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Abstract: State-of-the-art molecular quantum chemical techniques have been applied to the
solid-state compound $€CuQ;, in order to derive accurate estimates of the in-chain magnetic
interactions. In the present work, the magnitude of the nearest neighbour and next nearest
neighbour magnetic coupling constants is investigated from first principles embedded clus-
ter calculations. The convergence of the results is carefully tested for the cluster size. In
contrast to the earlier findings, it is predicted thats only ~15% of J In particular, it is

shown that a large &ppears when the Lions are not explicitly included in the calculation.
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1. Introduction

The nature and magnitude of the magnetic interactions between copper ions in the cuprates ar:
largely dependent on the way in which the characteristic,GgQares are linked together. According
to the Goodenough-Kanamori-Anderson (GKA) rules [1-3], the first neighbour interaction varies from
strongly antiferromagnetic in the case of linear Cu—O—Cu bonds to weakly ferromagnetic for Cu-O-
Cu bond angles of 90°. Corner sharing GwQuares are found in the higly Juperconductors and
their undoped parent compounds. The size of the first neighbour interaction within th@I&ue is
well established. For example inJCGuQ, this coupling is considered to be characterized accurately by
a J of -135 meV, consistent with the GKA rules. The spin S=1/2 chains foungCmCsrand CaCuG;
are also formed by corner sharing Gusguares. However, for these compounds the situation is less
clear; very different estimates of the first neighbour in-chain interaction have been reported, ranging
from -100 to -250 meV [4-7]. Both edge sharing and corner sharing €&p@res are found in many cu-
prates. An interesting example is the &u,0,,.1 series of spin ladders. In the L4 planes, corner
sharing squares form n-leg ladders and edge sharing squares link the ladders together. The interaction
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between the ladders is found to be rather small and ferromagnetic, whereas the intraladder couplings
are large and antiferromagnetic, although the relative magnitudes of the coupling along rung and leg
are controversia [8, 9].

Figure 1. Crystal structure of Li,CuO,. Dark blue spheres represent copper ions, red spheres are used
for oxygen and light blue spheres depict lithium.

Figure 2. The nearest neighbour interaction path (J;) and the second nearest neighbour interaction path
(%) indicated by thicker black lines. Dark blue spheres represent copper ions and red spheres are used
to depict oxygens.

Li,CuO, is yet another compound with CuO, squares as building blocks. The squares are edge
sharing and form spin chains in the b direction of the crystal (see Figure 1 and 2). Figure 2 illustrates
the different pathways of the two magnetic in-chain interactions. The GKA rules predict that the first
neighbour in-chain magnetic coupling (J;) is rather weak and ferromagnetic, and in addition, it is ex-
pected that the second neighbour interaction (J) is of minor importance. However, severa articles
have been published that consider the magnitude of these couplings and very surprising conclusions
were drawn. It is suggested that J; is not necessarily ferromagnetic because of the not exactly rectan-
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gular Cu—O—Cu angle, which isin fact 94° [10-12]. Mizuno et al. [11] derive from a three band Hub-
bard model that the second neighbour interaction (J) is about 60% of J; and Weht and Pickett [13] re-
port that J, is even larger than J. The estimates of J; and J, are derived from hopping parameters
(3~t*/U) calculated within the LDA framework. Such alarge J, value is explained by the short distance
between oxygens on the chains which can cause a relatively large overlap between oxygens that con-
nect second neighbour copper ions. Boehm et al. [12] study the three dimensional magnetic structure
by inelastic neutron scattering. The data are fitted with six different J-values, two in-chain (J; and J)
and four different interchain couplings. They arrive at avery small (-0.24 meV) antiferromagnetic first
neighbour interaction and a ferromagnetic second neighbour interaction, which is of the same order of
magnitude (0.16 meV) as J;. In short, there seems to be no consensus about the nature and the magni-
tude of the different in-chain interactions and moreover, some of the estimates reported in the literature
are contradictory to the GKA rules and should be carefully examined.

