Inorg. Chem. 2005, 44, 4407-4414

Inorganic:Chemistry

* Article

Analysis of the Uniaxial Magnetic Properties of High-Spin d  © lons at
Trigonal Prism and Linear Two-Coordinate Sites: Uniaxial Magnetic
Properties of Ca 3C0,0 and Fe[C(SiMe 3)3]2

Dadi Dai and Myung-Hwan Whangho*

Department of Chemistry, North Carolina State wanisity, Raleigh, North Carolina 27695-8204

Received February 3, 2005

It was shown that high-spin d® 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 CasC0,0s with high-spin Co®* (d®) ions at the trigonal prism sites
and those of Fe[C(SiMes)s], with high-spin Fe?* (df) ions at linear two-coordinate sites, and discussed why compounds
with high-spin d ions at octahedral sites cannot have uniaxial magnetic properties.

1. Introduction spin &f 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 > 3 will be referred to as the parallel and perpen-
dicular directions, respectively.) Indeed, the powder neutron
diffraction study of CaC0,0s showed this to be the case.
Thus, the magnetic moment is zero along the perpendicular
direction tp = 0), and hence so is thgfactor along the
perpendicular directiongl; = 0).

A hexagonal perovskite-type oxide £G,0¢ consists of
(Co0¢).. chains separated by &a cations, and each
(C206)- chain has Co@octahedra alternating with C@O
trigonal prisms by sharing their triangular fadedhe
magnetic properties of Ga0,0g are uniaxial® with its
magnetic moment reaching 4:& per formula unit when
the magnetic field is applied along the chain direction=
4.8 ug),* and are described by an Ising spin Hamiltonian. The ground electronic state of a free high-sphiah is
Recent experimentat and theoretical studiégestablished

that each octahedral-site cobalt is essentially nonmagnetic D (ie., L = 2,S=2). When such an ion is placed at a
) ) e . . rdin ite, th i mmetry lowering splits th
with a low-spin C8" (d®) ion, and each trigonal prism cobalt coordinate site, the associated symmetry lowering splits the

5 .
has a high-spin GO () ion with four unpaired spins. D state into a number of levels by the effects of crystal

Consequently, the highly anisotropic magnetic properties of field and spin-orbit coupling. Under an external magnetic
CaC0,05 originate from the high-spin‘dons at the trigonal field, these split levels may split further by the Zeeman effect.

. . S ! . In understanding the magnetic properties of a high-spin d
prism sites. This implies that the magnetic moment of a high- ion system, it is essential to know the nature of the ground

_and low-lying excited states under the influence of crystal
*To whom correspondence should be addressed. E-mail: .. . . . .
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site Cd" ion is a doublet. However, the, and g, values
observed by Maignan et &from the study of a single-crystal
CaCo05 are considerably different (i.egy = 2.55 andy;,
= 48/15)

High-spin F&" (d®) ions in other coordinate environments
also exhibit interesting magnetic properties. From their
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Mossbauer and EPR measurements of planar three-coordinatéigwe 1. Three low-energy electron configurations expected for a high-

high-spin Fé" complexes (with & ions at sites witlC,,
symmetry), Andres et &P.showed that these complexes
possess uniaxial magnetization properties arising from a
quasi-doublet withs, = 2, and have an effectivg value
much greater than the spin-only value 8 (i.e., 10.9, 11.4). In
the high-spin F& complex Fe[C(SiMgs],,'* linear two-
coordinate F& ions are located at sites witbgg Symmetry.
The Mtssbauer study of Reiff et &2 showed that this
compound has an internal hyperfine field much stronger than
observed for the planar three-coordinate high-spid™Fe
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 onlg= 2 behavior. Furthermore, their
analysis of the electric field gradient tensor and the direction
of the internal hyperfine fields sho#8 that the magnetic
properties of Fe[C(SiMgs], are uniaxial. In contrast, high-
spin Fé*t ions at octahedral sites are not known to exhibit
uniaxial magnetic properties. High-spin 4Feoctahedral
complexes with trigonal or tetragonal distortion exhibit
effective moments that are greater than the spin-only value
for S= 2.13 The magnetic solid RbFegtonsists of linear
chains made up of face-sharing Fe@ttahedra with trigonal
distortion* and FeC}-2H,O consists of isolated Fegl
octahedra with tetragonal distortiéhBoth RbFed and
FeCk-2H,0 exhibit only weakly anisotropic magnetic prop-
erties!415

