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It was shown that high-spin d6 ions at trigonal prism and linear two coordinate sites have uniaxial magnetic properties
by calculating their low-lying eigenstates under the influence of crystal field and spin−orbit coupling and then
determining their g-factors for the parallel and perpendicular directions. On the basis of our theoretical findings, we
interpreted the uniaxial magnetic properties of Ca3Co2O6 with high-spin Co3+ (d6) ions at the trigonal prism sites
and those of Fe[C(SiMe3)3]2 with high-spin Fe2+ (d6) ions at linear two-coordinate sites, and discussed why compounds
with high-spin d6 ions at octahedral sites cannot have uniaxial magnetic properties.

1. Introduction

A hexagonal perovskite-type oxide Ca3Co2O6 consists of
(Co2O6)∞ chains separated by Ca2+ cations, and each
(Co2O6)∞ chain has CoO6 octahedra alternating with CoO6

trigonal prisms by sharing their triangular faces.1 The
magnetic properties of Ca3Co2O6 are uniaxial2,3 with its
magnetic moment reaching 4.8µB per formula unit when
the magnetic field is applied along the chain direction (µ| )
4.8 µB),4 and are described by an Ising spin Hamiltonian.
Recent experimental5,6 and theoretical studies7,8 established
that each octahedral-site cobalt is essentially nonmagnetic
with a low-spin Co3+ (d6) ion, and each trigonal prism cobalt
has a high-spin Co3+ (d6) ion with four unpaired spins.
Consequently, the highly anisotropic magnetic properties of
Ca3Co2O6 originate from the high-spin d6 ions at the trigonal
prism sites. This implies that the magnetic moment of a high-

spin d6 ion at each trigonal prism site is parallel to its 3-fold
rotational axis. (Hereafter, the directions parallel and per-
pendicular to then-fold rotational axis of a coordination site
with n g 3 will be referred to as the parallel and perpen-
dicular directions, respectively.) Indeed, the powder neutron
diffraction study9 of Ca3Co2O6 showed this to be the case.
Thus, the magnetic moment is zero along the perpendicular
direction (µ⊥ ) 0), and hence so is theg-factor along the
perpendicular direction (g⊥ ) 0).

The ground electronic state of a free high-spin d6 ion is
5D (i.e., L ) 2, S ) 2). When such an ion is placed at a
coordinate site, the associated symmetry lowering splits the
5D state into a number of levels by the effects of crystal
field and spin-orbit coupling. Under an external magnetic
field, these split levels may split further by the Zeeman effect.
In understanding the magnetic properties of a high-spin d6

ion system, it is essential to know the nature of the ground
and low-lying excited states under the influence of crystal
field and spin-orbit coupling. Kageyama et al.2 interpreted
the highly anisotropic magnetic properties of Ca3Co2O6 by
considering the ground state of a trigonal prism site Co3+

ion in terms of pseudo-spin withS̃ ) 1 and assuming that
this pseudo-triplet is split into a “doublet-below-singlet”
pattern. From the magnetization and magnetic susceptibility
study of oriented Ca3Co2O6 samples, Kageyama et al.
reportedµ| ) 4 µB per formula unit and theg-factor of 4.5
for the parallel direction (g| ) 4.5), which are consistent
with their assumption that the ground state of a trigonal prism
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(1) Fjellvåg, H.; Gulbrandsen, E.; Aasland, S.; Olsen, A.; Hauback, B.J.

Solid State Chem. 1996, 124, 190.
(2) Kageyama, H.; Yoshimura, K.; Kosuge, K.; Azuma, M.; Takano, M.;

H. Mitamura; Goto, T.J. Phys. Soc. Jpn.1997, 66, 3996.
(3) Maignan, A.; Michel, C.; Masset, A. C.; Martin, C.; Raveau, B.Eur.

Phys. J. B2000, 15, 657.
(4) Maignan, A.; Hardy, V.; He´bert, S.; Drillon, M.; Lees, M. R.; Petrenko,

O.; McK, P. D.; Khomskii, D.J. Mater. Chem. 2004, 14, 1231.
(5) Sampathkumaran, E. V.; Fujiwara, N.; Rayaprol, S.; Madhu, P. K.;

Uwatoko, Y.Phys. ReV. B 2004, 70, 014437.
(6) Hardy, V.; Lambert, S.; Lees, M. R.; McK, P. D.Phys. ReV. B 2003,

68, 014424.
(7) Whangbo, M.-H.; Dai, D.; Koo, H.-J.; Jobic, S.Solid State Commun.

2003, 125, 413.
(8) Eyert, V.; Laschinger, C.; Kopp, T.; Fre´sard, R.Chem. Phys. Lett.

2004, 383, 249.
(9) Aasland, S.; Fjellva˚g, H.; Hauback, B.Solid State Commun. 1997,

101, 187.

