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Abstract We repolf on the tint comprehensive theoretical study of Ihe elecmnic, magnetic 
and s!mctural properties of the quasi-twodimensional magnetic insulators K2NiF4 and K~CLIF~. 
Our investigations were carried out by means of electronic srmcture calculations based on 
density functional uleory within the local density approximation. and led lo full agreement 
with experiment with regard to many imponant gmund-staIe properties. In particular they result 
in a correct description of h e  two-dimensional electronic dispersion. the insulating behaviour, 
the magnetic order and the srmctural distortions inherent in these compounds. We were also able 
to study the delicate interplay of all these properties. Funhermore we arrive at lhe mnclusion 
that band Iheory is well suited to describe magnetic systems, which possess localized moments 
and serve as almost ideal candidates for the Heisenberg model. 

1. Introduction 

Magnetic insulators have long attracted interest, and still constitute a field of current research. 
This is due to many reasons, among which are interest in the purely magnetic properties of 
the insulators, and the investigation of the Mom-Hubbard metal-insulator transition. 

A different, but likewise important, field of intense work may be summarized under the 
catchphrase ‘low-dimensional systems’. Here one is faced with completely new problems 
intrinsic to the reduced dimensionality, which in many cases cannot be directly deduced 
from three-dimensional behaviour. 

There exist in Nature ideal realizations of these extraordinary phenomena, in the form of 
a whole class of compounds with the general formula K2MF4. with M ranging from Mn to 
Cu. Representing in particular the two-dimensional case, they serve as traditional examples 
for this type of material and therefore have already entered into the textbooks [I]. The latter 
is due to the fact that these potassium compounds have been thoroughly investigated and 
thus many of their properties are now well known, at least from the experimental point of 
view [2]. 

The situation is different concerning our theoretical understanding. Here, the 
experimental observation of magnetic moments almost completely localized on the @ansition 
metal sites led to an approach based on an effective Heisenberg model. However, due to 
the two-dimensionality of these materials, one is then faced with the well known theorem, 
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formulated by Mermin and Wagner, which prohibits any long-range order in the two- 
dimensional isotropic model at finite temperatures [3]. Thus the questiori arose as to what 
type of exchange mechanism might govern the magnetism in these compounds. 

In this paper we attack the problem in a different way and use a band picture, thereby 
aiming at a more complete understanding. We performed first-principles electronic structure. 
calculations based on density functional theory (Dm) within the local density approximation 
(LOA), which also cover the electronic, magnetic and elastic degrees of freedom. The latter 
argument is an important aspect of the present investigation. 

We started with the Ni and Cu compounds in this work, the latter being the only 
ferromagnet among the class K2MF4 mentioned above. The Ni system, in contrast, is the 
representative for the whole class that possesses the so-called K2NiF4 crystal structure, 
which is observed in many compounds. 

Here we mention in particular LazCuO4, which has exactly this crystal structure at 
temperatures above 500K 141 and is also an antiferromagnetic insulator. Fruthermore, both 
systems exhibit an almost two-dimensional behaviour, conditioned by the crystal structure 
and showing up in many physical properties. 

Finally, as is well known, LazCuO4 is directly connected to the high-Tc superconductors. 
In this context it was the subject of a wealth of electronic structure calculations which, in 
summary, led to the conclusion that none of the most common band structure methods based 
on density functional theory and the local density approximation is capable of properly 
describing the antiferromagnetic and insulating ground state and thereby go beyond the first 
results of Mattheiss [5 ] .  The reasons for this failure now seem to be the strong electronic 
correlations, driving the transition to the antiferromagnetic insulator on the one hand, but 
putting density functional theory to a severe test on the other hand. 

However, by going beyond traditional density functional theory, new calculations have 
succeeded in describing the correct ground-state properties of LazCu04 in accordance with 
the experimental findings [6,7]. 

Before turning to a description of our investigations of the compounds KzNiFp and 
KzCuF4 we mention preliminary work [8,9], which also reports on these compounds. In 
contrast to the present paper, emphasis in [8,9] was placed more on the interrelation with 
high-TC superconductivity: here. on the other hand, we will deal exclusively, and in far 
more detail, with KzNiF4 and K2CuF4. Furthermore, a renewed and profound analysis of 
the crystal structure data together with subsequent, more elaborate, calculations, has led to 
a qualitatively improved understanding of the underlying physical mechanisms. 

The main body of this work is divided into three parts. In the following two sections 
we will summarize some of the experimental findings, and simply present the results of 
our calculations for K2NiF4 and KzCuF4, respectively. Their detailed discussion will be 
postponed to section 4, which will also deal with the interplay of magnetic and structural 
order. In section 5 we present a summary, and an outlook of future work. 