In the present work we probe the origin of the uniaxial
magnetic magnetic properties of compounds containing high-
spin f ions at trigonal prism and linear two-coordinate sites
by calculating theirg-factors for the parallel and perpen-
dicular directions ¢ andgn, respectively) using the method
of Abragam and Pryc¥. On the basis of our theoretical
findings, we then interpret the uniaxial magnetic properties
of CaC0,0s and Fe[C(SiMg)3].. Given thel, andg, values
for a state of a given magnetic ion, its magnetic moment
is given by’

= —gJuUg 1)

To calculateg-factors of high-spin &ions at trigonal prism
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spin & ion at a trigonal prism site. It is assumed that the high-sfiionl

of a transition metal M forms a trigonal prism Mlwith six surrounding
main group elements L, and the electron configurations are described in
terms of the molecular orbitals, (n = 0, +1, +2) of MLe. The d-orbital

of M with magnetic quantum numben = n is the major component of
the molecular orbitapn, namely, the d orbital in ¢o, the{dy,, dy;} orbitals

in the set{¢+1, ¢-1}, and the{dyy, de-y?} orbitals in the se{¢-+2, ¢-2}.

——do = do

O A4 40 R e
s 0 =+ H- oo
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Figure 2. Two low-energy electron configurations expected for a high-
spin ¢ ion at a linear two-coordinate site. It is assumed that the high-spin
dbion of a transition metal M forms a linear two-coordinate complex,ML
with two main group elements L, and the electron configurations are
described in terms of the molecular orbitgls (n = 0, £1, +2) of ML..
The d-orbital of M with magnetic quantum numbey = n is the major
component of the molecular orbitah, namely, the d orbital in ¢o and the
{dxz dy7 orbitals in the sef¢+1, -1} . In linear ML, the ligand s/p orbitals
cannot mix with the dyy, de—2} orbitals of M, so that the molecular orbitals
{¢+2, ¢-2} are composed solely of tHelyy, de-y2} orbitals.

and linear two-coordinate sites, it is necessary to determine
the electronic structures of these ions under the influence of
crystal field and spirrorbit 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-sphiah at
trigonal prism and linear two-coordinate sites. However, the
magnetic properties of a high-spin #e(d) ion at an
octahedral site were examined more than three and one-half
decades ag® '® For our discussion, it is important to
recognize the low-energy electron configurations for high-
spin cf 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 spinorbit coupling, doubly
degenerate electron configurations of high-spinahs 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-spifiidn at a trigonal
prism and at a linear two-coordinate site under the combined
effect of crystal field and spinorbit coupling. In section 3
we calculate the parallel and perpendiculgfiactors for a

(17) Weil, J. A.; Bolton, J. R.; Wertz, J. EElectron Paramagnetic
ResonanceWiley: New York, 1994.
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high-spin & ion at a trigonal prism and at a linear two- _¥3 V¥4 .
coordinate site. In section 4 we discuss the uniaxial magnetic + Yo
properties of CgC0,0s and Fe[C(SiMg)s]. on the basis of
our results in sections 2 and 3, and then comment on why a % Oa
high-spin & ion at an octahedral site exhibits only weakly %

anisotropic magnetic properties. Our conclusions are briefly i V2 vs W

summarized in Section 5. Téa
Yo — — . AN
2. Eigenstates under Crystal Field and Spir-Orbit 4 v2

Coupling (a) (b)

To calculate theg-factors of a magnetic system, one needs Figure 3. Crystal-field eigenstates resulting from th state of a high-

to determine the e|genstates of its Ham||tonla,n spin ¢ ion at (a) a trigonal prism and (b) a linear two-coordinate site. The
signs of thed, and o, values are positive when their arrows are pointed
A= HCF + Hso+ HZ ) upward, but negative when their arrows are pointed downward.

