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The ground-state electronic structure in various magnetic phases of the Jahn-Teller-distorted
perovskite KCuF3 has been investigated using the ab initio periodic unrestricted Hartree-Fock approach.
The material is correctly predicted to be an orbitally ordered wide band-gap insulator with efFectively
one-dimensional magnetic properties, in that the estimated antiferromagnetic exchange coupling con-
stant J, along the e axis is much larger than the ferromagnetic exchange constant J, perpendicular to
this axis. The adiabatic potential-energy surface corresponding to cooperative distortions of CuF6 oc-
tahedra has the form of a classical Jahn-Teller double well, with the equilibrium distortion close to that
observed experimentally. The interaction of the Jahn-Te11er distortion with the superexchange interac-
tion, which is responsible for the unusual magnetic behavior, is examined both through an analysis of the
kinetic, Coulomb, and exchange contributions to the total energy, and from the dependence of magnetic
properties on various geometrical parameters. Two structural polytypes with and without fluorine
stacking disorder are found to be virtually isoenergetic, which is consistent with the experimental
di5culty of preparing single-phase crystals. Charge- and spin-density maps, and densities of states are
also reported.

INTRODUCTION

The perovskite KCuF3 has attracted significant
theoretical and experimental interest since the 1960s,
principally because it is one of very few materials to pos-
sess both a pseudocubic crystal structure and effectively
one-dimensional magnetic properties. This is known to
be a consequence of interplay between the exchange in-
teraction and "orbital-ordering" effects associated with
cooperative Jahn-Teller distortions of CuF6 octahedra.
Other members of the series, which do not contain Jahn-
Teller ions, such as the cubic perovskites KNiF3 and
KMnF3, are regular three-dimensional antiferromagnets. '

Although perturbation-theoretical arguments have been
successfully used to explain the effect of orbital ordering
on the superexchange interaction, an accurate ab initio
study has yet to be performed and is of fundamental in-
terest. The theoretical study of magnetic insulators using
such methods is traditionally dicult, but recent studies
of NiO and other materials' have demonstrated that
periodic unrestricted Hartree-Fock theory is of consider-
able utility in this area. This is primarily for three
reasons. First, the Hartree-Fock Hamiltonian correctly
describes the nonloca1 exchange interaction, which is re-
sponsible to first order for the magnetic properties of
transition-metal compounds. Second, it avoids the well-
known self-interaction problems resulting from local ap-
proximations to the exchange (such as the local spin-
density approximation or LSDA) used in most density-
functional studies, which lead, for example, to the lack of
a gap in the band structure and incorrect relative stabili-
ties of ferromagnetic and antiferromagnetic states. Fi-

nally, the numerical accuracy of our computational im-
plementation of the periodic Hartree-Pock problem may
be made high enough to study total-energy differences re-
liably down to at least 10 hartrees per cell at reason-
able cost. This is particularly useful in the analysis of en-
ergy diff'erences between magnetic states (and hence in
the estimation of exchange constants), which are often of
this order of magnitude.

In this paper, we present the results of a periodic unre-
stricted Hartree-Fock study of KCuF3. The crystal
structure of this material (Fig. 1) is made up of an array
of CuF6 octahedra that is pseudocubic, in the sense that
the distance between magnetic Cu + ions is almost the
same along all three principal axes. The K+ ions fill the
empty spaces between octahedra. In the planes perpen-
dicular to the c axis, small cooperative Jahn-Teller distor-
tions are observed. Each CuF6 octahedron is slightly
elongated along the a or b principal axes such that the
distortion is orthogonal to that of neighboring octahedra
in the plane. All F ions in the ab planes are slightly dis-
placed from the midpoint of adjacent Cu sites, whereas
the F ion located between these planes occupy symmetric
positions. The structure thus contains two distinct
fluorine ions, which will be denoted by Fl (bond-centered
F) and F2 (displaced F). For reasons to be discussed
presently, this "antiferrodistortive" behavior effectively
confines the magnetic interactions to isolated linear
chains along the c axis; the antiferromagnetic exchange
constant J, in this direction is several orders of magni-
tude greater than the weakly ferromagnetic exchange
constant J, in the Jahn-Teller distorted plane.

