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The anisotropic spin exchange interactions of the magnetic
solids CuM,O, (M =Sb, V, Nb) were explained by analyzing
their reported crystal structures and calculating the spin orbital
interaction energies of their spin dimers. The magnetic orbital of
each Cu** site in CuM,Qj is given by the “x’—y*” orbital so that
the magnitude of an antiferromagnetic spin exchange interaction
for a given spin dimer increases when the arrangement of the
nearest-neighbor square-planar CuQ, units containing the mag-
netic orbitals provides a good sigma overlap between the adjacent
magnetic orbitals. The one-dimensional magnetic chains of o-
CuV,0q, p-CulNb,O(, and a-CuNb,O; run along a direction
different than their edge-sharing CuO, chain directions. Our
study predicts that the antiferromagnetic ordering in f-CuNb,O
should make the magnetic unit cell double the chemical unit cell

along the b-direction. © 2001 Academic Press

1. INTRODUCTION

The magnetic properties of the compounds CuM,Og
(M = Sb, V, Nb) originate from the Cu?* (d°) ions because
the other ions M>* and O?~ (from the viewpoint of the
ionic electron counting) are diamagnetic. The structures
of CuM,04 are made up of distorted CuOg and MOg
octahedra. In CuSb,04 the CuOg¢ octahedra are separated
from one another, but the magnetic susceptibility of
CuSb,0¢ is well described by the one-dimensional (1D)
Heisenberg antiferromagnetic (AFM) chain model (1). The
a-CuV,0¢ phase, in which the CuOg4 octahedra form
trans-edge-sharing CuO, linear chains (2), exhibits a 1D
short-range AFM ordering with the susceptibility max-
imum at Ty =44 K and undergoes a three-dimensional
(3D) AFM ordering at Ty = 24 K (3). In both a-CuNb,Og
(4-6) and S-CuNDb,O¢ (5-7), the CuOg octahedra from
cis-edge-sharing CuO, chains. -CuNb,Og shows a 1D
short-range AFM ordering with T, = 20 K(8) and a 3D
AFM ordering at Ty = 7.5 K (9). In contrast, a-CulNb,Og is
a spin gap system and its magnetic susceptibility, though
analyzed earlier by an isolated spin dimer model (5), is better
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described by an alternating 1D AFM chain model (10).
Thus, all the CuM,0¢4 (M = Sb, V, Nb) phases have a 1D
magnetic chain character.

The anisotropic spin exchange interactions of a magnetic
solid are described by the spin exchange parameters J of the
spin Hamiltonian employed to reproduce the tempe-
rature-dependent magnetic susceptibility (11) of the solid or
the direction-dependent magnetic excitation energies deter-
mined by inelastic neutron scattering experiments (12, 13).
In this experimental approach the J parameters are ob-
tained as numerical fitting parameters. Therefore, the
J parameters of a magnetic solid deduced in particular from
the magnetic susceptibility data of powder samples are
difficult to relate to the crystal structure, although the latter
provides an initial guess for the kinds of J parameters with
which to begin the fitting procedure. For instance, the
geometrical structures of the CuM,0O¢ (M = V, Nb) phases
have edge-sharing CuO, chains, and one may fit their mag-
netic susceptibility data with a 1D Heisenberg AFM chain
model to a first approximation. However, the magnetic
chain directions may not be the same as the edge-sharing
CuO, chain directions.

In the present work we probe how the 1D magnetic
chains of CuM,O¢ (M = Sb, V, Nb) are related to their
crystal structures. In the following we analyze the reported
crystal structures of CuM,O¢4 (M = Sb, V, Nb) to identify
their “spin dimers” (i.e., structural units containing two
adjacent spin sites) and determine the arrangements of their
magnetic orbitals. We then calculate the spin orbital inter-
action energies for these spin dimers and examine how the
magnitudes of these energies are related to the arrangements
of the magnetic orbitals. Our analysis shows that the 1D
magnetic chains of CuM,O¢ (M = V, Nb) are quite different
than their edge-sharing CuO, chains.