where Hcr, Hso, and Hz are the crystal field, spirorbit, of H using perturbation theory witHce + Hso as the
and Zeeman operators, respectively. The crystal field Hamil- unperturbed Hamiltonian artd; as the perturbation Hamil-
tonian e for a d-electron system witB; symmetry (e.g., tonian.
an octahedral or a trigonal prism coordination) is expressed In Appendix A of the Supporting Information, the basis
in terms of the spherical harmonid§ ag®® function |L L,Owas shown to be an eigenfunctionfdg for
a trigonal prism. Thus. is a good quantum number for a
Her = B3Y; + BYYa + Bi(Y: — Y2°) (3) trigonal prism. As shown in Figure 3, we defiidg as the
o o 3 ) energy difference between the = 0 andL, = 42 levels,
whereB,, B,, andB; are adjustable parameters. In terms of .4 Sy as the energy difference between the= 0 andL,

the ladder operator$,the spin-orbit HamiltonianHso = = +1 levels. For théD state, the matrix representation of
ASL is written as Hecr + Hso using the basis functiond LS SOis block-
Hso: A(AS+ [ +8 |A_+)/2 + /ISI:Z (4) diagonalized in terms of the values &f= L, + S.. SinceL

= 2 andS = 2 for the5D state, there are nine such blocks

where? is the spin-orbit coupling parameter. For a high- ~ classified byJ, = 0, +1, £2, +3, and 4. Using the
spin fion, 1 < 0, since the d-shell is more than half-filled. simplified notationglL, SU= |L LS SLJthe matrix elements

The Zeeman operator is given by [, SIHcr + HsolL', S0are summarized in Table 1. By
R . diagonalizing these blocks, we obtain the eigenfunctions of
Hz = ug(L + 29-H (5) Her + Hso, which can be written as

whereH is the external magnetic field. The magnituderbf J,=0:
will be denoted byH, and Hy when H is parallel and
perpendicular to the-fold rotational axis, respectively. In o= 8312 —2U+ | =2 ) + a,(]1 —10H |1 1)+ &0 0U
addition, the magnetic fielti parallel and perpendicularto  j = 41:
the n-fold rotational axis will be referred to as the parallel
and perpendicular magnetic field, respectively. @,y = by|+2 —10H b,|+1 O0H by|0 +10H by| =1 +20)
To determine the eigenstates of the Hamiltortgreq 2, ®_, = by|—2 +1[H b,|—1 OCH b,|0 —10H b,|+1 —20
one needs to construct its matrix representation using suitable
basis functions (e.g.|L LIS SO and diagonalize the J, = +2:
resulting matrix. The ground electronic state of a high-spin @, = ¢y|+2 OH ¢,|+1 +10+ ¢,0 +20
dé transition metal ion is’D. By neglecting the excited
electronic states of this system, we describe the ground state -2 = Gl =2 0L G =1 —1> = ¢4/0 =20
Dusing (L +1)(2S+1)=2x2+1)(2x2+1)=25 J,==+3:
basis functionsL LJS SOl In general, the energy splitting _
induced by crystal field and spitorbit coupling is of the D3 = Oy +2 +10+ dyf +1 +20
order of 102to 10°* eV, while that induced by an external ®_,=0d,|-2 -1+ d,|—1-20
magnetic field is much smaller (e.gigH = 5.8 x 10°°eV J =44
for H= 1 T)?! Consequently, we determine the eigenstates “? '
o, ,=[+2+20

(18) Watanabe, HOperator Methods in Ligand Field Thear{rentice-

Hall: Englewood Cliffs, NJ, 1966. d_,=|-2-20 (6)