V Eyen and K-H Hock 

2. KzNiF4 

2.1. Experimental facts 

The crystal structure of KzNiF4 consists of a body-centred tetragonal (BCT) lattice with the 
space group 0:: and the atoms &,.ranged as shown in figure 1 [10-12]. 

Worth mentioning in this structure are the NiF6 octahedra, stressing the intimate 
relationship with the cubic perovskites. In the latter, their three-dimensional interconnection 
essentially maintains the high mechanical stability, whereas in KzNiF4 the decoupling of the 
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Figure 1. Body-centred tetragonal crystal structure of KZNiF4. Drawn in are the lattice 
mnsfants. the alomic positions and the directions of the magnetic moments localized at the 
Ni sites. The brokn lines indicale the basal plane of the side-centred orthorhombic cell (see 
text). 

octahedra along the c direction limits this stability to the NiFz planes and thereby leads to 
the typical layer structure, which shows up in the two-dimensional electronic and magnetic 
behaviour of this and similar systems. 

We should also mention the flattening of the octahedra of around 1% along the c 
direction, i.e. the distance between the Ni ion and the apical F ion is shoaer by this 
amount than the corresponding in-plane distances [IO, 1 I]. This seems to be typical for all 
compounds having this structure [13,14]. The crystal structure data are collected in table 1 
[121, which furthermore serves as a starting point for the band structure calculations. 

Table 1. SWcNral data for BCT KZNiF4 [12]. 

Concerning the magnetism, the well localized Ni moments order at a N6el temperature 
of TN = 97.23K with a spin alignment as indicated in figure 1 [12,15]. The static T = 0 
moment amounts to 2.22@~, as measured by antiferromagnetic resonance [12]. 

In their investigation of the underlying exchange mechanisms Birgeneau and co-workers 
found long-range magnetic correlations in the NiF2 planes at temperatures from 200 K down 
to approximately IOOK, but no inter-plane couplings [12,16-18]. At TN, KZNiF4 exhibits 
a very sharp phase transition to a long-range three-dimensional magnetic order which, 
however, is still of mainly two-dimensional character. This was supported by measurements 
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of the spin-wave spectrum at 5K, which lacked any dispersion along the [001] direction 
ri7.181. . , .  

All these experimental findings suggested describing KZNiF4 by a two-dimensional 
effective (S = 1) Heisenberg model, whose Hamiltonian contains the indirect superexchange 
between localized in-plane Ni moments but to be extended by an king-like anisotropy, as 
proposed by Lines [19]. This anisotropy is responsible for the alignment of the magnetic 
moments along the c axis, and consists of a dipole-dipole and a crystal field contribution. 

Birgeneau and co-workers gave a value of J/kB % -1WK for the in-plane exchange 
constant [ 121, and estimated the inter-plane exchange constant to be J' < -0.00375 from 
their spin-wave measurements [ 171. 

2.2. Band structure results 

Tuning to a discussion of OUT electronic structure calculations, we begin with a few technical 
remarks. The calculations were performed using the ASW method [20] in its scalar relativistic 
implementation [21,22], and they were all canied to full self-consistency. 

Since the antiferromagnetic state cannot be described within the above-mentioned 
BCT cell, which contains only one formula unit, we had to pass over to a site-centred 
orthorhombic @CO) lattice, as already indicated in figure 1 by broken lines. The latter may 
be constructed from the BCT cell by rotating the a and h axes by 45" around the z axis and 
stretching them by a factor of f i  while keeping the c axis fixed. It allows for two formula 
units, and thus for the inclusion of both magnetic sublattices. Nevertheless, we started our 
calculation for the non-magnetic configuration within the chemical unit cell. 

In the same manner as the LMTO method [23] the ASW method uses atomic spheres, 
the radii of which are fixed by the condition that the sum of the atomic sphere volumes 
equals the volume of the whole cell. In order to anive at physically reasonable ratios of 
the radii in the layer structure of KzNiF4, we followed a well known recipe to deal with 
open stluctures [241 and inserted empty spheres at the following positions: 

El : ( 4 , i . O )  EZ:(~,O.~ZF),(O.~.fZF). 

This then allowed us to fix the atomic sphere radii to 2 . 6 0 2 2 8 ~ ~  for the potassium and the 
apical fluorine, and 2.297 9 2 a ~  for all the other spheres. 

z r  X P  r N 

Figure 2. Band slnicture of nonmagnetic KZNiFd in FIgure 3. Brillouin zone of the ~ c r  lattice 
the BCT-SlniCtUE. 
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To present the results we begin with the band structure of non-magnetic KzNiF4 in the 
BCT structure, as shown in figure 2. The symmetry l i e s  depicted there connect the points 
highlighted in figure 3. In figure 2 we identify the Ni d-bands around the Fermi energy. 
They lie in an energy gap of approximately 8 eV separating the F p-bands (which are still 
visible at the bottom of the picture) and the K s-bands. The d bands separate in the lower 
fzg bands and the eg bands due to crystalline symmetry. Concerning the latter, we may 
further distinguish the d,z+z from the dzz band, which is the highest state at the r point. 