It is known that at least two distinct types of polytype
structure occur naturally in KCuF3. Apart from in very
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FIG. 1. Tetragonal unit cell of KCuF3, showing the two
different polytype structures {a) untwisted, type d and (b) twist-
ed, type a.

carefully prepared crystals, these usually coexist in any
given sample. In one type [Fig. 1(b)] the direction of dis-
placement of F ions from the midpoint of adjacent Cu
sites is opposite in neighboring ab planes, whereas in the
alternative structure the displacements are always in the
same sense [Fig. 1(a)]. We shall refer to these as twisted
and untwisted polytypes, although for historical reasons
the usual designation is type a and type d. In this paper
we shall be principally concerned with the untwisted po-
lytype, which has a smaller unit cell, although total-
energy comparisons between the two polytypes will be
made. There are three independent structural parame-
ters, a, c, and the F2 coordinate xF, for which the most
recent structural refinements suggest the following
values. For the twisted a polytype (space group I4/mern)
a =5.8569 A, c=7.8487 A, and xF=0.22803 and for
the untwisted d polytype (space group P4/mbm),
a =5.8542 A, c=3.9303 A with x„not reported. 2x„
(=X„)corresponds to the position of the F2 Auorine ion
as a proportion of the length of the Cu-F2-Cu vector (i.e.,
the undistorted position 0.5 corresponds to x„=0.25).

The low-temperature experimental spin arrangement
consists of strongly antiferromagnetic linear chains along
the c axis coupled via a weakly ferromagnetic interaction.
In order to study the magnetic interactions, calculations
were performed using the ferromagnetic and two antifer-
romagnetic states, defined as follows. The state corre-
sponding most closely to the experimental spin arrange-
ment consists of ferromagnetic ab sheets with adjacent
sheets having opposite spin. This will be referred to as
the AF1 phase. To study the intraplane exchange in-
teraction, we also define a hypothetical alternative phase
(AF2), in which all ab planes are identical, and the
nearest-neighbor super exchange contacts within these
planes are antiferromagnetic. Other possible spin ar-
rangements with larger unit cells were not considered.
The origin of the anisotropic magnetic behavior in
KCuF3 is generally explained as a result of orbital-
ardering effects associated with the cooperative Jahn-
Teller distorted array. The hole orbital of Cu + is
thought to alternate between something like "d

2

and "d
2 2" on adjacent Cu sites, a feature of the elec-

y —z

tron density that has been confirmed experimentally by
Buttner, Maslen, and Spadaccini. The ordering strongly
reduces the overlap between adjacent Cu sites. Kugel
and Khomskii were able to demonstrate that this leads to
a small ferromagnetic exchange constant in the orbitally
ordered planes. The Jahn-Teller-distorted Cu octahedra
in this structure are similar to those in many high-T, su-
perconducting cuprate perovskites, and thus KCuF3
models certain aspects of these materials. On this basis,
Buttner, Maslen, and Spadaccini have suggested a vibra-
tionally modulated exchange mechanism for supercon-
ductivity. '

The only previous ab initio theoretical calculation for
similar perovskites of which we are aware is the recent
study of Eyert and Hock, who examined K2NiF4 and
K2CuF4 within the local spin-density approximation
(LSDA). This latter material shows similar antiferrodis-
tortive behavior to KCuF3 but contains well-separated
two-dimensional CuF2 planes, rather than CuF6 octahe-
dra. These authors came to the conclusion that "both
magnetism and orthorhombic distortion [are] required in
order to arrive at the insulating ground state, " which
they define as the presence of zero density of states at the
Fermi energy; their calculations did not lead to the pres-
ence of an actual gap in the band structure. This feature
of the calculations presumably results from the local ap-
proximation to the nonlocal exchange operator implicit
in the LSDA. ' The current treatment of the nonlocal
part of the Hamiltonian is crucial in determining the or-
bital dependence of the one-electron potential and thus
the ordering of the d states in the eigenvalue spectrum.
Orbital ordering of the K2CuF4 electron density was not
reported in this study.