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

e <T::iﬁs, NJ, 1h99f1. teld ‘ _ 0T (sl wherea, b, ¢, andd, (i = 1, 2, 3, 4) are coefficients that
e strengt O magnetlc lela in experlments IS Usu tesla).
The Bohr magnetons is approximately 5.78x 105 eV T-1. erepd on the three parametégsdy,, andA. The statedg
ConsequentlyugH = 5.78 x 1075t0 104 eV. is a singlet, and the statds., (n = 1—4) are doublets. The
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Table 1. Matrix Elements officr + Hso for a Trigonal Prism in Terms 8
of the Basis Functionf_, S= |2 L2 SO
(1) J,= 0 Block
|2 -20 |1-10 |0 00 —110 [—2 20
2-20 O0a— 44 21 0 0 0
|1-10 21 Op— 4 31 0 0 44
|0 00 0 31 0 31 0
-110 0 0 3l Op— A 21
|—2 20 0 0 0 2 0a— 41
E/N
(2) 3,= 1 Block®
|2-10 100 |0 10 |—120 0
|2 —100 Sa— 24 NGV 0 0
1100 V62 b 31 0 0
|0 10 0 3l 0 V62 1
|—120 0 0 N o — 24 (@  8/5,=1/5 +4
(3) J, = 2 Blocke -4 : . : 1 . {J=4
60 40 20 0
1200 1110 |0 200
8,/
|2 00 da NGy 0
1110 V61 O+ 4 NGY)
1020 0 NGy 0 12
+4
(4) 3, = 3 Blockd
1210 1120 8 £3
2 10 Oat 20 24 g +2
1120 22 Op+ 24 g
4 +1
(5) J,= 4 Block®
1220 (b) §/5,=1/5
[2 20 O0a+ 44 0 0
aThe elements in thd, = —1, —2, —3, and—4 blocks are the same as 60 40 20 0

those in thel, = 1, 2, 3, and 4 blocks, respectively, except that the basis
changes fronjL, S(to |—L; —S/[J

3,/M

Figure 4. Energies and parallgiactors of a high-spin®ion at a trigonal

. a4 . . prism site. (a) The energidg/|A| of the low-lying eigenstates dficr +
eigenvaluesty and Ex, (n = 1—4) associated with these {755 Tunction oby/|i] and (b) theirg, values as a function a¥y/|A|.

eigenstates also depend on the three paraméteds, and The J values aiy/|4| = O refer to the quantum numbers of a high-spin d
A ion under the influence of spirorbit coupling in the absence of crystal
. . - . field.
For numerical calculations, it is convenient to express the
state energieE; (i = 0, £n) and one crystal field parameter
(e.g., dp) in units of |[1]. Then, for a certaim/d, ratio

singlet @, the Zeeman operatdfl; does not induce any
splitting so thaty, = g = 0 for the singlet state. Each doublet
appropriate for a given crystal field, the energi&$4| can  state ofFcr + Hso can be split under the action Bf.. Each
be readily calculated and plotted as a functionogfiz|. doublet state, described by two functiofs,, and ®_,, is
Results of our calculations for a representative case of adoubly degenerate so that the energy spli,, between the
trigonal prism (i.e.p4/d, = 0.2 andd, > 0) are summarized  two under the action dfi; can be determined by employing
in Figure 4a. first-order perturbation theory. We denote th&, values
The crystal field Hamiltonian for a linear two-coordinate  for the parallel and perpendicular magnetic fieldsAShg)
system has the same expression as does that for a trigonaknd AE,, respectively. Then, the associated parallel and
prism. Therefore, our description for a trigonal prism is also perpendiculag-factors are expressed?as
valid for a linear two-coordinate system. The only difference

between the two lies in the ranges of the parameigré, Oy = AEngylugH, = 2@ |L, + 25|, 0 (7)
and4. Results of our calculations for a representative linear . . N R

system (i.e. 040, = 1.2 andd, < 0) are summarized in Oy = ABEyofugHn = [@ (L + L) + 2(S, + S)1P_,0
Figure 5a. (8)

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

) ] ) 3.2. Perpendicular g-Factors of Doublet States.The
3.1. Perturbation Treatment. Our discussion of the  youplet statesb,, (N = 1—4) of a high-spin @ ion at a

previous section shows that the eigenstates of a high-spinyigonal prism or a linear two-coordinate site are specified

dfion at a trigonal prism or a linear two-coordinate site under eq 6. It is found thagnc, = O for all these doublet states
the zero-field HamiltoniaHce + Hso are either a singlet