2. QUALITATIVE DESCRIPTION OF SPIN EXCHANGE
INTERACTION

The spin exchange parameter J between adjacent
spins in a spin dimer is related to the energy difference AE
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between the triplet and singlet states of the corresponding
spin dimer as J = AE = 'E — *E, where 'E and *E are the
total energies of the singlet nd triplet states, respectively
(11, 14-16). In general, J is written as J = Jg + Jyp, Where Jg
and Jup refer to the ferromagnetic and antiferromagnetic
terms, respectively (i.e., Jg > 0 and Jyr < 0). The J values for
transition metal oxides and fluorides of perovskite-type
structures are well reproduced by the AE values of the
corresponding spin dimers determined from first-principles
electronic structure calculations (17). However, this total
energy approach is difficult to apply to magnetic solids
with large and complex unit cells. Recently we have shown
(18-24) that the qualitative trends in the J parameters of a
magnetic solid can be explained in terms of the spin orbital
interaction energies calculated for their spin dimers using
the extended Hiickel method (25,26). For the interaction
between two crystallographically equivalent spin sites,
|Jar| increases with increasing the spin orbital interaction
energy Ae, where Ae is the energy separation between the
two highest singly occupied energy levels of a spin dimer
(Fig. 1a) (14). For the interaction between two crystallog-
raphically nonequivalent spin sites, |Jyr| increases with in-
creasing the energy ./(Ae)? —(Ae®)?, where Ae® is the
energy difference between the spin levels of the two spin
monomers (i.e., the cluster units containing a single un-
paired electron) comprising the spin dimer (Fig. 1b) (16, 21).
The . /(Ae)* — (Ae®)? term increases with the net spin orbital
interaction energy, (Ae — Ae®). (For the interaction between
two equivalent spins, Ae® = 0.) When (Ae — Ae®) is negli-
gible, the spin exchange interaction is expected to be
ferromagnetic. For an AFM spin exchange interaction, the
variation of J can be understood by studying that of the
corresponding (Ae — Ae®) value.

3. STRUCTURES AND SPIN DIMERS OF CuM,0O

The spin monomers of CuM,O¢ (M = Sb, V, Nb) are the
octahedral clusters (CuOg)'° ~ containing Cu?* (d°) cations.
Each CuOg octahedron shows an “axial” elongation of two
trans Cu-O bonds due to a Jahn-Teller distortion. For
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FIG. 1. Interaction between (a) equivalent spin monomers and (b)
nonequivalent spin monomers of a spin dimer.
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111

FIG. 2. Magnetic orbital of an axially elongated octahedral cluster
(CuOg)'°7, in which the x> — y? orbital of the Cu atom is combined
out-of-phase with the p orbitals of the O, atoms.

convenience, the oxygen atoms of the two elongated Cu-O
bonds will be referred to as the axial oxygen atoms, O,,, and
those of the remaining four Cu-O bonds of CuOg as the
equatorial oxygen atoms, O,,. If we choose the “idealized”
local coordinate system for a distorted CuOg4 octahedron
such that the Cu-O,, bonds are pointed along the x- and
y-axes (Fig. 2), then the unpaired spin of each (CuQOg¢)'°~
cluster resides in the magnetic orbital in which the x>-y?
orbitals of Cu and the 2p orbitals of O, are combined out of
phase (27). The interaction between the adjacent magnetic
orbitals of a spin dimer gives rise to the (Ae — Ae®) value of
the spin dimer. Therefore, it is crucial to examine how the
square planar Cu (O.,)4 units containing the magnetic or-
bitals are spatially arranged in CuM,O4 (M = Sb, V, Nb).
The MOy octahedra share their oxygen atoms with the
CuOg octahedra, but the arrangements of the MOg oc-
tahedra are not discussed in the following for the sake of
simplicity.