Inorg. Chem. 2005, 44, 4407−4414

10.1021/ic050185g CCC: $30.25 © 2005 American Chemical Society Inorganic Chemistry, Vol. 44, No. 12, 2005 4407
Published on Web 05/18/2005



site Co3+ ion is a doublet. However, theµ| and g| values
observed by Maignan et al.4 from the study of a single-crystal
Ca3Co2O6 are considerably different (i.e.,g| ) 2.55 andµ|

) 4.8 µB).
High-spin Fe2+ (d6) ions in other coordinate environments

also exhibit interesting magnetic properties. From their
Mössbauer and EPR measurements of planar three-coordinate
high-spin Fe2+ complexes (with Fe2+ ions at sites withC2V

symmetry), Andres et al.10 showed that these complexes
possess uniaxial magnetization properties arising from a
quasi-doublet withSz ) (2, and have an effectiveg value
much greater than the spin-only value 8 (i.e., 10.9, 11.4). In
the high-spin Fe2+ complex Fe[C(SiMe3)3]2,11 linear two-
coordinate Fe2+ ions are located at sites withD3d symmetry.
The Mössbauer study of Reiff et al.12a showed that this
compound has an internal hyperfine field much stronger than
observed for the planar three-coordinate high-spin Fe2+

complexes of Andres et al., and the contribution of the orbital
moment to the internal field is equivalent to adding two full
spins relative to spin onlyS) 2 behavior. Furthermore, their
analysis of the electric field gradient tensor and the direction
of the internal hyperfine fields shows12b that the magnetic
properties of Fe[C(SiMe3)3]2 are uniaxial. In contrast, high-
spin Fe2+ ions at octahedral sites are not known to exhibit
uniaxial magnetic properties. High-spin Fe2+ octahedral
complexes with trigonal or tetragonal distortion exhibit
effective moments that are greater than the spin-only value
for S ) 2.13 The magnetic solid RbFeCl3 consists of linear
chains made up of face-sharing FeCl6 octahedra with trigonal
distortion,14 and FeCl2‚2H2O consists of isolated FeCl6

octahedra with tetragonal distortion.15 Both RbFeCl3 and
FeCl2‚2H2O exhibit only weakly anisotropic magnetic prop-
erties.14,15

In the present work we probe the origin of the uniaxial
magnetic magnetic properties of compounds containing high-
spin d6 ions at trigonal prism and linear two-coordinate sites
by calculating theirg-factors for the parallel and perpen-
dicular directions (g| andg⊥, respectively) using the method
of Abragam and Pryce.16 On the basis of our theoretical
findings, we then interpret the uniaxial magnetic properties
of Ca3Co2O6 and Fe[C(SiMe3)3]2. Given theJz andg| values
for a state of a given magnetic ion, its magnetic momentµ|

is given by17

To calculateg-factors of high-spin d6 ions at trigonal prism

and linear two-coordinate sites, it is necessary to determine
the electronic structures of these ions under the influence of
crystal field and spin-orbit coupling and then examine how
the resulting doublet states of these ions are split by an
external magnetic field. To our knowledge, no such theoreti-
cal study has been carried out for a high-spin d6 ion at
trigonal prism and linear two-coordinate sites. However, the
magnetic properties of a high-spin Fe2+ (d6) ion at an
octahedral site were examined more than three and one-half
decades ago.13-15 For our discussion, it is important to
recognize the low-energy electron configurations for high-
spin d6 ions at trigonal prism and linear two-coordinate sites.
For a trigonal prism coordination, the energy difference
between the nondegenerate configuration (Figure 1a) and the
two degenerate configurations (Figure 1b,c) plays an im-
portant role in determining the nature of the ground electronic
state. For a linear two-coordinate ion, the ground electronic
state should be expressed as linear combinations of two
degenerate electron configurations (Figure 2). Under the
effect of crystal field and spin-orbit coupling, doubly
degenerate electron configurations of high-spin d6 ions at
trigonal prism and linear two-coordinate sites give rise to
doublet states, which are crucial in determining the anisot-
ropy of magnetic properties.

Our work is organized as follows: In section 2 we examine
the low-lying eigenstates of a high-spin d6 ion at a trigonal
prism and at a linear two-coordinate site under the combined
effect of crystal field and spin-orbit coupling. In section 3
we calculate the parallel and perpendicularg-factors for a
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µ| ) -g|JzµB (1)

Figure 1. Three low-energy electron configurations expected for a high-
spin d6 ion at a trigonal prism site. It is assumed that the high-spin d6 ion
of a transition metal M forms a trigonal prism ML6 with six surrounding
main group elements L, and the electron configurations are described in
terms of the molecular orbitalsφn (n ) 0, (1, (2) of ML6. The d-orbital
of M with magnetic quantum numberml ) n is the major component of
the molecular orbitalφn, namely, the dz2 orbital inφ0, the{dxz, dyz} orbitals
in the set{φ+1, φ-1}, and the{dxy, dx2-y2} orbitals in the set{φ+2, φ-2}.

Figure 2. Two low-energy electron configurations expected for a high-
spin d6 ion at a linear two-coordinate site. It is assumed that the high-spin
d6 ion of a transition metal M forms a linear two-coordinate complex ML2

with two main group elements L, and the electron configurations are
described in terms of the molecular orbitalsφn (n ) 0, (1, (2) of ML2.
The d-orbital of M with magnetic quantum numberml ) n is the major
component of the molecular orbitalφn, namely, the dz2 orbital inφ0 and the
{dxz, dyz} orbitals in the set{φ+1, φ-1}. In linear ML2 the ligand s/p orbitals
cannot mix with the{dxy, dx2-y2} orbitals of M, so that the molecular orbitals
{φ+2, φ-2} are composed solely of the{dxy, dx2-y2} orbitals.
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high-spin d6 ion at a trigonal prism and at a linear two-
coordinate site. In section 4 we discuss the uniaxial magnetic
properties of Ca3Co2O6 and Fe[C(SiMe3)3]2 on the basis of
our results in sections 2 and 3, and then comment on why a
high-spin d6 ion at an octahedral site exhibits only weakly
anisotropic magnetic properties. Our conclusions are briefly
summarized in Section 5.