®, with J, = 0 or a doubletd,, with J, = £n. For the
4410 Inorganic Chemistry, Vol. 44, No. 12, 2005

3. Calculations of Parallel and Perpendicular
g-Factors

(22) Lines, M. E.Phys. Re. 1963 131, 546.
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10 magnetization, EPR, or magnetic susceptibility measure-
@ 8/5=12 ments), the associated second-order energy corrections are
negligible, and so is their effect on the perpendicgtéactor,

go. 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 StatesFor the doublet
states of a trigonal prism, ttgg() values are calculated from
egs 6 and 7. Each basis functifin S,0of eq 6 gives rise to
the g, value of 2(, +2S,). Therefore, we obtain

[ Y S
n
W N =0

[
n
N

Eqp 107

-20 4
J,==+1 gy = 205+ 4b% + 6]

N 7/ 477/ J,=42: gy =4ci+6c5+8c;
-30 -20 -10 0

81 J,=43: gy = 80 + 10d3

= J=x4 g, =12 (10)

The gy values calculated for a trigonal prism crystal field
3 (040p = 0.2 andd, > 0) as a function oby/|4| by using eq
8 10 are plotted in Figure 4b. Ttag, values calculated for a
9, linear crystal field §/0, = 1.2 anddy, < 0) as a function of
£2 op/|A| by using eq 10 are plotted in Figure 5b.

4. Discussion

4.1. Uniaxial Magnetic Property High-Spin cf lons at

30 20 10 0 Trigonal Prism and Linear Two-Coordinate Sites. The

8/ g-factor for the excitationb_, — ®., of each doublet can

Figure 5. Energies and parallg-factors of a high-spinion at a linear be determined from EPR experiments when the excitation
two-coordinate site. (a) The energigg|4| of the low-lying eigenstates of  is allowed, i.e., if thel, values of®_, and®-, differ by +1
T o a0 e e et g2 11A% = 1) For a igh-spinton a  rigonal prism
spiln ldi ion under the influence of sp#nrbit?:oupling in the absence %f or a linear two-coordinate site, the transition between the
crystal field. two split levels®_, and @, for any of their doublets is
) _ N . forbidden because théJ,| value is 21 > 1. However, the
because each basis function®f, changed byl( + L) transition can become weakly allowed if the site symmetry
+ 2(S+ + S-) does not match with any basis function of = sf 5 high-spin 8ion is lowered such that thefold rotational
@, It is important to understand the reason for this ayis disappears, as found for the three-coordinate high-spin
observation. Thd, value for each doublet stage., is given Fe+ complexes with site symmetr€,,.2 Such a system
by £n, wheren is an integer greater than zero. Therefore, cannot possess doubly degenerate levels (i.e., doublets), but
the J; value for each basis function @.., is greater than ¢4 have quasi-doublets made up of slightly different singlets.

that for each basis function &b, by 2n (= 2, 4, 6, efc). For each doublet stat®., of a high-spin 8 ion at a
However, for each basis function df_y, the operators.. trigonal prism or a linear two-coordinate site, the perpen-
and S change itsJ; value by+1, while the operators.- dicular g-factor, gn(), is zero because thk values of their
andS- change it by—1. Consequently, the integré® q|- doublet state®_., are4n, wheren is a positive integer and

(L+ + L) + 2(S + S)|@-q[ivanishes, so thayp = 0. hence the energy of the doublet is not split under an external
It is clear from the above discussion that the eigenstates pagnetic field. Thus, the magnetic moment for the perpen-
of the zero-field Hamiltoniariicr + Hso, can interact under  gicylar direction is zero. This gives rise to uniaxial magnetic
the Zeeman Hamiltonian properties for compounds containing a high-spfrioth at a
N N N - P trigonal prism or a linear two-coordinate site.
Hao = tgHel(Ly + L) +2(S, + 8172 ©) As mentioned above, in EPR experiments, excitations are
allowed betweenb, and .4, betweend,,; and d_,, and
so on. Nevertheless, such an allowed transition cannot be
observed if the associated energy separation is much greater
than the maximum available magnetic enetiglfmax In such