All calculations reported in the present work were per-
formed using the program CRYSTAL95, a development of
the well-established CRYSTAL92 package. ' This code
may be used to perform open-shell calculations within the
unrestricted Hartree-Fock approximation. The solid-
state band-structure problem is solved in a basis of Bloch
functions constructed from linear combinations of local-
ized atomic orbitals, which are in turn a sum of
Gaussian-type primitives. Reference may be made to a
previous study of KNiF3, ' for computational details of
the present calculations, including exponents and con-
traction coefficients of the K and F bases, and to Refs.
11—13 for a discussion of the theoretical method. Other
applications of this method to compounds containing
transition metals include MnO and NiO, Fe203, '

FeF2, MgO-NiO thin films, ' Li-doped NiO and MnO, '

and the perovskites KNiF3 (Ref. 1) and K2NiF4 (Ref. 17).
Some interesting questions relevant to the present work
were addressed in the latter two studies and will be re-
ferred to in context in the discussion that follows.

The principal source of error in the Hartree-Fock ap-
proach is the neglect of electron Coulomb correlation.
This is a short-range screening effect that is much less
crucial to the qualitative features of the ground state of
magnetic insulators than the nonlocal exchange. Recent
modifications to the CRYSTAL code now permit correla-
tion corrections to be applied to the Hartree-Pock solu-
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tion, at varying levels of sophistication. ' ' The most ap-
proximate method involves a posteriori correlation
corrections to the total energy using various functionals
of the electron density. In this paper, we examine the
effect of applying such a functional on a number of calcu-
lated ground-state properties. More sophisticated ap-
proaches that have been incorporated into the code in-
volve the addition of correlation-only functionals into the
Hamiltonian and incorporating this into the self-
consistent procedure through solution of the Kohn-Sham
rather than the Hartree-Fock equations. The effect of
this combination of density-functional correlation and ex-
act Hartree-Fock nonlocal exchange on results for mag-
netic insulators is under investigation and will be report-
ed subsequently.

RESULTS AND DISCUSSION

Geometry

First of all, some simple calculated structural proper-
ties are compared with experimental data. In Table I, the
equilibrium values of a, c, and the fluorine coordinate x„
are shown. These were calculated for the untwisted
structural polytype of KCuF3 in the AF1 spin state. The
values of a and c are 2.4% and 3.8% greater than experi-
ment. While the error in a is roughly equivalent to that
found in previous studies of transition-metal compounds,
such as MnO and NiO using this method, ' the error in c
is substantially greater. This discrepancy is, however, in
line with results for the series Li20, Na20, K20, and
LiF, NaF, KF, ' which indicate that the Hartree-Fock
method routinely overestimates the size of large cations
such as K+ (the ion separating the ab planes in KCuF3).
In a subsequent section, we will examine the behavior of
various structural and magnetic properties as a function
of a, c, and xF Calculations of properties such as ex-

TABLE I. Calculated and experimental lattice parameters a
and c (A) and fluorine coordinate xF for the untwisted polytype
of KCuF3 with the experimental AF1 spin structure.

XF

Calc.

5.99
4.07
0.237'
0.233"

Expt.

5.85
3.93
0.228

'Pure Hartree-Fock calculation.
Hartree-Fock corrected a posteriori using a Perdew gradient-

corrected correlation functional (Ref. 24).

change constants will be performed at the experimental
geometry, however, since it has been shown in previous
work" that, in line with suggestions made in the litera-
ture, the magnitude of the exchange interaction in fully
ionic compounds generally follows a d " power law,
where d is the interionic distance and x is between 11 and
15.