2. Computational strategy

The present work reports first principles estimates of the magnetic interaction parameters J; and J,
by using theoretical procedures that have been recently shown to quantitatively predict the magnitude
of the magnetic coupling constants in a rather large family of ionic insulators [14]. We model the
crystal by different clusters and approximate the eigenfunctions of the exact non-relativistic Hamilto-
nian within the chosen material model by modern quantum chemical techniques. This allows for an
accurate treatment of the large electron correlation effects characteristic of the cuprates. The cluster
model is validated by an extensive cluster size study. Furthermore, we study the convergence of J with
the basis set. The basic cluster is a CuzOg unit with D2, Symmetry, i.e. three copper ions on a chain ex-
tended with their neighbouring oxygen ions (as shown in Figure 2). This cluster alows for a simulta-
neous calculation of the first and second nei ghbour mteractlon us ng the relations between the spin &-
genstates of the Heisenberg Hamiltonian, 1 = Jl(S 52 s 53) 3,8 53, and the electronic eigenstates
of the Hamiltonian of the material model. From the mapping of the energy eigenvalues of the elec-
tronic eigenstates onto the Heisenberg Hamiltonian, we obtain: J; = 2/3 ( E(*By) - E(*B1) ) and b =
- ( E(*Buy) - E(*°Bsy) ). In addition we define two clusters with only two copper ions. The first is a
Cu,0g cluster from which we calculate J; and the second is a Cup,Og cluster to extract J. This latter
cluster is the same as shown in Figure 1, with the central Cu replaced by a 2+ point charge, and hence,
basically the second neighbour interaction is present. For the two centre clusters, Jis obtained from the
energy difference of the triplet and the singlet eigenstate of the electronic Hamiltonian. We refer the
reader to previous work [15, 16] for a more comprehensive description of the mapping procedures
between the eigenstates of the electronic cluster Hamiltonian and the Helesenberg Hamiltonian.

3. Methods

The structure of Li,CuO, is taken from experiment [10], and is the only input external to theory.
The Cu-O distance is 1.956 A, the Cu—Cu distance and the O-O distance along the chains is 2.860 A.
For comparison, the interatomic distance for oxygens in corner sharing chain compounds as Sro,CuQOs
and CaCuOs is 3.9 A. The three clusters are embedded in a set of point charges that represent the
Madelung potential in the whole cluster region. To avoid a spurious polarization of the cluster charge
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density towards the point charges, the copper ions closest to the cluster are represented by total ion
potentials (TIPs) [17]. The cluster ions are described at an all-electron level with the following gaus-
sian-type orbital basis sets: Cu (5s,4p,3d), the bridging oxygens (4s, 3p) and the edge O (3s,2p) [18,
19]. Although this somewhat rough representation of the material aready gives reasonable results, a
significant improvement can be obtained by replacing a larger number of point charges near the cluster
by model potentials, including in this way the short range repulsion between the cluster ions and the
direct cluster environment. The ions closest to the cluster are the Li* ions in the b-c plane. Because of
the limited number of electrons associated with the Li* ions, we treat them as all electron ions with a
(2s) basis set. For the Cu,Og cluster four lithiums are added, for the other clusters we add six ions.

The electronic structure calculations are based on two different strategies. The first one is based on
the direct calculation of the energy differences between the eigenstates involved starting from a small
complete active space configuration interaction (CASCI) wave function as reference. A Cl expansion
of the N-electron wave function is constructed by selecting only those determinants that up to second-
order perturbation theory contribute to the energy difference of the eigenstates of the reference CASCI
wave function [20]. The diagonalization of this list substantially improves the energy differences ob-
tained by an (almost) uncorrelated approximation, but it fails to fully repair the overestimation of the
on-site repulsion U. Therefore, the list is extended with the determinants connected to the relaxation of
the ligand to metal charge transfer configurations in order to alow for a more efficient screening of U.
A recent study [14] has shown that this computational scheme, referred to as DDCI3 [21], Difference
Dedicated Configuration Interaction, is able to quantitatively reproduce the magnetic interaction pa-
rameters in a wide variety of insulators. Because of the relatively high computational demand of
DDCI3, we explore the basis set dependency and the cluster size effects of the calculated magnetic in-
teraction parameters with a second computational scheme, namely second-order perturbation theory by
means of CASPT2 [22, 23], Complete Active Space second-order Perturbation Theory. This more ap-
proximate method takes a complete active space self consistent field (CASSCF) wave function as ze-
roth-order wave function and accounts for the remaining (mostly dynamical) electron correlation by
second-order perturbation theory. The CAS employed in both the CASPT2 and DDCI the calculations
contains the magnetic Cu-3dx, orbitals and the unpaired electrons, i.e. two orbitals and two electrons
for the two-center clusters, and three orbitals and three electrons for the three center clusters. This
choice of active space ensures a qualitatively correct description of the magnetic coupling interaction
and is equivaent to the Anderson model of superexchange (for more details see Ref. [16]). A further
extension of the active space only leads to modest changes in the calculated values [24, 25].