if their J, values differ by+1 (i.e., if AJ, = £1), e.g., Do

and ®.,, ®.; and ®.,, 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 Iarge compared with the maximum (23) Wertz, J. E.; Bolton, J. RElectron Spin Resonance: Elementary
available magnetic energyHmaxin a given experiment (i.e., Theory and Practical Application<Chapman and Hall, NY, 1986.
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a case, the associatgefactors cannot be detected in EPR
measurements.
The positive integer value of each doublet stat®. , of
a high-spin 8ion originates from the fact that it has an even
number of unpaired spins and hence the total $pis an
integer (i.e.,S = 2). Doublet statesb., of any magnetic
ion with integer total spirs should have an integervalue
greater than zero and henggy; = 0. In this context, it is of
interest to consider an archetypal Ising system Li[dF
which has high-spin T (f8) ions at sites with point group
S,. The ground state of a high-spin ¥b(f8) ion, arising
from theF state L = 3, S= 3), is characterized by a quasi-
doublet consisting of two singlets with the zero-field splitting
of 1 cnr1.24 The wave functions of this quasi-doublet state
are made up mainly dfl, = +6[states with some admixture
of |J, = £2[P° Theg, value of LiTbF, with the field parallel
to the 4-fold axis is approximately 17.7, slightly smaller than
the maximum possible value of 8 2(3 + 2 x 3). The
ground state is not a true doublet becausdihe +6[ktates
do not belong to the E-representation of teoint group.
For a doublet statd ., to have a nonzergy) value, the
n value should bé/, because the integraib.n|Hz)| P —n0

can be nonzero in such a case. This condition can be satisfie
only if a magnetic ion has an odd number of unpaired spins

so that the total spils becomes a half integer, and hence
theJ, = L, + S values for doublet states can té/,, +3/5,
etc.

4.2. Trigonal Prism Site C&" lon in Ca3C0,0e. For a
high-spin @ ion at a trigonal prism site, Figure 4a shows
that the magnetic ground state is a singlet 0). The first
excited state is a doubldt,; with J, = +1, and the second
excited state is a doubl&®.., with J, = 2. For a trigonal
prism, a largedy/|A| value is appropriate. With increasing
the dy/|A| 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 zergto
the first excited state contributes 4 tp, and the second
excited state contributes 8 tp. Thus, the parallel magnetic
momentu = gy|J;us is zero from the single®o, 4ug from
the doublet®.,, and 16z from the doubletd_.,.

On the basis of the above observations, we discusg,the
andy values observed for Ga0,0s, Whose trigonal prism
sites contain high-spin Co ions. Maignan et al. obtained
w = 4.8 ug at 2 K whenH > 8 T4 At such a low
temperature, thermal occupation of first and second excite
states should be zero. To explai) = 4.8 ug at 2 K,
therefore, the singlet stat®, cannot be the ground state,
and the doublet staté.; should be the ground state as
depicted in Figure 6. Even in this case, thevalue is
predicted to be 4, still smaller than 4.85. At this point
we recall that the Cogxtrigonal prisms of CgC0,0¢ are not
an ideal trigonal prism witl = 0° but a trigonal prism with
D3 symmetry in whichg ~ 15°. As discussed in Appendix

(24) Romanova, I. V.; Malkin, B. Z.; Mukhamedshin, I. R.; Suzuki, H.;
Tagirov, M. S.Phys. Solid Stat@002 44, 1544.

(25) Laursen, I.; Holmes, L. MJ. Phys. C: Solid State Phy&974 7,
3765.
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Figure 6. Schematic diagram expected for the low-lying energy states of
a trigonal prism site Cg ion in CaC0,0.

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 dfice + Hso. Namely, due to the slight rotation,
the doublet functiond., mixes slightly into the doublet
function ®.,, so that they, value can become greater than
4 Up.