2. Eigenstates under Crystal Field and Spin-Orbit
Coupling

To calculate theg-factors of a magnetic system, one needs
to determine the eigenstates of its HamiltonianĤ,

where ĤCF, ĤSO, and ĤZ are the crystal field, spin-orbit,
and Zeeman operators, respectively. The crystal field Hamil-
tonianĤCF for a d-electron system withD3 symmetry (e.g.,
an octahedral or a trigonal prism coordination) is expressed
in terms of the spherical harmonicsYk

q as18,19

whereB2
0, B4

0, andB4
3 are adjustable parameters. In terms of

the ladder operators,20 the spin-orbit HamiltonianĤSO )
λŜ‚L̂ is written as

whereλ is the spin-orbit coupling parameter. For a high-
spin d6 ion, λ < 0, since the d-shell is more than half-filled.
The Zeeman operator is given by

whereHB is the external magnetic field. The magnitude ofHB
will be denoted byH| and H⊥ when HB is parallel and
perpendicular to then-fold rotational axis, respectively. In
addition, the magnetic fieldHB parallel and perpendicular to
the n-fold rotational axis will be referred to as the parallel
and perpendicular magnetic field, respectively.

To determine the eigenstates of the HamiltonianĤ, eq 2,
one needs to construct its matrix representation using suitable
basis functions (e.g.,|L Lz〉|S Sz〉) and diagonalize the
resulting matrix. The ground electronic state of a high-spin
d6 transition metal ion is5D. By neglecting the excited
electronic states of this system, we describe the ground state
5D using (2L + 1)(2S+ 1) ) (2 × 2 + 1)(2 × 2 + 1) ) 25
basis functions|L Lz〉|S Sz〉. In general, the energy splitting
induced by crystal field and spin-orbit coupling is of the
order of 10-2 to 10-1 eV, while that induced by an external
magnetic field is much smaller (e.g.,µBH ) 5.8× 10-5 eV
for H ) 1 T).21 Consequently, we determine the eigenstates

of Ĥ using perturbation theory withĤCF + ĤSO as the
unperturbed Hamiltonian andĤZ as the perturbation Hamil-
tonian.

In Appendix A of the Supporting Information, the basis
function |L Lz〉 was shown to be an eigenfunction ofĤCF for
a trigonal prism. ThusLz is a good quantum number for a
trigonal prism. As shown in Figure 3, we defineδa as the
energy difference between theLz ) 0 andLz ) (2 levels,
andδb as the energy difference between theLz ) 0 andLz

) (1 levels. For the5D state, the matrix representation of
ĤCF + ĤSO using the basis functions|L Lz〉|S Sz〉 is block-
diagonalized in terms of the values ofJz ) Lz + Sz. SinceL
) 2 andS ) 2 for the5D state, there are nine such blocks
classified byJz ) 0, (1, (2, (3, and (4. Using the
simplified notations|Lz Sz〉 ≡ |L Lz〉|S Sz〉, the matrix elements
〈Lz Sz|ĤCF + ĤSO|L′z S′z〉 are summarized in Table 1. By
diagonalizing these blocks, we obtain the eigenfunctions of
ĤCF + ĤSO, which can be written as

whereai, bi, ci, anddi (i ) 1, 2, 3, 4) are coefficients that
depend on the three parametersδa, δb, andλ. The stateΦ0

is a singlet, and the statesΦ(n (n ) 1-4) are doublets. The

(18) Watanabe, H.Operator Methods in Ligand Field Theory; Prentice-
Hall: Englewood Cliffs, NJ, 1966.

(19) Finkman, E.; Cohen, E.Phys. ReV. B 1973, 7, 2899.
(20) Levine, I. N., Quantum Chemistry, 4th ed.; Prentice Hall: Englewood

Cliffs, NJ, 1991.
(21) The strength of magnetic field in experiments is usually 1-10 T (tesla).

The Bohr magnetonµB is approximately 5.78× 10-5 eV T-1.
Consequently,µBH ≈ 5.78× 10-5 to 10-4 eV.

Ĥ ) ĤCF + ĤSO + ĤZ (2)

ĤCF ) B2
0Y2

0 + B4
0Y4

0 + B4
3(Y4

3 - Y4
-3) (3)

ĤSO ) λ(Ŝ+ L̂- + Ŝ- L̂+)/2 + λŜzL̂z (4)

ĤZ ) µB(L̂ + 2Ŝ)‚HB (5)

Figure 3. Crystal-field eigenstates resulting from the5D state of a high-
spin d6 ion at (a) a trigonal prism and (b) a linear two-coordinate site. The
signs of theδa and δb values are positive when their arrows are pointed
upward, but negative when their arrows are pointed downward.