Finally, we mention the almost totally vanishing dispersion along the line r-2, which 
reflects our expectation, discussed above, of the effects of two-dimensionality. 

It is interesting to compare these results with those for LazCu04 [5]. The differences 
between the electronic stlllctures of KzNiF4 and La2Cu04 are simply stated [8,9]. Though 
it is still possible to identify the transition-metal d states in the latter system, especially the 
dxz-yz state crossing the Fermi level and the dz2 band lying below EF due to the increased 
number of valence electrons, there is a strong hybridization of Cu d-states and 0 p-states. 
This results in a wide complex of d and p bands, which furthermore shows a finite dispersion 
along the z axis. Common to both systems, however, is the characteristic crossing of the 
Fermi level in the middle of the line r-X. 

Concentrating again on KzNiF4, it is exactly this feature that plays an important role in 
the transition to the antiferromagnetic insulator. To see this we will first turn to the side- 
centred orthorhombic structure mentioned above. Its Brillouin zone is depicted in figure 4, 
and figure 5 shows how it is embedded in the Brillouin zone of the BCT lattice. In figure 5 
we see that the points labelled XI and XZ in the BCT zone tum out to be the Z and r point in 
the sco zone. Furthermore, all states on the hexagonal surfaces of the latter will be doubly 
degenerate. 

c I 

Figure 4. BriIlouin zone of the sco lattice b i n e  P 
and N' refer (0 (f,$,O) and (0.4, O), respectively. 

Figure 5. Brillouin zones of the ~ c r  (fuU lines) and the 
sm (tooken lines) lattices. 

This is confirmed by the band structure for non-magnetic K2NiF4, calculated within the 
sco structure and shown in figure 6. There we can clearly see that the bands between the 
points r and X in the sco zone originate from folding back the bands between (i. i, 0) 
and X = Xz = (4, i.0) to the bands between (;. f.0) and r in the BCT zone, thereby 
yielding a double degeneracy at X (sco). 

This degeneracy may be lifted by an antiferromagnetic order, as we can tell from 
figure 7, which shows the band structure corresponding to this case and where an energy 
gap of 0.8eV at the Fermi energy clearly classifies KZNiF4 as an antiferromagnetic insulator. 
The same calculation yields a magnetic moment of 1 . 3 4 ~ ~  and 1 . 2 3 ~ ~  per sublattice and Ni 
atom, respectively. The latter is almost entirely due to the Ni d-states, which are occupied 
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2.0 

0.0 

E 
CV 
- 

-2.0 

4.0 

z r x ~  
Figure 6. Band structure of non-magnetic KZNiF4 in 
lhe SM smctu~e. 

Figure 7. Band struclure of antifemmagnetic K2NiF4 
in me sm smctwe. 

by about 8.2 electrons. A comparison of the total energies reveals a stability of 24mRyd 
of the antiferromagnetic solution relative to the nonmagnetic solution. 

Unfortunately there are no BIS or UPS measurements, known to us, to which our value 
for the energy gap at the Fermi level could be compared. However, we are able to confirm 
the value of 0.936eV for the crystal field splitting of the Ni d-states, as found by Tiwari 
and co-workers [25]. Inspection of our partial Ni d density of states yields around 0.9eV. 

We can thus summarize our results on KZNiF4 to the effect that electronic structure 
calculations confirm well the experimentally observed ground-state properties. This 
statement covers electronic configurations and energies, in particular the vanishing density 
of states at the Fermi energy and finally stable magnetic order and moments, albeit with 
deviations concerning the latter. 

3. KZCuF4 

3.1. Experimental facts 

The quasi-two-dimensional system K2Cfl4 is the only ferromagnet among all the 
antiferromagnets of the series K2MF4 with M = Ivln, . . . , Cu. It has thus attracted particular 
attention for some time, especially in view of the many similarities among the class K2MF4 
[Z]. By the latter we mean, as well as the magnetic order due to localized moments, the 
common clystal structure based on a body-centred tetragonal lattice and the unit cell shown 
in figure 1, even if K2CuF4 possesses just a slight orthorhombic distortion, which we will 
discuss later. 