Maignan et af deducedg, = 2.55 from the magnetic
susceptibility data in the temperature regibr> 150 K at
H = 3 x 104 T. This is readily explained in terms of the
eigenvalue structure of a high-spin trigonal prism sité'Co
ion depicted in Figure 6. As the temperature is raised, the
population of the ground statk.; becomes reduced while
the population of the first excited stadey is increased. As
o[he gy values for the stated.; and ®, and are 4 and O,
respectively, the thermally averagggvalue in the region
of T > 150 K can be considerably smaller than 4 if the
state is close enough in energydo.;.

The key point of the above discussion is that the doublet
state®., lies lower in energy than the singlet stabg, as
suggested by Kageyama et’dfrom 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-spirfdon in an isolated trigonal prism.

In the (Ca0Og). chains of CaC0,0s, however, each Cap
trigonal prism shares its triangular faces with adjacent£00
octahedra with a short GeCo distance (2.595 A).Thus,

the dz orbital of a CoQ trigonal prism (the major orbital
component of its lowest-lying d-block level, Figure 1)
overlaps strongly with the dorbital of an adjacent Co
octahedron (the major orbital component of one of s t
levels). Then, from the viewpoint of one-electron orbital
picture, one might consider that the resulting overlap-
repulsion (i.e., two-orbital four-electron repulsiéhjaises

the energy of the nondegenerate electron configuration
(Figure 1a) toward the degenerate electron configurations

d(Figure 1b,c). This eventually would be responsible for

raising the singlet stat®, level slightly above the doublet
level ;.

Finally, we comment on why thg, value of CaC0,0¢
obtained by Kageyama et afor oriented samples deviates
strongly from that obtained by Maignan et*dbr a single-
crystal sample (i.e., 4.5 vs 2.55). In deducigg= 4.5,
Kageyama et al. fitted the parallel magnetic susceptibility
data with the magnetic susceptibility expression of Achifva.
However, this expression was derived for a high-s§iiod
at an octahedral site with tetragonal distortion, and hence

(26) Albright, T. A.; Burdett, J. K.; Whangbo, M.-HDrbital Interactions
in Chemistry Wiley: NY, 1985.
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would not be quite adequate for describing a high-sgin d
ion at a trigonal prism site.

4.3. Linear Two-Coordinate F&* lon in Fe[C(SiMes)3]2.
For a high-spin 8lion at a linear two-coordinate site, Figure
5a shows that the magnetic ground state is a doubletdyith
= 44, the first excited state is a doublet with= +3, and
the second excited state is a doublet with= £2, and so
on. For a linear two-coordinate system, a large negaiile
|1] value is appropriate. As th&/|4| 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-spinfdon 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(SiMes)3)..12 Figure 5b shows that thg, value of the 10

B/

T

ground state (i.e., the doublet with = +4) is 12. Our 20 0 0o 10 20
findings for a high-spin ®lion in a linear two-coordinate 3

system (i.e.J; = +4, 9 = 12, anng_ = 0 for the grOL_Jnd Figure 7. EnergiesEi/|1| of a high-spin 8 ion at an octahedral site with
state) are consistent with the experimental observations foror without trigonal distortion as a function éf|4|. TheJ values av/|1| =

i i 12 0 refer to the pseudo-quantum numbers of a high-spiardat an octahedral
Fe[C(SIM%)S]Z by.Relff e_t al: . . . site under the influence of spirorbit coupling in the absence of a trigonal
4.4. Weakly Anisotropic Magnetic Properties of High- distortion. It should be noted that our definition dfdiffers from that

Spin d® lons at Octahedral Sites.For the sake of complete-  employed in refs 14, 15, and 22.

ness, we briefly discuss why a high-spif n at an .

octahedral site exhibits only weakly anisotropic magnetic the basis functionsl L.[JS Slis block-diagonalized with
properties#15 The eigenfunctions of an octahedral crystal respect to the values of = L, + S, namely,J, = 0, +1,

field Hamiltonian are +2, and+3. The stateb, is a singlet, and the statds., (n
= 1-3) are doublets. The eigenvalugsandE., (n = 1—3)

Yo =00 associated with these eigenfunctions are functions of the
W= \/2_/3|2D— «/1_/3|—1D Tog parameters) and 4. The state energie/|4| (i = 0, +n)

can be readily calculated as a function of the crystal field
parameteb/|1|. Results of our calculations for a representa-
tive range ofd/|A| are summarized in Figure 7.