All calculations are performed with MOLCAS 4 [26] and the CASDI chain of programs[27].

4. Reaults and Discussion
A. Accurate Determination of J; and Jo

Table | lists the calculated magnetic interaction parameters for the different cluster models in the
(almost) uncorrelated approximation (CASSCF) and after accounting for the large external electron
correlation effects (CASPT2 and DDCI3). In accordance with the GKA rules, the nearest neighbour
interaction J; calculated in the Cu,Og and CusOg clusters is rather small and positive, i.e. ferromagnetic
interaction is preferred. The interaction is enhanced by a factor of three by treating the external corre-
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lation effects with second-order perturbation theory. The mean field estimate as well as the value cor-
rected for electron correlation effects do not differ in the two centre and the three centre cluster, re-
flecting that the nearest neighbour interaction is genuinely atwo centre interaction and its magnitude is
not influenced by collective effects of the extended system as shown in Ref. [14] and [28]. The exten-
sion of the cluster with lithium ions does not change the picture derived from the smaller one. The val-
ues are slightly increased, as has been observed before in many other applications; replacing the point
charges nearest to the cluster by real charge distributions, either by model potentias, frozen ions or
real cluster atoms, slightly improves the description of the magnetic interaction, since the artificia po-
larization of the electrons towards the point charges is (at least partially) removed. DDCI3 only
dightly changes the CASPT2 values and gives us the final estimate of the first neighbour interaction of
12.2 eV.

Table 1. First neighbour (J;) and second neighbour (J) magnetic interaction parameters (in meV) for
Li,CuO, with different cluster models. CASSCF represents the Anderson model, while CASPT2 and
DDCI3 include external electron correlation effects.

Material CASSCF CASPT2 DDCI3
model N N N N N b
CusOs 35 -15 11.6 -8.1 10.6 -8.8

CusOslis 3.8 -0.2 131 -1.8 12.2 -1.7
Cu,06 35 — 111 — 134 -

CuxOel iy 3.8 — 12.7 — 154 -
Cu,Os - -1.3 - -7.9 - -10.8

Cu,Oslis - -0.3 - -2.3 - -2.3

The second neighbour interaction calculated with the Cu,Og and CusOg clusters, which possess the
essential ingredients to describe J, but do not include explicitly the effect of the six Li ions near the
cluster, is rather similar to the coupling strength obtained by Mizuno et al. [11]. With these clusters,
we also find that J, is antiferromagnetic and about 80% of J; after treating the external electron corre-
lation effects. However, by adding the six Li* ions closest to the cluster, we observe a drastic change in
the magnitude of the second neighbour magnetic interaction parameter. For CASSCF, J, drops to less
than 10% of J; and a decrease is observed of more than 75% for CASPT2, leaving the magnitude of J,
to only 15% of J;. Hence, we conclude that the magnetic interaction path (Cu—O-O—Cu) for the second
neighbour interaction is obstructed when the Li ions around the cluster are represented by real charge
distributions instead of point charges. The DDCI3 calculation confirms this observation and we predict
arather small %, of -1.7 meV, which is only 14% of the final ab initio estimate for J;. The strong influ-
ence on J, of the Li ions is illustrated in Figure 3, which displays the changes in the spin density
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caused by adding the six Li ions to the Cu,Os cluster. The fact that J, calculated with the two-center
cluster is virtually identical to that obtained with the three-center clusters, makes the Cu,OsLig cluster
especially attractive to investigate the dramatic effect of the Li ions on . The figure clearly illustrates
that the introduction of the short-range repulsion between the Li ions and the oxygens on the J, mag-
netic path ( Cu(1)-O-O—Cu(3) ) significantly reduces the spin density along this path to increase it on
the Cu ions. Hence, the overlap between the two oxygens decreases and the two copper ions involved
in this magnetic interaction are disconnected magnetically. To avoid confusion, we mention that the
spin density of the CASSCF wave function on the Li ions is negative, explaining the decrease of the
spin density on the Li ions as shown in Figure 3.