The calculated Hartree-Fock adiabatic potential ener-

gy surface for movement of the I'2 fluorine along the line
separating nearest-neighbor Cu ions is the upper curve
shown in Fig. 2. The Cu-Cu midpoint position is seen to
be unstable, and thus this displacement coordinate corre-
sponds to a Jahn-Teller distortion of the CuF6 octahedra,
with a classical double well containing two equivalent
minima. The equilibrium fluorine position (Table I) cor-
responding to the bottom of the well is reasonably close
to the experimental value (an error of +3.4% of the
nearest-neighbor Cu-F distance). The lower curve in Fig.
2 shows the effect on the shape of the double well of a
posteriori gradient-corrected correlation corrections using
the Perdew functional. The two curves have been shift-
ed to coincide at the undistorted configuration. Com-
pared to the straight Hartree-Fock calculation, the depth
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FIG. 2. Total energy (relative to the undis-
torted crystal) as a function of fluorine coordi-
nate XF in the ab plane. XF=2xF, where xF is
the fractional F2 coordinate.
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of the Jahn-Teller well is increased by around 50%%uo (from
0.0044 to 0.0065 hartrees) and the error in the equilibri-
um

fluorine

coordinate is roughly halved in the
correlation-corrected calculations. The energy scale asso-
ciated with the cooperative Jahn-Teller effect in KCuF3 is
around 20 times greater than the calculated magnetic or-
dering energies reported later in this section.

Finally, the total-energy cost of introducing Auorine
stacking disorder was estimated. The energy differences
between twisted and untwisted polytypes of KCuF3 with
equivalent magnetic structure and lattice parameters was
found to be extremely small (an order of magnitude lower
than the energy scale associated with the magnetic order-
ing). This is consistent with the experimental difficulty of
preparing single-phase crystals. The twisted polytype,
which is the predominant phase in real crystals, was the
more stable of the two by around 3 X 10 hartrees.

plot for the plane perpendicular to ab containing the
undisplaced Fl ions. In this case, no ordering of the elec-
tron density is associated with F1 and the Cu-F-Cu vec-
tor is a standard 180' superexchange contact, which
would be expected to give rise to an antiferromagnetic
spin ordering of the two coppers along the c axis.

To understand the Hartree-Fock electronic structure,
it is useful to examine the calculated density of states
(DOS). The standard definition of the tetragonal cell is

Orbital ordering and electronic structure

Table II shows the results of a Mulliken analysis of the
unrestricted Hartree-Fock wave function. KCuF3 is seen
to be highly ionic, with net atomic charges close to their
formal values and a single d orbital hole associated with
each Cu ion. Orbital populations and the coefficients of
the Fock eigenvectors indicate that the hole orbital is
constructed from a linear combination of the (non degen-
erate) d 2 and d 2 & Bloch basis functions. The single

z x —y
unpaired spin associated with each hole is almost ex-
clusively contained in the d orbitals, and there is a small
amount of spin dispersion onto the fluorine ions. The
data are quoted for the AF1 antiferromagnetic state only,
since differences in orbital populations for alternative
magnetic states were found to be negligible (less then
0.0021e

I
).

The total charge density in the Jahn-Teller distorted ab
plane is shown on a relatively small scale in Fig. 3(a). A
closeup of a single "cell" in this plane in Fig. 3(b) shows
the difference between the total charge density and a su-
perposition of spherical ionic densities. Such plots indi-
cate the changes in shape of the free-ion electron distribu-
tion due to the inhuence of the crystalline environment.
The effect of orbital ordering on the density difference
map in Fig. 3(b) is particularly striking; the copper hole
orbital alternates between the d» and d 2 2 orbitalsx z y —z
on adjacent Cu ions. Figure 3(c) shows the equivalent
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CU F1 F2

q (3d)
5„,
5„,(3d)

+ 1.00

0.00

+ 1.83
9.09
0.95
0.95

0.01

—0.95

0.01

TABLE II. Mulliken charges and population data (in elec-
trons) for AF1 antiferromagnetic KCuF3. Q is the net atomic
charge; q(3d) is the electron population of the d orbitals; 5„,
and 5„,(3d) are the magnitudes of the corresponding spin quan-
tities.