Concerning the magnetism, K2CuF4 belongs to the relatively young class of 
ferromagnetic insulators [26] ,  its Curie temperature being T, = 6.25K [27,28]. The 
moments are again well localized on the transition-metal sites, this time aligned 
perpendicular to the c axis and having a value of exactly 1 .Op~g at T = 0 [27-291. Finally, 
spin-wave measurements again reveal long-range magnetic correlations above Tc and a 
quasi-two-dimensional magnetic order at low temperatures. This has been concluded from 
the lack of magnon dispersion along the c axis 1301. 

A description with the help of the two-dimensional Heisenberg model extended by an 
anisotropy term as in the case of K2NiF4 will certainly not suffice here, since there is only 
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an XY-like anisotropy of about 1 % [27,28,3 1.321. The latter, however, also comes under 
the validity of the Mermin-Wagner theorem. 

It seems likely that in KzCuF4 the inter-plane exchange alone stabilizes the magnetic 
order, even if it is still very small compared to the in-plane exchange; experimental values 

The discussion of ferromagnetic order in KzCuF4 directly leads to the above-mentioned 
orthorhombic distortion, since both are intimately connected. This has been pointed out first 
by Khomskii and Kugel L33.341. The connection traces back to the existence of ions with 
orbitally degenerate states in magnetic insulators, which results in an interesting interplay 
of the magnetic and orbital order. 

A typical example for such behaviour was long held to be Cu2+ ions in an octahedral 
surrounding. Without distortions the two degenerate eg states lie above the three ta orbitals. 
Experience has shown that this situation should lead to an elongation of the octahedron, 
i.e. to four short and two long Cuzt ligand distances. This was indeed observed in all Cu 
compounds in question, until Knox reported the opposite situation in KZCfl.4 [35]. There 
he found a compression of the distance between the Cu ion and the apical F ion of about 6% 
compared to the other four in-plane distances. His results were later confirmed by Yamada 
and by Hirakawa and Ikeda [27,28]. 

In order to resolve the discrepancies between the Knox results on K2CuF4 and the 
experimental findings on many other Cu systems, Khomskii and Kugel in their theoretical 
study extended the conventional superexchange model to account for magnetic ions with 
orbital degeneracies. Concentrating on KzCuF4 led the authors to the following conclusions 
[33,341. First, the crystal structure containing compressed octahedra as reported by Knox 
was shown to be incompatible with the observed ferromagnetic order when the experimental 
exchange constants were used. Second, starting from ferromagnetism led to an altemating 
occupation of either the dzz-xz or the 4z-y orbital when going from one in-plane Cu site 
to the next. This orbital order, however, requires the presence of two different distortions 
of the CuF6 octahedra, which occur altemately and energetically favour either the former 
or the latter orbital. 

These findings finally caused Khomskii and Kugel to propose an antifemdistortive 
structure for KzCUF~. as shown in figure 8 in which the in-plane F ions are shifted from 
their position centred between the Cu ions. The region within the full lines in figure 8 
corresponds to the area of the basal plane of the sco unit cell which was highlighted by 
broken lines in figure I .  The bigger sco cell with two formula units must now be used, 
due to the crystal structure distortion which lifts the BCT symmetry. 

J '=0.00066Jand J / k s =  11.4K[28]. 

0 - v *  0 

Figure S. Distortion pattern of the basal plane in KzCuFa. Full lines mark the edges of the 
orthorhombic unit cell. 
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Worth mentioning about the distorted crystal shucture is the fact that the CuF6 octahedra 
are not compressed along the z axis, as reported by Knox, but are rather elongated altemately 
in the x and y direction. In effect, this means a coupling of the distortions of neighbouring 
octahedra. 

The results of Khomskii and Kugel initiated a second period of experimental work on the 
crystal structure of K2CuF4 resulting in a clear-cut confirmation of their theoretical prediction 
[29,32,36,37]. The measurements yielded a side-centred orthorhombic lattice with space 
group Dg, and an alternating elongation of the octahedra within the planes of about 15%. 
corresponding to a shift of the fluorine ions of 2.5% of the lattice constant. Finally, they 
revealed the equality of the other four respective Cu-F distances in the octahedra These 
results thus re-established the common experience that the octahedra should be elongated. 

As in the case of KzNiF4 we have collected the exact experimental results /32] in 
form of a table: table 2 corresponds to the ficlitious BCT crystal structure and serves as a 
comparison with table 1, whereas table 3 contains the correct sco structure based on the 
experimental data 1321. 

Table 2. Slrucuval data far (fictitious) BCI K ~ C U F ~ .  

Lattice constants 
Positions cu: (0.0,O) 

a = b = 4.1475A. E = l2.734A 

E ($.o.o)* ( o ~ $ ~ o ) ~ ( o ~ o ~ Z F ) ~  (o,o,-ZF') 
K (0.o.X). (0.0. -2K) 

ZF' = 0.157.3. ZK = 0.3568 Parameters 

Table 3. Structural dam for So0 K~CUFI according to 1321. 