Figure 3a shows a schematic view of a trans-edge-sharing
CuO, chain made up of regular CuOg octahedra. As shown
in Fig. 3b, the trans-edge-sharing CuO, chains of a-CuV,0O5
have distorted CuQOg octahedra, and the magnetic orbital
planes of the CuOg¢ octahedra are parallel to one another.
Figure 3c shows a perspective view of a cis-edge-sharing
CuO, chain made up of regular CuO4 octahedra. The
cis-edge-sharing CuO, chains of o-CulNb,O¢ (Fig. 3d)
and that of f-CuNb,Og (Fig. 3e) have distorted CuOy
octahedra. These cis-edge-sharing CuQ, chains are different
in the way the magnetic orbital planes are arranged. In
order to facilitate the description of the 3D crystal struc-
tures of CuM,0g, we present the CuO, chains of Figs.
3a-3c as the projection views along the chain direction as
depicted in Figs. 4a—4c, respectively.

CuSb,0O¢ has the trirutile structure type and has the
trans-edge-sharing CuSb,0O;, chain (Fig. 5a) as the struc-
tural building unit. For simplicity, the projection view of
this chain along the c-direction may also be represented by
Fig. 4a. The CuSb,0;, chains of CuSb,O¢ are then ar-
ranged as shown in Figs. 5b and 5c at the c-axis heights
z =0 and ¢/2, respectively, such that the CuOq4 octahedra
occur only on the ab-planes at the c-axis heights z = 0 and
¢/2. The CuOg octahedra of each CuSb,0;, chain are
distorted as depicted in Fig. 3b, so that the magnetic orbital
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FIG. 3. Schematic views of trans-edge-sharing CuO, chains made up
of (a) regular CuOyg octahedra and (b) distorted CuOg octahedra. Sche-
matic views of cis-edge-sharing CuO, chains made of (c) regular CuOgq
octahedra and (d, e) distorted CuOg octahedra.

planes of the distorted CuOgq4 octahedra on the ab-planes of
the c-axis heights z = 0 and ¢/2 are arranged as shown in
Figs. 5d and 5e, respectively.

The trans-edge-sharing CuO, chains of «-CuV,O¢ are
arranged along the b-direction as shown in Fig. 6a. Thus,
the magnetic orbital planes of the CuOg octahedra are
arranged as depicted in Fig. 6b, where the middle two CuO,
chains (along the a-direction) differ in the b-axis height from
the other CuO, chains by b/2.

This is shown in the perspective view of the CuO, chains
along the c-direction presented in Fig. 6c.

The arrangements of the cis-edge-sharing CuO, chains in
o- and B-CulNb,Og along the chain direction can be repre-
sented as shown in Fig. 7a in terms of the projection view of
an ideal cis-edge-sharing CuO, chain (Fig. 3c). The per-
spective view of the two adjacent CuO, chains along the
direction perpendicular to the chain is shown in Fig. 7b for
p-CulNDb,Oyq, and in Fig. 7c for a-CuNb,Og.
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The spin monomers of CuM,Og are (CuOg)!°~ ions, so
that the intrachain spin dimers (i.e., those within a CuO,
chain) of CuM,Qq are given by (Cu,O;,)'®" ions com-
posed of two edge-sharing CuOg octahedra, and the inter-
chain spin dimers (i.e., those between adjacent CuO, chains)
of CuM,04 by (Cu,04,)?° " ions composed of two isolated
(CuOg)'°~ ions. The interaction between the spin mono-
mers of an interchain spin dimer can be affected by the MO,
octahedra bridging the two spin monomers. To study this
effect, an interchain spin dimer can be defined as the
(Cuy0;,)*°" ion plus all the MOg octahedra that link the
two Cu?* ions via Cu-O-M-O-Cu bridges.