oli @L. ol

ol @Ll : oL

Figure 3. Spin density difference plot of the Cu,Os cluster. The difference is obtained by subtracting
the CASSCF spin density of the Cu,Og cluster from the spin density of the Cu,OgL ig cluster. Red con-
tours indicate a reduction of the spin density, while dotted blue contours indicate an increase of the
spin density.

It is worth noting that the Li ions only strongly affect J, and leave J; unchanged. This can be ration-
alized by the fact that those ions are situated along the magnetic interaction path characterized by J.
Neither for J; nor for magnetic interactions in corner sharing spin chain compounds such a situation
exists and therefore the effect of the supplementary ions is much smaller. We conclude that the large J,
found by Mizuno et al. must be ascribed to the fact that the parameters used in the calculations were
taken from cuprates that contain corner sharing CuO,4 squares only, and therefore, these effective pa-
rameters do not properly include the effect of the supplementary ions as occurs in the present edge
sharing compound.

Our calculated values for J; and J, are larger than the ones derived from experiment by Boehm et al.
[12] and also somewhat larger than the 1.3 - 2.6 meV estimated for J, by fitting high temperature spe-
cific heat data [29], but are of the same order of magnitude as the ones calculated by Mizuno et al.
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[11]. Again, we stress that, although the values are of the same order, the explicit inclusion of the Li
ions gives rise to important changes in the ratio of J; and J.

B. Basis Sat and Cluster Sze Check

A neccessary check is the dependence of the calculated J s on the basis set size. In Table 3, we re-
port J; calculated in the Cu,OgLi4 cluster applying five basis sets of different quality. In this series we
investigate the effect of the frozen ion description of Li, and the effect of polarization functions on the
cluster atoms. The largest basis set considered consists of a (6s, 5p, 4d, 1f) basis for Cu; (5s, 4p, 2d)
for O and (3s, 1p) for Li.

The comparison of Basis A, B, D and E shows that the values in Table 1 are converged for the size
of the basis set. Adding polarization functions and/or any further extension of the basis set on the
cluster ions does not change any of the values in the table by more than 0.3 meV. Furthermore, Basis
C and D dlow to investigate the role of the Li ions, since these basis sets are equivalent except for the
description of the Li ions, in the former being as frozen ions not alowing for any covalent interaction
with the oxygens. We conclude that the frozen ion description of the Li ions does not seriously affect
the magnitude of the magnetic coupling parameters and that the role of the Li ions is (although essen-
tial) completely static.

Table 2. Basis set dependency of the nearest neighbour interaction, J; (in meV) calculated in a
Cu,OsLi4 cluster embedded in two Cu®* TIPS and point charges. Basis A consists of the Cu (5s, 4p,
3d) basis, the bridging O (4s, 3p) basis, the edge O (3s, 2p) basisand a Li (2s) basis. Basis B augments
the edge O basisto (4s, 3p). Basis C augments B with ad-function on al O but treats the Li ions at the
frozenion level. Basis D only differs from C in the treatment of the Li ions, namely by a(3s, 1p) basis.
Basis E consists of a(6s, 5p, 4d, 1f) basis for Cu, a (5s, 4p, 2d) basisfor O and a(3s, 1p) basisfor Li.