3.2. Band structure results 

Turning again to the calculations, we first note that they were conducted in exactly the same 
manner as those for the Ni system. The only exception consists of a different choice of the 
atomic sphere radii: we used 2 . 4 a ~  for the Cu atoms, 2.687 36ar, for the potassium and the 
apical fluorine, and 2 . 3 a ~  for the in-plane fluorine and the empty spheres. 

We started the calculations by making use of the fictitious BCT crystal structure, showing 
the resulting band structure in figure 9, where we choose the same energy window and 
symmetry lines as in the corresponding band structure of KzNiF4 (figure 2). First, we 
recognize again the five d bands in the middle of the figure and at the lower edge the 
fluorine p bands. Comparing both figures we note the different position of the d bands 
relative to the Fermi level, which can be simply explained by the increased electron number. 
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Furthermore, we see a shift of the F p-bands, which diminishes the gap between the d and 
p states. Nevertheless, there is still a separation of about 1 eV, opposite to the situation in 
LazCu04. 

As a next step we turn to the sco crystal structure but first negiect the distortion of the 
octahedra, i.e. we start with S = 0 in the notation of table 3. For this case figure 10 shows 
the electronic structure as grown out of a non-magnetic calculation which, as explained in 
connection with figure 6 for K2NiF4. may be constructed directly from the band structure 
for the BCT lattice by folding the hands to the sco Brillouin zone. It thus merely serves 
as a clue for the results of a subsequent ferromagnetic calculation, which yields a magnetic 
moment of 0 . 4 9 ~ ~ ~  and 0.75~~ per Cu ion and formula unit, respectively. Furthermore, 
we get for this case a total energy that is 1.5mRyd below the value of the non-magnetic 
calculation. The band structure is given in figure 11 and shows an almost rigid shift of the 
spin-up and spin-down bands away from their position in figure 10. However, it lacks the 
experimentally observed energy gap at the Fermi level. 

z r  X P  r N 

Figure 9. Band swcture of nonmagnetic KzCuFa in 
the B c r  swcture 

Figure 10. Band swcm of non-magwtic K ~ C U F ~  in 
h e  sm swcture. 

E 
eV 
- 

2.0 

0.0 

-20 

-4.0 

Z ~ X P  z r x p r  r N’ 

Figure 11. Band struclure of lemmagnetic KzCuF4 
in the XO svUclum. Arrows denote spin-up and spin- 
down bands. 

Figure 12. Band struchu~ of femmagnetic K2CuF4 in 
the sco stntclum with 6 = 0.01758. 
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This changes when we use the experimental data given in table 3. i.e. when we include 
the octahedral distortion, 6 = 0.01758. In this case we get a vanishing density of states 
at the Fermi level and thus the insulating ground state of this compound. This goes along 
with a further decrease of the total energy down to lOmRyd below the value of the non- 
magnetic calculation for this value of 6. The magnetic moment, on the other hand, increases 
to 0 . 6 6 ~ ~ ~  per Cu ion and is carried alone by the 9.1 d electrons. Per formula unit we get 
a value of exactly i.OpB, which is fixed to an integer value due to the existence of the gap 
at the Fermi energy. The band Structure for this, real, situation is shown in figure 12. 

To summarize these results, we are thus able to confirm important experimental 
observations in the same manner as for KZNiF4. Here again we mention the electronic 
configurations, the electronic structure, the insulating ground state and finally the stable 
magnetic order and moments, which come out in perfect agreement with the experimental 
findings. 

Beyond these results we have now benefited from the fact that our approach includes 
the different degrees of Freedom on the same footing, since this opened the way to the 
experimentally observed ferromagnetic insulator simply by shifting the atoms to their correct 
positions. 

The necessity of such an approach for a correct description of the properties of KzCuF4 
had already been clearly demonstrated by Khomskii and Kugel. In that respect our method 
is similar to their model. Conceming the results, however, we have some differences. 
According to Khomskii and Kugel the observed ferromagnetic order is incompatible with the 
orbital and crystal structure assumed by Knox, i.e. the regular structure without deviations 
from tetragonal symmetry and a filled 4 orbital. Against that we have found exactly for 
this Structure a stable ferromagnetic solution, which is demonstrated by figure !I. 

Our calculations further lead to the following conclusion. When going from figure ! I to 
figure 12, which merely corresponds to switching on the orthorhombic distortion, we clearly 
note the transition from the metallic to the insulating state. Consequently it is the insulator 
that is in contrast to the tetragonal crystal structure and not the ferromagnetic order. 