Jz ) 0:

Φ0 ) a1(|2 -2〉 + |-2 2〉) + a2(|1 -1〉 + |-1 1〉) + a3|0 0〉

Jz ) (1:

Φ+1 ) b1|+2 -1〉 + b2|+1 0〉 + b3|0 +1〉 + b4|-1 +2〉

Φ-1 ) b1|-2 +1〉 + b2|-1 0〉 + b3|0 -1〉 + b4|+1 -2〉

Jz ) (2:

Φ+2 ) c1|+2 0〉 + c2|+1 +1〉 + c3|0 +2〉

Φ-2 ) c1|-2 0〉 + c2|-1 -1> + c3|0 -2〉

Jz ) (3:

Φ+3 ) d1|+2 +1〉 + d2|+1 +2〉

Φ-3 ) d1|-2 -1〉 + d2|-1 -2〉

Jz ) (4:

Φ+4 ) |+2 +2〉

Φ-4 ) |-2 -2〉 (6)
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eigenvaluesE0 and E(n (n ) 1-4) associated with these
eigenstates also depend on the three parametersδa, δb, and
λ.

For numerical calculations, it is convenient to express the
state energiesEi (i ) 0, (n) and one crystal field parameter
(e.g., δb) in units of |λ|. Then, for a certainδa/δb ratio
appropriate for a given crystal field, the energiesEi/|λ| can
be readily calculated and plotted as a function ofδb/|λ|.
Results of our calculations for a representative case of a
trigonal prism (i.e.,δa/δb ) 0.2 andδb > 0) are summarized
in Figure 4a.

The crystal field Hamiltonian for a linear two-coordinate
system has the same expression as does that for a trigonal
prism. Therefore, our description for a trigonal prism is also
valid for a linear two-coordinate system. The only difference
between the two lies in the ranges of the parametersδa, δb,
andλ. Results of our calculations for a representative linear
system (i.e.,δa/δb ) 1.2 andδb < 0) are summarized in
Figure 5a.

3. Calculations of Parallel and Perpendicular
g-Factors

3.1. Perturbation Treatment. Our discussion of the
previous section shows that the eigenstates of a high-spin
d6 ion at a trigonal prism or a linear two-coordinate site under
the zero-field HamiltonianĤCF + ĤSO are either a singlet
Φ0 with Jz ) 0 or a doubletΦ(n with Jz ) (n. For the

singlet Φ0, the Zeeman operatorĤZ does not induce any
splitting so thatg| ) g⊥ ) 0 for the singlet state. Each doublet
state ofĤCF + ĤSO can be split under the action ofĤZ. Each
doublet state, described by two functionsΦ+n andΦ-n, is
doubly degenerate so that the energy split,∆En, between the
two under the action ofĤZ can be determined by employing
first-order perturbation theory. We denote the∆En values
for the parallel and perpendicular magnetic fields by∆En(|)

and ∆En(⊥), respectively. Then, the associated parallel and
perpendicularg-factors are expressed as22

For the derivation of these expressions, see Appendix B of
the Supporting Information.

3.2. Perpendicular g-Factors of Doublet States.The
doublet statesΦ(n (n ) 1-4) of a high-spin d6 ion at a
trigonal prism or a linear two-coordinate site are specified
in eq 6. It is found thatgn(⊥) ) 0 for all these doublet states,

(22) Lines, M. E.Phys. ReV. 1963, 131, 546.

Table 1. Matrix Elements ofĤCF + ĤSO for a Trigonal Prism in Terms
of the Basis Functions|Lz Sz〉 ≡ |2 Lz〉|2 Sz〉

(1) Jz ) 0 Block

|2 -2〉 |1 -1〉 |0 0〉 |-1 1〉 |-2 2〉

|2 -2〉 δa - 4λ 2λ 0 0 0
|1 -1〉 2λ δb - λ 3λ 0 0
|0 0〉 0 3λ 0 3λ 0
|-1 1〉 0 0 3λ δb - λ 2λ
|-2 2〉 0 0 0 2λ δa - 4λ

(2) Jz ) 1 Blocka

|2 -1〉 |1 0〉 |0 1〉 |-1 2〉

|2 -1〉 δa - 2λ x6 λ 0 0
|1 0〉 x6 λ δb 3λ 0
|0 1〉 0 3λ 0 x6 λ
|-1 2〉 0 0 x6 λ δb - 2λ

(3) Jz ) 2 Blocka

|2 0〉 |1 1〉 |0 2〉

|2 0〉 δa x6 λ 0
|1 1〉 x6 λ δb + λ x6 λ
|0 2〉 0 x6 λ 0

(4) Jz ) 3 Blocka

|2 1〉 |1 2〉

|2 1〉 δa + 2λ 2λ
|1 2〉 2λ δb + 2λ

(5) Jz ) 4 Blocka

|2 2〉

|2 2〉 δa + 4λ

a The elements in theJz ) -1, -2, -3, and-4 blocks are the same as
those in theJz ) 1, 2, 3, and 4 blocks, respectively, except that the basis
changes from|Lz Sz〉 to |-Lz -Sz〉. Figure 4. Energies and parallelg-factors of a high-spin d6 ion at a trigonal

prism site. (a) The energiesEi/|λ| of the low-lying eigenstates ofĤCF +
ĤSO as a function ofδb/|λ| and (b) theirg| values as a function ofδb/|λ|.
TheJ values atδb/|λ| ) 0 refer to the quantum numbers of a high-spin d6

ion under the influence of spin-orbit coupling in the absence of crystal
field.