4. RESULTS

Table 1 summarizes the parameters of the atomic orbitals
used in our extended Hiickel molecular orbital calculations
for the (Ae — Ae®) values of various spin dimers. Note that
the d orbitals of Cu and the s/p orbitals of O are represented
by double-zeta Slater-type orbitals (28,29), because such
orbitals reproduce well the trends in the anisotropic spin
exchange interactions of magnetic transition metal oxides
and fluorides (18-24). The (Ae — Ae®) values calculated for
the various spin dimers of CuM,Oy are listed in Table 2,
which also summarizes the Cu-Cu distances of the spin
dimers and the shortest O-O distance between the two
(CuOg)'°~ ions in each interchain spin dimer. In the present
work, the (Ae — Ae®) values of the interchain spin dimers
were calculated with and without such bridging MOy oc-
tahedra. It is important to comment on the relative merits of
these (Ae — Ae®) values in analogy with our study of the
vanadium pyrophosphate (VO),P,0- (24). The (Ae — Ae°)
values calculated for the spin dimers with and without
the bridging PO, tetrahedra showed that the calculations
with the bridging PO, tetrahedra overestimate the spin
exchange interactions and hence are in poorer agreement

(a) (b)

(c)

FIG. 4. Schematic projection views of the edge-sharing CuO, octa-
hedral chains (along the chain direction) of (a) Fig. 3a, (b) Fig. 3b, and (c)
Fig. 3c.
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FIG. 5. Schematic description of the arrangement of the CuOg
octahedra in CuSb,0O¢. (a) Perspective view of the CuSb,0O;, chain.
(b) Arrangement of the CuSb,0O;, chains at the c-axis height z =0.
(c) Arrangement of the CuSb,0O;, chains at the c-axis height z = ¢/2.
(d) Arrangement of the magnetic orbital planes of the distorted CuOgq
octahedra at the c-axis height z = 0. (e) Arrangement of the magnetic
orbital planes of the distorted CuOyg octahedra at the c-axis height z = ¢/2.

with experiment than are those without the bridging PO,
tetrahedra. This is due most likely to the fact that spin
orbital interaction energies, being based on molecular or-
bital calculations, overemphasize delocalization when cal-
culated with the V-O-P-O-V bridges. The same might be
expected for our calculations of the interchain spin dimers
with the Cu-O-M-O-Cu bridges. Therefore, the (Ae — Ae®)
values calculated with the bridging MOg octahedra should
be considered as overestimates, and the (Ae — Ae®) values
appropriate for the interchain spin dimers should lie be-
tween the values calculated with and without the bridging
MOy octahedra. This will be assumed to be the case in the
following discussion of the (Ae — Ae®) values of Table 2.

CuSbh,0,

In the layer of CuOg4 octahedra at the c-axis height z = 0,
the (Ae — Ae®) value is largest in the (a + b)-direction, along
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which the Cu(O,,), units have a coplanar arrangement (Fig.
5d) and have the shortest intermonomer O --- O distance.
The latter lead to a good sigma overlap between the adjac-
ent magnetic orbitals (Fig. 2). The (Ae — Ae®) values are
small in the a-, b- and (a — b)-directions, along which the
Cu(O,,), units are not coplanar and the overlap between
adjacent magnetic orbitals is poor. Thus, the magnetic
chains in this layer run along the (a + b)-direction. Likewise,
in the layer of CuOyg octahedra at the c-axis height z = ¢/2,
the magnetic chains run along the (@ — b)-direction (Fig. 5e).
Consequently, CuSb,0O¢ consists of 1D magnetic chains
although the Cu?* ions form “square nets” in the layers of
CuOg octahedra. The interaction between adjacent 1D
magnetic chains is very weak compared with that within
each 1D chain. This agrees with the experimental observa-
tion (1) that the interchain exchange interaction is signifi-
cantly smaller than the intrachain exchange interaction (i.e.,
|J| = ~ 0.086 vs 43.1 K).

o-Cu ;04

The (Ae — Ae®) value is largest in the c-direction, along
which the adjacent magnetic orbitals make a good sigma

