate that the magnetic c
pling is in fact a local, two-body interaction. Additional wor
on larger clusters, containing more magnetic centers
their corresponding ligands is needed to further prove
interpretation. From the present analysis we predict that
ferent clusters will indeed lead to the same value forJ.

However, in spite of the good agreement between clu
and periodic calculations, the value forJ resulting from the
Anderson models is only'25% of the experimental valu
for both compounds. While in the periodic calculations it
hard to improve this result, the cluster model permits one
go beyond the Anderson model by simply using seco
order perturbation theory or the difference dedica
configuration-interaction method described above. Th
methods are able to introduce the dynamical correlation
fects that are lacking at the CASCI~or UHF! levels. In fact,
the CASCI accounts for only a small part of the electro
correlation effects, the so-called left-right, or more prope
nondynamical, correlation. Introduction of dynamical ele
tronic correlation effect through either CAS12ND, CAS
1S2ND, or DDCI largely improves the calculated resul
which are now'50–60 % of the experimental value. T
explain the remaining difference with respect to experim
we must first point out that, according to the present workJ
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appears to be dominated by two interactions. Therefore,
origin of the difference with respect to the experiment m
reflect limitations of the present cluster-model approach.
fact, for a quantitative description, one limitation is the u
of pseudopotentials to describe the metal-atom cores. Re
work on NiO ~Ref. 18! has shown that although pseudop
tential and all-electron calculations lead to similar results,
effect onJ is noticeable. Another limitation arises from th
representation of the cluster environment. The present an
sis has shown that ligands not directly involved in a giv
superexchange interaction have a purely environmental
fect. This effect is to determine the spatial extent of the m
netic orbitals and may need to be better represented. F
the present and previous results, we know that the magn
coupling constant is not very sensitive to the basis of
ligand. However, the spatial extent of the electron density
the ligands, and indirectly that of the magnetic orbitals,
affected by the representation of the remaining of the cry
as TIP’s plus point charges. Finally, we must note that o
second-order terms are included in CAS12ND, CAS
1S2ND, or DDCI. Given the important role of electron co
relation effects, it is likely that some higher-order terms w
be responsible for a noticeable part of the difference w
respect to experiment.

In summary, a detailed comparison ofab initio cluster-
model and periodic calculations show that the magnetic c
pling constant is strongly determined by the two-body int
action. This is a surprising, unexpected result that can
further tested using cluster models, which explicitly inclu
three or more metal magnetic centers; this project is c
rently being developed.56 Also of importance is the effect o
the ligands surrounding the basic metal-ligand-metal in
acting unit. However, the alternative CSOV analysis used
this work has enabled us to show that this effect is basic
environmental. Finally, we must stress the very large eff
of electronic correlation in determining the final value of t
magnetic coupling constant.
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