4. Crystal structure and magnetic order 

In the present section we will undertake a systematic investigation covering a wide range 
of phenomena inherent in the Cu as well as he Ni compound, and thereby aim at an 
interpretation of their physics on a common basis. In particular this will enable us to study 
the interplay of electronic conductivity, magnetic order and deviations from the regular 
tetragonal crystal structure, as shown in figure 1. 

For this purpose we performed many self-consistent electronic structure calculations 
for both systems. They covered non-magnetic, ferromagnetic and antiferromagnetic 
configurations and octahedral distortions ranging from 6 = 0 to 6 = 0.03. The main 
results are collected in figures 13 and 14 for KzNiF4 and KzCuF4, respectively. In these 
figures we have limited the representation to only three different distortions (6 = 0,6 = 0.01 
and 6 = 0.01758, the latter being the experimental distortion of KzCuF4) and furthermore 
to a small energy window and two lines (P -+ r + X) of the sco first Brillouin zone, 
figure 4. Note that figure 13 contains only two columns, because no ferromagnetic solution 
could be found. Furthermore, it should be pointed out that figure 13(a), (b) and figure 14(a), 
(b), (f) are simply sections of the previously shown figures 6, 7. 10-!2. 

Looking first at KzNiF4, we recognize the transition from the nonmagnetic metal to 
the antiferromagnetic insulator when going from figure 13(a) to (b). However, we likewise 
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Figure 13. Band srmctures of KINiF4 in the sm swctute for different distortions as resulting 
from nonmagnetic and antiferromagnetic calculations, respectively; (a) 6 = 0.0. non-magnetic. 
(b) 6 = 0.0. antiferromagnetic, (c) 6 = 0.01, non-magnetic, (d) 6 = 0.01, antiferromagnetic. 

... 

EF 
E - -5 

..... ........ ............ 

-2.0 
P' r XP r XPJ r X 

Fipre 14. Band srmcLures of KzCUF4 in the sco smc1ue for different distodons as 
resulting from nonmagnetic. ferromagnetic and antiferromagnetic calculations. respectively: 
(a) 6 = 0.0, nonmagnetic, (b) 6 = 0.0, ferromagnetic, (e) 6 = 0.01, non-magnetic, (d) 
6 = 0.01, fermmagnetic. (e) 6 = 0.01758, non-magnetic, (0 6 = 0.01758, ferromagnetic. 
(g) 6 = 0.01758. antiferromagnetic. 

realize that a gap opens at the Fermi energy when we imprint an antiferrdistortive ShuctuTe, 
i.e. when we go from figure 13(n) to (c). The origin of this gap in both cases lies in the 
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characteristic crossing of the two original dx+z bands, which can be traced back to the band 
crossing the Fermi level along the symmetry line r-N in figure 2 when remembering the 
backfolding procedure outlined in section 2 and the almost vanishing dispersion along the 
z direction. Thus when going from the BcT cell to the SCO cell we get a degeneracy of the 
'old' dXz+ band, which can be lifted by breaking the tetragonal crystal symmetry. This may 
be achieved by an antiferromagnetic or likewise an antiferrodistortive order, as figure 13(b) 
and (c) show. Taking into account both of them, which corresponds to figure 13(d), does 
not alter the situation substantially. It should be noted that since the degenerate states in 
figure 13(a) are located at the Fermi level, a very small distortion is already sufficient to 
make KlNiF4 an insulator (see figure 13(b), (c)). 

This is different in K ~ C U F ~ .  Indeed here the d bands have almost the same shape as 
in the Ni compound, as we have already realized when comparing the figures 2 and 9, 
or 13(a) and 14(a), respectively. Even so. we are now faced with a higher number of 
electrons, which causes an almost rigid band shift of about 0.5eV. Consequently the energy 
gap opening, when the distortion is switched on, lies by exactly the same amount below the 
Fermi energy. This is confirmed upon inspection of figures 13(c) and 14(c). Furthermore. 
the spin-degenerate band, which is seen to cross the Fermi level in figure 14(c), is half-filled 
and thus prevents the system from becoming an insulator, independent of the distortion 
strength 6. This argument is supported by figure 14(e) where the band, though having 
become narrower, is still pinned to the Fermi level. Our calculations acknowledge this fact 
by a steady increase of the density of states at EF. 

Things change when we break the spin-symmetry and allow for a ferromagnetic order. 
This causes the bands to be split, but still does not produce any gap (see figure 14(b)). 
Only when we lift the tetragonal symmetry of the crystal as well, and furthermore decrease 
the dispersion of the bands near the Fermi energy by increasing the distoltion parameter 6, 
do we get the ferromagnetic insulator shown in figure 14(f). Thus, in contrast to KZNiF4, 
neither the lattice distortion nor the magnetic order alone are sufficient to produce a gap at 
the Fermi energy. Instead we need both of them. 