<~/ N/
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FIG. 6. Schematic description of the arrangement of the CuOg4 octa-
hedra in a-CuV,0s. (a) Projection view of the trans-edge-sharing CuO,
chains along the b-direction. (b) Arrangement of the magnetic orbital
planes of the CuOg octahedra viewed along the b-direction. (c) Arrange-
ment of the trans-edge-sharing CuO, chains viewed along the a-direction.
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FIG. 7. Schematic description of the arrangement of the CuOg octa-
hedra in a-CuNb,O¢ and -CuNb,Og. (a) Arrangements of the cis-edge-
sharing CuOy chains in o- and f-CulNb,Og along the chain direction. (b)
Arrangement of the two adjacent CuO, chains in -CuNb,O4 viewed
along the a-direction. (c) Arrangement of the two adjacent CuO, chains in
a-CuNb,Og viewed along the b-direction.

overlap through the shortest O-O contact (Fig. 6b). The
(Ae — Ae®) values are smaller in the a- and b-directions
because the adjacent magnetic orbitals make a poor over-
lap. Thus, the 1D magnetic chains of a-CuV,0Og¢ run along
the c-direction and do not correspond to the trans-edge-
sharing CuO, chains along the b-direction. Nevertheless,
the interaction between adjacent 1D magnetic chains is
substantial, which is consistent with the experimental find-
ing (3) that the interchain exchange interactions are rather
large compared with the intrachain exchange interaction
(e, |J| 16.5 vs 34 K).

B-CuNb,0,

The (Ae — Ae®) value is largest for the interchain spin
dimer in the b-direction, along which the adjacent magnetic
orbitals can have a good sigma overlap (Fig. 7b). The
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TABLE 1
Exponents {; and Valence Shell Ionization Potentials H;; of
Slater-type Orbitals y; Used for Extended Hiickel Tight-Binding
Calculation”

Atom 1 H, (eV) ¢ c’; g c';
Cu 4 —114 2.151 1.0

Cu 4p — 6.06 1.370 1.0

Cu 3d — 140 7.025 0.4473 3.004 0.6978
v 4s — 8.81 1.697 1.0

Vv 4p — 552  1.260 1.0

v 3d —11.0 5.052 0.3738 2.173 0.7456
Nb Ss —10.1 1.877 1.0

Nb 5p —6.86 1320 1.0

Nb 4d — 121 3.774 0.4583 1.925 0.6787
Sb Ss —18.8 2.959 0.6466 1.771 0.5018
Sb 5p —11.7 2.559 0.5610 1.474 0.5633
(0] 2s —323 2.688 0.7076 1.675 0.3745
(0] 2p — 14.8 3.694 0.3322 1.659 0.7448

“H’s are the diagonal matrix elements {y,| H*""| z,>, where H" is the
effective Hamiltonian. In our calculations of the off-diagonal matrix ele-
ments Hg = (x| H°“|Xj>, the weighted formula was used. See: J. Ammeter,
H.-B. Biirgi, J. Thibeault, and R. Hoffmann, J. Am. Chem. Soc. 100, 3686
(1978).

bCoefficients used in the double-zeta Slater-type orbital expansion.

(Ae — Ae®) values are smaller in the a- and c-directions,
because the adjacent magnetic orbitals have a poor overlap.
Thus, f-CuNb,Og has 1D magnetic chains running in the
b-direction, which are different from the cis-edge-sharing
CuO, chains along the c-direction. This is consistent with
the experimental observation that f-CulNb,Og¢ shows a 1D
short-range AFM ordering with Ty = 20 K (8). Since the
strongest AFM interaction takes place along the b-direc-
tion, the associated AFM ordering would make the mag-
netic unit cell double the unit cell along the b-direction as
found for the CuM,O4 (M = Fe, Co, Ni) phases (30, 31),
which are isomorphic with f-CuNb,Og. This prediction is
in apparent disagreement with the recent powder neutron
diffraction study (9), which reported that the spin exchange
interaction is AFM within each cis-edge-sharing CuQO,
chain, and is ferromagnetic along the b-direction. However,
the poor R-factor (~12%) of this neutron diffraction data
makes it difficult to unequivocally conclude from the re-
ported neutron diffraction profile either the absence of weak
(10 1) and (2 1 0) magnetic reflections (needed to assign an
AFM spin exchange interaction within each cis-edge-shar-
ing chain) or that of weak (0 3 0) reflections (needed to assign
a ferromagnetic spin exchange interaction along the b-direc-
tion). A more accurate neutron diffraction study is required
to resolve this issue.