It is noted from Figure 7 that the singlet stabg and the
doublet stateb., are close in energy and are well separated
from the remaining excited states, as found by Inomata and
In the eigenstateg], (n = 1-4), the basis functiongt20 ~ Oguchiz*Whend = 0, thed, andP., states are degenerate,
and|—100mix, and so do the basis functions20and |+10] which leads to isotropic magnetic properties. (Note that the
Therefore, the eigenstateg, (n = 0—4) of Hcr are not  Orbital set{®—;, ®o, ©.1} behaves like the setP-1, P,
eigenfunctions of the operatby, and hencé., is not a good P;,} of an atomic P state.) For an octahedron with weakly
quantum number. For such an ion, the low-lying eigenstatestrigonal distortion, smalld/4| values are appropriate, and
of the zero-field Hamiltoniamcr + Hso arise mainly from ~ Weakly anisotropic magnetic properties set in. As already
the Toq levels ), v}, and y). Thus, the truncated basis —diSCUSS€di®.1|Hz)| @—10= 0 but[@o|Hz )| P-1L7 0 and
functions |y/0S SO(n = 0—2) may be employed to  [®PolHzn)|®P+100= 0. Consequentlygn = 0 andup = 0
determine the eigenstatesi@b(f}FJr Fso. This approximation because, for an octahedron with weakly trigonal distortion,
gives rise to the pseudo-orbital metRd¢see Appendix C  the energy difference between®, and ®., is small
of the Supporting Information for details). This approxima- compared with the maximum available magnetic energy
tion has also been used for a high-spfiriah at an octahedral ~ 48Hmax This makes the transition betweeb, and ®..
site with trigonal or tetragonal distortion when the extent of observable in EPR experiments. Obviously, a nonzero
distortion is small, e.g., ifd4 is small in Figure 3. Only the =~ Means the presence of a zero-field splitting of the triply
two parameters), and 4 are needed in the pseudo-orbital degenerate 2 levels. The latter gives rise to weakly
description of an octahedral system, so that the parameter@nisotropic magnetic propertiés.
0a may be referred to aé.

For the pseudo-orbital angular momentins 1, thel,
components are-1, 0, and+1. As described in Appendix The low-energy eigenstates of a high-spihidn at a
C of the Supporting Information, the functiogs, g, and trigonal prism or a linear two-coordinate site under the
), behave as the pseudo-orbital functi¢hs-10) 1,00 and influence of crystal field and spirorbit coupling are either
|1,4+10) respectively, in the pseudo-orbital approximation. The a singlet®, with J, = 0 or a doublet®.,, with J, = =+n,
matrix representation dflce + Hso for the 5D state using wheren is a positive integer. The perpendicutafactor gn

Wy = —v/2/3—20- V17310

wy = V113204 v/2/3-10

11
v, =13-20-v2/310  ° (11)

5. Concluding Remarks
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is zero for each doubleb_, because its energy is not split ion at a linear two-coordinate site has the ground state with
by an external magnetic field due to the fact that the J, = +4, g, = 12, andgy = 0, and the first excited state
difference in thel, values of®_, and®., is greater than 1 with J, = 43, g, & 8, andgs = 0. The uniaxial magnetic
(i.e., |AJ,] = 2n > 1). Thus, when the maximum available properties 12 of Fe[C(SiM&)s], means that the energy
magnetic energyisHmax is very small compared with the  separation between the ground and first excited states of the
energy separation between any two states wilps@lues  high-spin Fé" (d°) ions is significantly greater thansHmax
differ by &1, the perpendicular magnetic momeatXand  which in turn predicts that Fe[C(SiMg], should give no

to uniaxial magnetic properties of high-spihians at trigonal
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