CASSCF CASPT2
BasisA 3.8 12.7
BasisB 3.8 13.0
BasisC 4.0 13.7
BasisD 39 13.0
BasisE 3.8 12.7

Still, one can argue that the cluster model provides too crude a representation of the real crystal and
that cluster results cannot be trusted. The most straightforward way of testing the models discussed so
far isto extend the cluster with more atoms. Starting from the Cu,OsL 4 cluster used to extract J;, suc-
cessively more shells are added. In a second series of calculations the same strategy is applied for the
three-center cluster. The largest cluster we consider is Cu,OgLi20016CU; (the two extra Cu ions are rep-
resented by TIPs) for the two-centre cluster (see Fig. 3) and CuzOsLi2s0:12Cu; in the second series (see
Fig 4a and b). Table 3 lists the effects of the increase in the cluster size on the magnetic coupling pa-
rameters using Basis D for the central cluster atoms (Cu,OsLi4 and CusOgLig), and (3s, 2p) and (2s) for
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the other O and Li ions, respectively. It is readily recognized that this effect is very small, J, and J, do
not significantly depend on the cluster size, provided that the Li ions in the J, magnetic pathway are
included.

Table 3. Cluster size dependency of the nearest neighbour (J;) and next-nearest neighbour (J) interac-
tions (in meV). All cluster are embedded in two Cu?* TIPS and point charges.

cluster CASSCF CASPT2
N N J N

Cu206 35 - 11.4 —
CuyOel 4 3.9 - 13.0 -
CuO¢Liz 4.1 - 13.2 -
Cuz06Li20016 4.1 — 135 —
CuszOs 35 -15 11.9 -8.5
CusOglisg 3.8 -0.3 13.2 -19
CusOglisg 3.9 -0.2 13.3 -19
CusOglizs 4.2 -0.3 14.4 -2.3
CusOglizs012 4.1 -0.3 14.1 -2.2

Figure 3. Cu,OgLi20016Cu; cluster to calculate J;.
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Figure 4. Perpendicular and parallel view of the CuzOglLizs012Cu;, cluster to calculate J; and J,.
C. Magnetic Moments

Weht and Pickett also claim that Li.CuO, has a magnetic moment associated with oxygen that is
larger than for any other transition metal (TM) compound. The total moment per CuO, unit is 0.92 g
and has been associated completely to the copper ion [10], however, based on LDA calculations, Weht
and Pickett associate 60% of the total moment per CuO, unit to copper and 40% to oxygen. This leads
to a moment for O of almost 0.2 pg and for Cu, [0.55 p g. The Mulliken spin populations provide a
way to extract a measure of the magnetic moment of the different centres from our cluster calculations.
The populations of the CASSCF wave function corresponding to the ferromagnetic solution indicate
that a very large part of the magnetic moment is concentrated on the Cu ions. In all clusters, we found
that the Mulliken spin population of Cu is 0.93, and [0.03 for oxygen. Although the CASSCF wave
function includes only a small amount of electron correlation and the way in which the overlap popu-
lation is divided over the centres —Mulliken population analysis distributes it on equal parts over the
two centres involved— is arbitrary, it is clear that our cluster calculations do not support a large spin
moment on oxygen ions. The populations have been tested for basis set dependency, but neither
smaller nor larger basis sets give rise to significant changes of the values. Moreover, Martin and Illas
[30] made a comparison of different density functionals with respect to the magnetic moment derived
from the Mulliken spin population for some TM compounds. They observed that LDA significantly
underestimates the spin moments on the metal sites. Furthermore, it is well-known that LDA badly
fails to reproduce the insulating character of magnetic insulator TM compounds. It is well possible that
the large moment reported by Weht and Pickett is an artefact of the LDA method applied to determine
the moments.
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5. Summary

The study of the magnetic interactions in Li.CuO, by means of ab initio cluster models shows that
Jy is ferromagnetic and rather small in magnitude in agreement with the ailmost rectangular Cu—O—Cu
angle. Furthermore we demonstrate that J, is not more than 15% of J; given that one accounts for the
Pauli repulsion of the Li* ions closest to the cluster. If not, the overlap of the oxygen charge distribu-
tions along the chain is overestimated giving rise to an artificially large J,. We have carefully checked
the dependency of the magnetic coupling parameters on the cluster and basis set size and conclude that
the calculated J s are stable against these parameters.
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