o-CuNb,Oy

The (Ae — Ae®) value is largest for the intrachain spin
dimer in which the two Cu(O,), units are coplanar (Fig. 7c).
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TABLE 2 .
(Ae—Ae") Values (in meV), Cu—Cu Distances (in A), and
0-0 Distances (in A) of the Spin Dimers in CuM, O, (M = Sh,

V, Nb)
Compound Direction® Cu-Cu 0-0 (Ae — Aed)
CuSb,O% a 4.635 2.784 21 (15)
b 4.637 2.860 15 (5)
a+b 6.556 2.551 164 (160)
a—>b 6.556 3.964 2 (1)
a-CuV,0, b (intra) 3.543 — 34
a (inter) 4.860 2.682 3 (54)
¢ (inter) 6.478 2.756 85 (64)
B-CuNb,O ¢ (intra) 3.196 — 9
b (inter) 4.501 2.808 23 (35)
5.613 2.857 85 (118)
a+banda—b 7.553 4.572 0
(inter)
7.587 4.572 1
«-CuNb,O, a (intra) 3.050 — 67
3.140 — 5
¢ (inter) 4.608 2.790 6 (12)
4.729 2.766 1 (16)
5.762 2.766 12 (54)
b + ¢ and 7.581 4.587 1
b — ¢ (inter)

“In the layer of CuOg octahedra at the c-axis height z = 0.

®The entries “intra” and “inter” refer to “intrachain” and “interchain”
spin dimers, respectively (with respect to the edge-sharing CuQO, chains).

“The values with and without parentheses refer to those calculated with
and without the MOyg octahedra providing the Cu-O-M-O-Cu bridges,
respectively.

The interchain spin dimer is substantial along the c-direc-
tion, and is negligible along the b-direction. Thus, in o-
CuNb,O4 the spin dimers having the largest (Ae — Ae®)
value interact substantially along the c-direction. This gives
rise to alternating 1D AFM chains running along the c-
direction, which differ from the cis-edge-sharing CuO,
chains. Our result is consistent with the experimental obser-
vation that the magnetic susceptibility of a-CuNb,Oy is
better described by an alternating 1D AFM chain model
(10) than by an isolated spin dimer model (5).

5. CONCLUDING REMARKS

The present study shows that the observed magnetic
anisotropy of the CuM,O¢ (M = Sb, V, Nb) phases is well
explained in terms of the spin orbital interaction energies
(Ae — Ae®) calculated for their spin dimers. The magnetic
orbital of each Cu?™ site in CuM, O is given by the x?-y?
orbital of the square planar Cu(O,4), unit containing the
Cu?* ion. Thus, the magnitude of the interaction between
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two adjacent magnetic orbitals is large, and hence the corre-
sponding AFM spin exchange interaction becomes strong,
when the arrangement of the adjacent square planar
Cu(Ogq)4 units provides a good sigma overlap between the
magnetic orbitals through the shortest Cu-O-O-Cu con-
tact. The 1D magnetic chains of a-CuV,0Oyg, f-CulNb,Oy,
and o-CuNDb,O¢ run along the direction different than their
edge-sharing CuO, chain directions. It would be interesting
to test our prediction that the AFM ordering in f-CulNb,Oy
should make the magnetic unit cell double the chemical unit
cell along the b-direction.
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