FIG. 3. (a) Total charge-density map in the ab (001) plane of
KCuF3 through the Cu and F ions. The separation between ad-
jacent isodensity curves is 0.01 e/bohr; the innermost curves in
the atomic region correspond to 0.15 e/bohr . The dashed box
denotes the area of (b), which is a charge density difference map
in the ab plane for AF1 KCuF3. (c) is the equivalent plot in the
ac plane. Both (b) and (c) refer to the difference between the
bulk density and the density obtained as a superposition of
spherical ionic densities (using the same basis set in both cases).
Continuous, dashed and dot-dashed lines correspond to posi-
tive, negative, and zero values, respectively. The separation be-
tween adjacent isodensity curves is 0.005 e/bohr; the innermost
curves in the atomic region correspond to 0.05 e/bohr .
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such that it was necessary to rotate the Cartesian refer-
ence frame around the z axis by 45, in order to align the
lobes of the d 2 2 orbital along the Cu-F-Cu vectors.x —y
The band-projected DOS using the conventional atomic
orbital symmetries could then be calculated. This unitary
transformation does not, of course, affect the ground-
state properties, but mixes the orbitals among themselves
changing the orbital populations and the projected DOS.
The valence band of the latter is plotted in Fig. 4.
KCuF3 is correctly predicted to be a wide band-gap insu-
lator, with states at the top of the valence band of
predominantly fiuorine 2p character, and metal 3d states
at the bottom of the conduction band. It is thus a
charge-transfer insulator in the Zaanen-Sawatzky-Allen
classification scheme. The effect of the magnetic order
on the density of states was found to be comparatively
small. The magnitude of the band gap (which is overes-
timated in the Hartree-Fock method) was 0.65 hartree.

Magnetic properties

As discussed by Anderson in his original work on su-
perexchange, all the elements necessary to describe this
interaction are present, in principle, in the unrestricted
Hartree-Fock theory. In this section, therefore, we shall
attempt to calculate exchange constants and describe
how the interaction may be either ferromagnetic or anti-
ferromagnetic depending on the degree of spin-orbital
overlap, mediated by orbital-ordering effects.

The calculations correctly predict the antiferromagnet-
ic (AF1) spin state to be the most stable magnetic phase,
followed by the ferromagnetic, which is in turn very
slightly more stable than the AF2. The differences in to-
tal energy per Cu ion between these states («) may be
approximately related to data derived from various kinds
of experiments. Such data are normally interpreted
in terms of the magnetic coupling constants J of a model
spin Hamiltonian, such as the Ising or Heisenberg mod-
els. As the solutions of the unrestricted Hartree-Fock
equations are eigenfunctions of the S, spin operator but
not of the total spin operator S, the former model is
more appropriate in this case. Within the Ising model,
therefore, and assuming coupling only between nearest
Cu neighbors, the following expression relates J to AE:

Here S is the total spin per Cu ion (assuming for the mo-
ment the calculated value of 0.476 from a Mulliken
analysis) and z is the number of nearest neighbors of a
given Cu that have differing spins in the two magnetic
states. The appearance of the factor z in (1) is dependent
upon the assumption that the exchange interactions are
additive, that is, directly proportional to the number of
nearest neighbors of a given Cu. Previous studies of
KNiF3-and KzNiF4 are consistent with this assumption,
since, for example, the ratio of the calculated hE values
was very close to the 6:4 ratio of the number of Ni neigh-
bors. "

In Table III, exchange constants estimated within the
Ising model from the Hartree-Fock data are compared
with the corresponding experimental values (as is cus-

TABLE III. Calculated and experimental exchange constants
in KCuF3. Model 1 =Eq. (1), with calculated S( =0.476), mod-
el 2 =Eq. (1) with experimental S( =0.24).

Exchange constants (K)
Experimental Model 1 Model 2

—+2'
—187 —190' —197 —203'

+1
—46

+6
—182

'Neutron-diffraction (Ref. 35) data.
Magnetic specific heat (Ref. 32).

'Susceptibility (Ref. 33).
Neutron diffraction (Ref. 34).