gn(|) ) ∆En(|)/µBH| ) 2〈Φ+n|L̂z + 2Ŝz|Φ+n〉 (7)

gn(⊥) ) ∆En(⊥)/µBH⊥ ) 〈Φ+n|(L̂+ + L̂-) + 2(Ŝ+ + Ŝ-)|Φ-n〉
(8)
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because each basis function ofΦ-n changed by (L̂+ + L̂- )
+ 2(Ŝ+ + Ŝ-) does not match with any basis function of
Φ+n. It is important to understand the reason for this
observation. TheJz value for each doublet stateΦ(n is given
by (n, wheren is an integer greater than zero. Therefore,
the Jz value for each basis function ofΦ+n is greater than
that for each basis function ofΦ-n by 2n () 2, 4, 6, etc).
However, for each basis function ofΦ-n, the operatorsL̂+

and Ŝ+ change itsJz value by+1, while the operatorsL̂-

and Ŝ- change it by-1. Consequently, the integral〈Φ+n|-
(L̂+ + L̂-) + 2(Ŝ+ + Ŝ-)|Φ-n〉 vanishes, so thatgn(⊥) ) 0.

It is clear from the above discussion that the eigenstates
of the zero-field Hamiltonian,ĤCF + ĤSO, can interact under
the Zeeman Hamiltonian

if their Jz values differ by(1 (i.e., if ∆Jz ) (1), e.g.,Φ0

and Φ(1, Φ(1 and Φ(2, and so on. Such interactions give
rise to second-order perturbation energy corrections. How-
ever, if the energy separation between such pairs of zero-
field eigenstates is large compared with the maximum
available magnetic energyµBHmax in a given experiment (i.e.,

magnetization, EPR, or magnetic susceptibility measure-
ments), the associated second-order energy corrections are
negligible, and so is their effect on the perpendicularg-factor,
g⊥. As already pointed out in section 2, the energy splitting
induced by an external magnetic field can be several orders
of magnitude smaller than that induced by crystal field and
spin-orbit coupling.

3.3. Parallelg-Factors of Doublet States.For the doublet
states of a trigonal prism, thegn(|) values are calculated from
eqs 6 and 7. Each basis function|Lz Sz〉 of eq 6 gives rise to
the g| value of 2(Lz +2Sz). Therefore, we obtain

The gn(|) values calculated for a trigonal prism crystal field
(δa/δb ) 0.2 andδb > 0) as a function ofδb/|λ| by using eq
10 are plotted in Figure 4b. Thegn(|) values calculated for a
linear crystal field (δa/δb ) 1.2 andδb < 0) as a function of
δb/|λ| by using eq 10 are plotted in Figure 5b.

4. Discussion

4.1. Uniaxial Magnetic Property High-Spin d6 Ions at
Trigonal Prism and Linear Two-Coordinate Sites. The
g-factor for the excitationΦ-n f Φ+n of each doublet can
be determined from EPR experiments when the excitation
is allowed, i.e., if theJz values ofΦ-n andΦ+n differ by (1
(i.e., if |∆Jz| ) 1).23 For a high-spin d6 ion at a trigonal prism
or a linear two-coordinate site, the transition between the
two split levelsΦ-n and Φ+n for any of their doublets is
forbidden because the|∆Jz| value is 2n > 1. However, the
transition can become weakly allowed if the site symmetry
of a high-spin d6 ion is lowered such that then-fold rotational
axis disappears, as found for the three-coordinate high-spin
Fe2+ complexes with site symmetryC2V.9 Such a system
cannot possess doubly degenerate levels (i.e., doublets), but
can have quasi-doublets made up of slightly different singlets.

For each doublet stateΦ(n of a high-spin d6 ion at a
trigonal prism or a linear two-coordinate site, the perpen-
dicular g-factor,gn(⊥), is zero because theJz values of their
doublet statesΦ(n are(n, wheren is a positive integer and
hence the energy of the doublet is not split under an external
magnetic field. Thus, the magnetic moment for the perpen-
dicular direction is zero. This gives rise to uniaxial magnetic
properties for compounds containing a high-spin d6 ion at a
trigonal prism or a linear two-coordinate site.

As mentioned above, in EPR experiments, excitations are
allowed betweenΦ0 andΦ(1, betweenΦ(1 andΦ(2, and
so on. Nevertheless, such an allowed transition cannot be
observed if the associated energy separation is much greater
than the maximum available magnetic energyµBHmax. In such

(23) Wertz, J. E.; Bolton, J. R.Electron Spin Resonance: Elementary
Theory and Practical Applications; Chapman and Hall, NY, 1986.

Figure 5. Energies and parallelg-factors of a high-spin d6 ion at a linear
two-coordinate site. (a) The energiesEi/|λ| of the low-lying eigenstates of
ĤCF + ĤSO as a function ofδb/|λ| and (b) theirg| values as a function of
δb/|λ|. TheJ values atδb/|λ| ) 0 refer to the quantum numbers of a high-
spin d6 ion under the influence of spin-orbit coupling in the absence of
crystal field.