This observation completes the discussion started at the end of section 3, where we had 
seen that the orthorhombic distortion is a prerequisite for the insulating ground state and 
that ferromagnetic order may be realized within the tetragonal structure. Now we come 
to the conclusion that both magnetism and olthorhombic distortion have to be required in 
order to arrive at the insulating ground state. 

Finally, in figure 14k) we add the band structure of fictitious antiferromagnetic KZ&F4. 
which also shows a gap at EF. 

From the above investigation alone it is not yet obvious which type of magnetic order 
comes into question for K2CuF4, since both the ferromagnetic and the antiferromagnetic 
solution as given in figures 14(f) and (8 )  show a gap. In order to rule out one of them we 
have to compare to the very end their total energies, 

We therefore calculated, in general. for each value of the distortion parameter 6 within 
the range mentioned at the beginning, the total energies of different magnetic structures. 
The results are depicted in figure 15, where we have given the total energy difference of 
the two most stable (non-magnetic, ferromagnetic, or antiferromagnetic) solutions for each 
6 and added the corresponding curve for the Ni system. Note that this Q priori does not 
allow for a direct comparison of the results for different values of 6. However, both curves 
reflect in a clear-cut manner the experimental findings and complete our theoretical picture 
as drawn on the preceding pages by yielding the maximum magnetic energy gain for the 
undistorted structure of KzNiF4 and for a value of 6 that is near to the experimental value 
of 6 = 0.01758 in the case of K2CuF4. 

V Eyert and K-H ff6ck 
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Figure 15. Total energy differences as a fi~nceon of the in-plane distonion in ule so0 unit celL 
For KzNiF, the energy difference B E @ )  = E d )  - E,,(S) is shown. where E=@) is lhe total 
energy of the m p l i v e  wnfiguration at acertain S. The full w e  marked KzCUF4 Mlespnds 
to AE(S)  = E&) - E.,.(6) for S < 0.01 and AE(S)  = E&) - E d S )  for 6 > 0.01. The 
broken c w e  gives AE(S)  = Er.(S) - E,.@) for S > 0.01 f a  KzCuF,. 

For later discussion we complement the total energy difference C U N ~ S  with some remarks 
about the magnetization (per formula unit or sublattice, respectively). In the case of KfiiF4 
the magnetic moment amounts to I . 3 4 ~ g  at S = 0, as already mentioned. It decreases as 6 
increases to a value of 1 .OIf iB at S = 0.015, hence near the point where the antiferromagnetic 
solution becomes unstable. 

Concerning the Cu compound, we noted in section 3 that the magnetic moment starts 
with 0.75~~ at S = 0 and increases as the distortion is turned on, reaching 1 . 0 ~ ~  
at approximately S = 0.005 where the gap opens. For antiferromagnetic &c@4 OUT 

calculations yielded an increase from 0.82~~ at S = 0.015 to 0 . 9 3 ~ ~  at S = 0.030. 
In order to begin a discussion of all these results we first note again that the electronic 

structures of both compounds are nearly the same, as a comparison of figures 13(u), (c), 
(d) and the respective figures 14(u), (c), (g) reveals. Hence the higher electron number in 
KzCuF4 merely results in an almost rigid shift of the bands relative to the Fermi energy. It 
Seems to be this shift alone that accounts for the fact that, for KzNiF4, antiferromagnetism is 
most stable within the tetragonal structure, whereas in the Cu compound the ferromagnetic 
state tends to prefer a finite orthorhombic distonion. 

As we have already seen in connection with figure 13, in KzNiF4 both the 
antiferromagnetic as well as the antiferrodistortive order are equivalent insofar as they 
both imprint a modulation described by the same q vector, thereby opening the gap. Due 
to this equivalence antiferromagnetic order becomes more and more unstable against an 
antiferrodistortive structure as 6 increases, and finally will be defeated even if there still 
exists an appreciable magnetic moment. In addition we note that the energy gain due to 
the above-mentioned Fermi-surface instability cannot be realized within a ferromagnetic 
structure, which therefore seems to be energetically unfavourable. 