«= —2S'IJI»+ '
zS

Here a is the magnetic anisotropy and e(a) is a function
that varies from e (0)=1/4z to 0 for a~ ao. Intermedi-
ate values of this function can be calculated from spin-

tomary, the exchange constants in energy units are divid-
ed by Boltzmann*s constant to yield quantities with the
dimensions of temperature). The qualitative features of
the calculated constants (model 1) are essentially correct;
J, is negative in sign (antiferromagnetic) and very much
larger than J„which is small and positive (ferromagnet-
ic). Hence, the one-dimensional nature of the magnetic
interactions in KCuF3 is reproduced. The quantitative
agreement in J, is rather poor, however, and there are
likely to be a number of reasons for this. One of the prin-
cipal problems appears to be the experimentally well-
characterized zero-point deviations in the spin direction,
which are included neither in the Hartree-Fock theory
nor in the Ising model we use to interpret the data in
terms of exchange constants. Such effects are particular-
ly important in low-dimensional magnetic systems such
as KCuF3 and have two principal consequences. The
first of these is a lowering of the expected on-site magnet-
ic moment of -2Sp~ to -2(S—AS)p~, where bS is the
anisotropy-dependent spin reduction. The second effect
is an enhanced stabilization of the antiferromagnetic state
relative to the ferromagnetic. An interesting strategy is
to consider the fully aligned Neel antiferromagnetic state
assumed implicitly in our Hartree-Fock treatment as an
approximate ground state and to correct the zero-point
effects using corrections to the basic Ising model. The
simplest modification consists of replacing S in Eq. (1) by
(S—bS), where hS is calculated from the difference be-
tween the calculated Hartree-Fock magnetic moment
(0.95@~) and the spin-reduced experimental value
(0.48@~ measured at 4 K). The resulting exchange con-
stants are shown in Table III (model 2). The quantitative
agreement between theory and experiment after making
this correction is good. To take into account the
enhanced stabilization of the antiferromagnetic state, a
model correction must be applied to the calculated value
of hE. The relevant formula is discussed by de Jongh
and Miedema, and takes the following form:
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FIG. 4. Valence-band projected density of states for fer-
romagnetic phase of KCuF3. Energy relative to the highest oc-
cupied level.

wave theory. Assumption of a=O and the spin-reduced
value of S and hence the maximum correction for KCuF3
gives J, = +5 and J, = —229 K; both exchange constants
are thus corrected in the right direction.

Apart from zero-point effects, other factors that could
inhuence the comparison of our calculations with experi-
ment are spin-orbit coupling, spin contamination, and the
neglect of electron correlation. For systems with partly
filled shells of "e "orbitals, such as the Cu + ion, the or-
bital angular momentum is completely quenched, ' and
so the effect of spin orbit-coupling terms should be incon-
sequential. Spin contamination is associated with the fact
that the unrestricted Hartree-Fock wave function is not
an eigenfunction of the S operator, and involves the ad-
mixture of high-energy components with differing spin
multiplicities into the wave function. We are not able to

quantify the magnitude of this effect at present.
To estimate the effect of electron correlation on the

calculated values of b,E, the gradient-corrected correla-
tion functional proposed by Perdew et al. was applied a
posteriori to the Hartree-Fock electron density. For
KCuF3, the correlation energy in the ferromagnetic and
antiferromagnetic states was found to be the same to
within 10 hartrees (the range within which the neces-
sary numerical integration of the electron density may be
considered reliable). Within the approximation of this
functional, this implies a maximum correlation contribu-
tion to b,E(AFl —F) in KCuF3 of around 5X10 har-
trees, or 18%%uo. Other workers have examined magnetic
interactions in KNiF3 using a cluster model and suggest
that the correlation energy evaluated with second-order
perturbation theory contributes up to 50%%uo to b,E. This
may be compared. with our calculated value for the same
system of around 25%. While the use of the cluster ap-
proach in modeling infinite systems requires some cau-
tion, the effect of electron correlation on the relative en-
ergies of different magnetic states remains a delicate open
question.