ĤZ(⊥) ) µBH⊥[(L̂+ + L̂-) + 2(Ŝ+ + Ŝ-)]/2 (9)

Jz ) (1: g1(|) ) 2b2
2 + 4b3

2 + 6b4
2

Jz ) (2: g2(|) ) 4c1
2 + 6c2

2 + 8c3
2

Jz ) (3: g3(|) ) 8d1
2 + 10d2

2

Jz ) (4: g4(|) ) 12 (10)
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a case, the associatedg-factors cannot be detected in EPR
measurements.

The positive integer valuen of each doublet stateΦ(n of
a high-spin d6 ion originates from the fact that it has an even
number of unpaired spins and hence the total spinS is an
integer (i.e.,S ) 2). Doublet statesΦ(n of any magnetic
ion with integer total spinSshould have an integern value
greater than zero and hencegn(⊥) ) 0. In this context, it is of
interest to consider an archetypal Ising system LiTbF4,24

which has high-spin Tb3+ (f8) ions at sites with point group
S4. The ground state of a high-spin Tb3+ (f8) ion, arising
from the7F state (L ) 3, S) 3), is characterized by a quasi-
doublet consisting of two singlets with the zero-field splitting
of 1 cm-1.24 The wave functions of this quasi-doublet state
are made up mainly of|Jz ) (6〉 states with some admixture
of |Jz ) (2〉.25 Theg| value of LiTbF4 with the field parallel
to the 4-fold axis is approximately 17.7, slightly smaller than
the maximum possible value of 18) 2(3 + 2 × 3). The
ground state is not a true doublet because the|Jz ) (6〉 states
do not belong to the E-representation of theS4 point group.

For a doublet stateΦ(n to have a nonzerogn(⊥) value, the
n value should be1/2 because the integral〈Φ+n|ĤZ(⊥)|Φ-n〉
can be nonzero in such a case. This condition can be satisfied
only if a magnetic ion has an odd number of unpaired spins
so that the total spinS becomes a half integer, and hence
theJz ) Lz + Sz values for doublet states can be(1/2, (3/2,
etc.

4.2. Trigonal Prism Site Co3+ Ion in Ca3Co2O6. For a
high-spin d6 ion at a trigonal prism site, Figure 4a shows
that the magnetic ground state is a singlet (Jz ) 0). The first
excited state is a doubletΦ(1 with Jz ) (1, and the second
excited state is a doubletΦ(2 with Jz ) (2. For a trigonal
prism, a largeδb/|λ| value is appropriate. With increasing
the δb/|λ| value, the first excited state becomes almost
degenerate with the ground state while the second excited
state becomes close to the first excited state. As shown in
Figure 4b, the singlet ground state contributes zero tog|,
the first excited state contributes 4 tog|, and the second
excited state contributes 8 tog|. Thus, the parallel magnetic
momentµ| ) g||Jz|µB is zero from the singletΦ0, 4µB from
the doubletΦ(1, and 16µB from the doubletΦ(2.

On the basis of the above observations, we discuss theg|

andµ| values observed for Ca3Co2O6, whose trigonal prism
sites contain high-spin Co3+ ions. Maignan et al. obtained
µ| ) 4.8 µB at 2 K when H > 8 T.4 At such a low
temperature, thermal occupation of first and second excited
states should be zero. To explainµ| ) 4.8 µB at 2 K,
therefore, the singlet stateΦ0 cannot be the ground state,
and the doublet stateΦ(1 should be the ground state as
depicted in Figure 6. Even in this case, theµ| value is
predicted to be 4µB, still smaller than 4.8µB. At this point
we recall that the CoO6 trigonal prisms of Ca3Co2O6 are not
an ideal trigonal prism withθ ) 0° but a trigonal prism with
D3 symmetry in whichθ ≈ 15°. As discussed in Appendix

A of the Supporting Information, this rotation leads to a slight
mixing between the crystal-field eigenstates of a trigonal
prism, which in turn leads to a slight mixing between the
eigenstates ofĤCF + ĤSO. Namely, due to the slight rotation,
the doublet functionΦ(2 mixes slightly into the doublet
function Φ(1, so that theµ| value can become greater than
4 µB.

Maignan et al.4 deducedg| ) 2.55 from the magnetic
susceptibility data in the temperature regionT > 150 K at
H ) 3 × 10-4 T. This is readily explained in terms of the
eigenvalue structure of a high-spin trigonal prism site Co3+

ion depicted in Figure 6. As the temperature is raised, the
population of the ground stateΦ(1 becomes reduced while
the population of the first excited stateΦ0 is increased. As
the g| values for the statesΦ(1 and Φ0 and are 4 and 0,
respectively, the thermally averagedg| value in the region
of T > 150 K can be considerably smaller than 4 if theΦ0

state is close enough in energy toΦ(1.
The key point of the above discussion is that the doublet