Though the same mechanism is also present in K2CuF4 its effect is only of secondary 
importance here since the gap opened by this instability lies 0.5 eV below the Fermi level. 
Instead we are faced here with another instability against a mode, which corresponds 
to switching on both the distortion and antiferromagnetism. Thus in KzCuF4 there is a 
collaboration of these two mechanisms rather than a competition as in the Ni compound. 
This different behaviour results exclusively from the Fermi-surface shift due to the increased 
electron count. Moreover, from these arguments it is clear that antifemmagnetism will be 
favoured energetically in the Cu system in the course of the orthorhombic distortion, as we 
can tell from the corresponding energy gain (which is the difference of the full and broken 
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curve above 6 = 0.01 in figure 15). 
We are still faced with the question of why there is ferromagnetic rather than 

antifemmagnetic order in KzCuF4. In our opinion this cannot be answered in a clear- 
cut manner, but rather resu!ts from comparison of the total energies. However, there is 
a strong argument for ferromagnetism. By this we mean the already-mentioned existence 
of a spin-degenerate band pinned to the Fermi energy of the non-magnetic solution and 
leading to a steady increase of the density of states at EF when going from figure 14@) 
to (e), i.e. increasing the distortion parameter 6. Hence, according to the Stoner criterion, 
ferromagnetic order becomes increasingly likely and stable when shifting the atoms. This 
is indeed our observation in figure 15, as can be seen from the full and broken curve below 
and above 6 = 0.01, respectively. 

In summary the orthorhombic distortion in KzCuFq supports both ferromagnetic as well 
as antiferromagnetic order (albeit via different mechanisms) and it is not a priori obvious 
which of them wins. However, it might be argued that ferromagnetism already exists at 
6 = 0 and thus has a certain advantage. 

V Eyert and K-H Hdck 

5. Summary and outlook 

We have reported on the first comprehensive ab initio electronic structure calculations on 
the quasi-two-dimensional magnetic insulators KzNiF4 and KzCuF4. They were based on 
density functional theory within the local density approximation and led to a convincing 
agreement of experiment and theory with regard to electronic, magnetic and structural 
properties. Moreover, we got a good insight into the interrelation of all these physical 
phenomena. 

In particular. the almost-vanishing dispersion of the electronic structures along the z 
direction classified both substances as quasi-two-dimensional systems. 

The transition-metal d-states corresponded quite well to a d8 and d9 configuration, 
respectively. 

Furthermore, we stress the correct description of the insulator ground state in both 
compounds, since density functional theory as a ground-state theory in many cases fails to 
reproduce the insulator gap [3840]. 

Regarding magnetism, our calculations yielded stable antiferromagnetic and femmag- 
netic solutions for the Ni and Cu compound, respectively, in agreement with experiment. 
The magnetic moments turned out to be well localized on the transition metal sites, these 
being due exclusively to the d electrons. Also, their magnitude could be nproduced, albeit 
with deviations in the Ni case. 

With respect to the structural propelties we were able to confirm the measured atomic 
arrangements in the CuFz planes and particularly the in-plane distortion pattern of KzCuF4. 
This was achieved by comparing the calculated total energies at different orthorhombic 
distortions and by checking the band smcture.s for a correct reproduction of the insulator 
gap. 

Our results for KzCuF4 finally deviate from those of Khomskii and Kugel insofar as 
we did find a stable ferromagnetic solution for the crystal structure possessing body-centred 
tetragonal symmetry, as originally proposed by Knox. However. the electronic density of 
states calculated for this structure missed the experimentally Observed gap at the Fermi 
energy. 

According to our investigations the gap will show up only when we take both magnetic 
order and the orthorhombic lattice distortion into account. We therefore arrived at the 
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conclusion that it is the insulating ground state that requires atomic displacements and not 
ferromagnetism. 

Finally, in section 4 we reported on a more detailed study of the interconnections 
between magnetic order, the metal-insulator transition and the orthorhombic distortion. It 
revealed some insight into some of the physical mechanisms and provided ground for a 
subsequent discussion, both in terms of itinerant and localized magnetism. 

The convincing results presented in this paper should give rise to further investigations 
of other KzNiFdype compounds, in particular the remaining systems of the KMFd series. 
Each of them offers its own chamcteristic and interesting realm of phenomena and altogether 
they might provide even more insight into the physics governing magnetic and orbital 
instabilities [2]. However, to o x  knowledge, none of them has yet been investigated by 
first-principles electronic structure calculations. 

It would be very desirable to complete the calculations presented here with the help 
of even more elaborate approaches. By this we mean, in particular, full-potential methods 
that take into account the full crystal potential, charge density and magnetization without 
approximations. They allow for a visualization of the latter functions and thus allow 
one to study their spatial distribution and their evolution in the course of orthorhombic 
distortions. Full-potential methods likewise enable the calculation of highly accurate total 
energies without the need for tak ig  energy differences, as we had to do in this work. 

These tasks are within the range of the recently developed full-potential ASW method, 
which has already been proven to produce quite convincing results in different areas of 
application, and which is now ready for use 1411. 
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