We shall now examine the mechanism of the exchange
interactions in KCuF3. The reason why the exchange
constant

~ J, ~
is very small and ferromagnetic in the orbit-

ally ordered plane is related to the degree of overlap of
the Fock spin orbitals along the a and c axes. This may
be appreciated from Fig. 5, in which the variation of the
calculated hE with fluorine coordinate is shown. With
the F2 fluorine in the undistorted position (very weak or-
bital ordering) the exchange is strongly antiferromagnet-
ic, while as the octahedra are progressively distorted, it
first becomes weakly ferromagnetic and then antiferro-
magnetic again at even higher distortions. The almost
vanishing value of

~ J, ~
observed experimentally might

thus be said to be an essentially "accidential" structural
feature; the range of the fIuorine coordinate over which
hE is ferromagnetic is around 8%%uo of the nearest-
neighbor Cu-F distance. We will now discuss this

Ferromagnetic KCuF,

0.8
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FIG. 5. Energy difference hE per formula
unit between the ferromagnetic and AF2 anti-
ferromagnetic phases as a function of the

fluorine

coordinate XF in the ah plane
(XF——2&F).
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TABLE IV. Analysis of the various contributions to the energy difference AE(AF —F) between
antiferro- and ferromagnetic states of various materials, including untwisted KCuF3. The various 5E
data are given in units of the difference in Hartree-Fock total energies, AE„„~. The value of hE„„,&„;,„
is the difference in correlation energy of the two magnetic states evaluated a posteriori using the density
functional of Perdew et al. (Ref. 24). Only one decimal figure is given for this quantity, due to limita-
tions in accuracy of the numerical integration of the energy functional. All energy data in both fer-
romagnetic and antiferromagnetic states are evaluated at the same (experimental) crystal geometry.

KCuF3-AF1
KCuF3-AF2
KNiF3
K2NiF4
NiO
MQO

AEtotal
(mhartree)

—0.265
+0.017
—1.136
—0.793
—0.608
—0.242

~Etota1

—1.0
+ 1.0
—1.0
—1.0
—1.0
—1.0

~Ekinetic

—15.1
—4.7
—84

—18.4
—13.0
—26.3

~Ecoulomb

+9.6
+8.2
+4.4

+ 13.7
+8.4

+ 15.8

~Eexchange

+4.5
—2.5
+3.0
+3.7
+3.6
+9.5

~Ecorrelation

(mhartree)

0.0
0.0

—0.3
—0.2
—0.1
—0.1

behavior quantitatively through a consideration of the
kinetic, Coulomb, exchange and correlation contributions
to the total energy in the various magnetic states.

In a standard M-F-M superexchange contact, it is well
known that the predominant contribution to the addi-
tional stability of the antiferromagnetic state is the lower-
ing of the kinetic energy in this phase. In his original
formulation of superexchange theory, Anderson intro-
duced the concepts of "kinetic exchange" and "potential
exchange" to clarify the major interaction terms. In the

Hartree-Fock picture, kinetic exchange is a consequence
of antisymmetrization and arises in the following way. If
two neighboring spins are parallel, their spatial orbitals
must be orthogonal, but when they are antiparallel, the
spin functions are automatically orthogonal so the orbit-
als may overlap each other. This may be thought of as a
"Pauli repulsion" between electrons of the same spin.
There is a significant kinetic energy gain when antiparal-
lel spins are present, and hence this term is antiferromag-
netic in sign. The magnitude of the kinetic exchange,
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which is proportional to the degree of spin-orbital over-
lap, is normally estimated using a perturbation theoreti-
cal approximation to the Hubbard model. In the case of
small overlap, the most important interaction term is the
potential exchange, which is always ferromagnetic in
sign.