stateΦ(1 lies lower in energy than the singlet stateΦ0, as
suggested by Kageyama et al.2 From the viewpoint of the
electron configurations of Figure 1, this implies that the
nondegenerate configuration (Figure 1a) is quite close in
energy to the degenerate configurations (Figure 1b,c), unlike
the case of a high-spin d6 ion in an isolated trigonal prism.
In the (Co2O6)∞ chains of Ca3Co2O6, however, each CoO6
trigonal prism shares its triangular faces with adjacent CoO6

octahedra with a short Co-Co distance (2.595 Å).1 Thus,
the dz2 orbital of a CoO6 trigonal prism (the major orbital
component of its lowest-lying d-block level, Figure 1)
overlaps strongly with the dz2 orbital of an adjacent CoO6
octahedron (the major orbital component of one of its t2g

levels). Then, from the viewpoint of one-electron orbital
picture, one might consider that the resulting overlap-
repulsion (i.e., two-orbital four-electron repulsion)26 raises
the energy of the nondegenerate electron configuration
(Figure 1a) toward the degenerate electron configurations
(Figure 1b,c). This eventually would be responsible for
raising the singlet stateΦ0 level slightly above the doublet
level Φ(1.

Finally, we comment on why theg| value of Ca3Co2O6

obtained by Kageyama et al.2 for oriented samples deviates
strongly from that obtained by Maignan et al.4 for a single-
crystal sample (i.e., 4.5 vs 2.55). In deducingg| ) 4.5,
Kageyama et al. fitted the parallel magnetic susceptibility
data with the magnetic susceptibility expression of Achiwa.14

However, this expression was derived for a high-spin d6 ion
at an octahedral site with tetragonal distortion, and hence(24) Romanova, I. V.; Malkin, B. Z.; Mukhamedshin, I. R.; Suzuki, H.;

Tagirov, M. S.Phys. Solid State2002, 44, 1544.
(25) Laursen, I.; Holmes, L. M.J. Phys. C: Solid State Phys. 1974, 7,

3765.
(26) Albright, T. A.; Burdett, J. K.; Whangbo, M.-H.Orbital Interactions

in Chemistry; Wiley: NY, 1985.

Figure 6. Schematic diagram expected for the low-lying energy states of
a trigonal prism site Co3+ ion in Ca3Co2O6.
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would not be quite adequate for describing a high-spin d6

ion at a trigonal prism site.
4.3. Linear Two-Coordinate Fe2+ Ion in Fe[C(SiMe3)3]2.

For a high-spin d6 ion at a linear two-coordinate site, Figure
5a shows that the magnetic ground state is a doublet withJz

) (4, the first excited state is a doublet withJz ) (3, and
the second excited state is a doublet withJz ) (2, and so
on. For a linear two-coordinate system, a large negativeδb/
|λ| value is appropriate. As theδb/|λ| value becomes more
strongly negative, the energy differences between the ground
state and the excited states become larger. Then the magnetic
properties of a high-spin d6 ion at a linear two-coordinate
site should be governed by the ground state. This conclusion
is supported by the uniaxial magnetic properties of Fe-
[C(SiMe3)3]2.12 Figure 5b shows that theg| value of the
ground state (i.e., the doublet withJz ) (4) is 12. Our
findings for a high-spin d6 ion in a linear two-coordinate
system (i.e.,Jz ) (4, g| ) 12, andg⊥ ) 0 for the ground
state) are consistent with the experimental observations for
Fe[C(SiMe3)3]2 by Reiff et al.12

4.4. Weakly Anisotropic Magnetic Properties of High-
Spin d6 Ions at Octahedral Sites.For the sake of complete-
ness, we briefly discuss why a high-spin d6 ion at an
octahedral site exhibits only weakly anisotropic magnetic
properties.14,15 The eigenfunctions of an octahedral crystal
field Hamiltonian are

In the eigenstatesψ′n (n ) 1-4), the basis functions|+2〉
and|-1〉 mix, and so do the basis functions|-2〉 and|+1〉.
Therefore, the eigenstatesψ′n (n ) 0-4) of ĤCF are not
eigenfunctions of the operatorL̂z, and henceLz is not a good
quantum number. For such an ion, the low-lying eigenstates
of the zero-field HamiltonianĤCF + ĤSO arise mainly from
the T2g levels ψ′0, ψ′1, and ψ′2. Thus, the truncated basis
functions |ψ′n〉|S Sz〉 (n ) 0-2) may be employed to
determine the eigenstates ofĤCF + ĤSO. This approximation
gives rise to the pseudo-orbital method22 (see Appendix C
of the Supporting Information for details). This approxima-
tion has also been used for a high-spin d6 ion at an octahedral
site with trigonal or tetragonal distortion when the extent of
distortion is small, e.g., if|δa| is small in Figure 3. Only the
two parametersδa and λ are needed in the pseudo-orbital
description of an octahedral system, so that the parameter
δa may be referred to asδ.

For the pseudo-orbital angular momentumL̃ ) 1, theL̃z

components are-1̃, 0̃, and+1̃. As described in Appendix
C of the Supporting Information, the functionsψ′1, ψ′0, and
ψ′2 behave as the pseudo-orbital functions|1̃,-1̃〉, |1̃,0̃〉, and
|1̃,+1̃〉, respectively, in the pseudo-orbital approximation. The
matrix representation ofĤCF + ĤSO for the 5D state using

the basis functions|L̃ L̃z〉|S Sz〉 is block-diagonalized with
respect to the values ofJ̃z ) L̃z + Sz, namely,J̃z ) 0, (1,
(2, and(3. The stateΦ0 is a singlet, and the statesΦ(n (n
) 1-3) are doublets. The eigenvaluesE0 andE(n (n ) 1-3)
associated with these eigenfunctions are functions of the
parametersδ and λ. The state energiesEi/|λ| (i ) 0, (n)
can be readily calculated as a function of the crystal field
parameterδ/|λ|. Results of our calculations for a representa-
tive range ofδ/|λ| are summarized in Figure 7.

It is noted from Figure 7 that the singlet stateΦ0 and the
doublet stateΦ(1 are close in energy and are well separated
from the remaining excited states, as found by Inomata and
Oguchi.15 Whenδ ) 0, theΦ0 andΦ(1 states are degenerate,
which leads to isotropic magnetic properties. (Note that the
orbital set{Φ-1, Φ0, Φ+1} behaves like the set{P-1, P0,
P+1} of an atomic P state.) For an octahedron with weakly
trigonal distortion, small|δ/λ| values are appropriate, and
weakly anisotropic magnetic properties set in. As already
discussed,〈Φ+1|ĤZ(⊥)|Φ-1〉 ) 0 but〈Φ0|ĤZ(⊥)|Φ-1〉 * 0 and
〈Φ0|ĤZ(⊥)|Φ+1〉 * 0. Consequently,g⊥ * 0 and µ⊥ * 0
because, for an octahedron with weakly trigonal distortion,
the energy differenceδ betweenΦ0 and Φ(1 is small
compared with the maximum available magnetic energy
µBHmax. This makes the transition betweenΦ0 and Φ(1

observable in EPR experiments. Obviously, a nonzeroδ
means the presence of a zero-field splitting of the triply
degenerate T2g levels. The latter gives rise to weakly
anisotropic magnetic properties.17

5. Concluding Remarks

The low-energy eigenstates of a high-spin d6 ion at a
trigonal prism or a linear two-coordinate site under the
influence of crystal field and spin-orbit coupling are either
a singletΦ0 with Jz ) 0 or a doubletΦ(n with Jz ) (n,
wheren is a positive integer. The perpendicularg-factorgn(⊥)

Figure 7. EnergiesEi/|λ| of a high-spin d6 ion at an octahedral site with
or without trigonal distortion as a function ofδ/|λ|. TheJ̃ values atδ/|λ| )
0 refer to the pseudo-quantum numbers of a high-spin d6 ion at an octahedral
site under the influence of spin-orbit coupling in the absence of a trigonal
distortion. It should be noted that our definition ofδ differs from that
employed in refs 14, 15, and 22.

{ψ′0 ) |0〉
ψ′1 ) x2/3|2〉 - x1/3|-1〉 T2g

ψ′2 ) -x2/3|-2〉 - x1/3|1〉

{ψ′3 ) x1/3|2〉 + x2/3|-1〉
Eg

ψ′4 ) x1/3|-2〉 - x2/3|1〉
(11)

Uniaxial Magnetic Properties of High-Spin d6 Ions

Inorganic Chemistry, Vol. 44, No. 12, 2005 4413



is zero for each doubletΦ(n because its energy is not split
by an external magnetic field due to the fact that the
difference in theJz values ofΦ-n andΦ+n is greater than 1
(i.e., |∆Jz| ) 2n > 1). Thus, when the maximum available
magnetic energyµBHmax is very small compared with the
energy separation between any two states whoseJz values
differ by (1, the perpendicular magnetic moment (µ⊥) and
the perpendicularg-factor (g⊥) become zero. This gives rise
to uniaxial magnetic properties of high-spin d6 ions at trigonal
prism and linear two-coordinate sites. The magnetic proper-
ties of high-spin d6 ions at octahedral sites cannot be uniaxial
because theJz values of the ground and the first excited states
differ by (1 and the energy separation between the two (i.e.,
δ) is small compared withµBHmax.

Theµ| ) 4.8µB andg| ) 2.55 values of Ca3Co2O6 derived
by Maignan et al.4 from the magnetization and magnetic
susceptibility measurements of a single-crystal sample are
well explained if the ground and the first two excited states
of the high-spin Co3+ (d6) ions at the trigonal prism sites
have the energy ordering depicted in Figure 6, where the
doubletΦ(1 (Jz ) (1) and the singletΦ0 (Jz ) 0) are the
ground and the first excited states, respectively. The singlet
stateΦ0 is higher in energy than the doublet stateΦ(1 due
probably to the overlap repulsion between the dz2 orbitals of
adjacent trigonal prism and octahedral sites. A high-spin d6

ion at a linear two-coordinate site has the ground state with
Jz ) (4, g| ) 12, andg⊥ ) 0, and the first excited state
with Jz ) (3, g| ≈ 8, andg⊥ ) 0. The uniaxial magnetic
properties 12 of Fe[C(SiMe3)3]2 means that the energy
separation between the ground and first excited states of the
high-spin Fe2+ (d6) ions is significantly greater thanµBHmax,
which in turn predicts that Fe[C(SiMe3)3]2 should give no
resonance signal in EPR measurements.
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