In Table IV, an analysis of the various contributions to
the total energy is given for the various magnetic states of
KCuF3. Terms in the kinetic, Coulomb, and exchange
energy are evaluated, together with an a posteriori evalua-
tion of the correlation energy using the Perdew scheme.
The Ewald convention used in performing the infinite lat-
tice sums does not permit a strict partitioning of the
Coulomb energy into nuclear attraction and electron
repulsion terms. For comparative purposes, we also
show the equivalent data for four other antiferromagnetic

compounds investigated by us using the same method. In
these latter materials, the major magnetic interactions are
all through standard 180' superexchange contacts. For
each system, the total-energy difference between fer-
romagnetic and antiferromagnetic states at the same
geometry is "normalized" to —1 and differences in the
various components of the total energy between the two
phases defined relative to this. Apart from the interac-
tion in the orbitally ordered plane of KCuF3, the dom-
inant contribution to the energy lowering in the antiferro-
magnetic phase is in each case the kinetic-energy term.
The ferromagnetic superexchange contact in KCuF3
shows quite different characteristics, however. Because
of the small overlap in the orbitally ordered plane, the
difference in kinetic energy between the AF2 and fer-
romagnetic phases is relatively small, and the dominant
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contribution to the energy difference is the additional
electron-nuclear attraction in the ferromagnetic phase.
The contribution of the correlation energy to hE is not
insignificant, but a quantitative analysis using density
functional of the electron density requires higher accura-
cy in the numerical integration of the electron density.

The superexchange mechanism can be appreciated in a
relatively simple visual way from maps of the spin density
distributions. First of all, we consider the standard anti-
ferromagnetic superexchange contact along the c axis;
spin density maps in the ac plane are shown in Figs. 6(a)
and 6(b). In the ferromagnetic state, the contraction of
majority (a) spin density of the Fl Auorine ion (center
left and center right of the figure) is very large relative to
that of the P spin density. This is because of the large
Pauli repulsion from unpaired a density on each of two
neighboring Cu atoms. In the antiferromagnetic states,
there is a spin polarization of the fluorine ion, since the
spatial orbitals are no longer constrained to be orthogo-
nal, and thus the exchange repulsion may be reduced by
shifting the a density towards the Cu ion with P polariza-
tion, and vice versa. The closer average confinement of
electrons on the fluorine site in the ferromagnetic state
ensures the dominant contribution to the total energy is
the kinetic energy term. Figures 6(c) and 6(d) show total
spin-density maps in the ab plane for the ferromagnetic
and AF2 phases of KCuF3. Since the spin-orbital overlap
is small, no large-scale changes in spin density between
the magnetic phases are observed, and the sign and mag-
nitude of the energy difference between the two results
from a delicate balance of the kinetic and potential com-
ponents of the total energy.

Finally, the variation of b,E, and hence the calculated
exchange constants, is examined as a function of relative-
ly large geometrical distortions. Figure 7(a) shows
b,E~„2 F as a function of a, and Fig. 7(b) shows

EAF1 —F versus e. In each case AE changes markedly as
the lattice parameter is varied over +3%%uo, and thus the

use of the experimental crystal geometry in carrying out
the exchange constant analysis is important.

CONCLUSION

The ab initio periodic unrestricted Hartree-Fock
method has been used to examine the ground-state elec-
tronic and magnetic properties of KCuF3. The material
is correctly predicted to be an orbitally ordered wide
band-gap insulator. The Jahn-Teller distortion of the
CuF6 octahedra is reproduced, with the equilibrium dis-
tortion close to that observed experimentally. The quali-
tative one-dimensional features of the magnetic interac-
tions emerge naturally from the calculation, but for a
low-dimensional system such as KCuF3, the importance
of higher-order terms in the spin is such that interpreta-
tion of the Hartree-Fock data through an Ising-type
model is not appropriate. By treating the magnetic mo-
ment as a parameter and using the experimental value to
take into account the observed spin reduction, we were
able to get quantitative agreement of the experimental ex-
change constants with the ab initio Hartree-Fock data.
The inhuence of cooperative Jahn-Teller distortions on
the exchange interaction was also analyzed, via an
analysis of the various contributions to the total energy.
For antiferromagnetic super exchange contacts, the
lowering of kinetic energy is the dominant contribution,
while in the equivalent ferromagnetic interaction in orbit-
ally ordered planes, the electron-nuclear repulsion
predominates.
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