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Abstract. This paper presents a two-so-coupling-parameter model, in which not only the
contribution due to the 5o coupling of the central ™ ions but also that of the ligand jons
are included, for the calculation of the g-factors and the anisotrapy Ag(= g; — gx) of the
trigonat d® cluster. The calculated results for VCly and VBrz show that the contribution to both
¢ and Ag due to the 50 coupling of the ligand ions is smalf in VCl3 but is sufficiently important
in VBry, about 85% for g and 40% for Ag. It suggests that in the calculation of g and Ag the
two-s0-coupling-parameter model should be preferred in the case of heavy-clement ligand ions
such as Br~ ions.

1. Introduction

The role of covalence in explaining the microscopic origin of the g-factors of transition-metal
{T™) ions has often been neglected because of the complexity of the problem. However,
since both the spin-orbit (S0) coupling and covalence increase with increasing atomic
number of the ligand fons, contributions to the g-factors from the SO coupling of the
ligand electrons are expected to increase with increasing covalence. There have been many
experimental investigations of the g-factors of T™ ions in covalent crystals, and there has
been much interest in the theoretical investigation of the g-factors. Aramburu and Moreno
{1985) and Misra and Wang (1989) investigated the g-factors of d'—d” clusters. Viccaro et
al (1982) investigated the g-factors of d*—d® clusters. Our previous work (Du 1992, Du
and Rudowicz 1992, Du et al 1992, Chen et al 1992a, b) investigated the g-factors of d°>-d?
and d’-d® clusters. These studies focused attention on the g-shift g — g, where g is the
spin-only value and investigated the contribution due to the $O coupling of both T™ ions
and ligand ions. In this paper we focus our attention on the anisotropy of the g-factors due
to the 50 coupling of ligand ions.

The classical crystal-field approach can give expressions for the g-factors of the T™™
clusters. For a d* cluster with octahedral symmetry, Abragam and Bleaney (1970) gave
a formula for the g-factor involving only the energy difference between the ground state
and the 4T2(t§) state and the SO coupling parameter of the T™ ions in the crystal. For a d°
cluster with trigonal symmetry, Macfarlane (1970) gave a third-order perturbation expression
for the g-factors using a strong-field perturbation-loop method. In Macfarlane’s work, a
contribution due to the spin doublets is included, and the contributions to the anisotropy
of the g-factors from the trigonal distortion (represented by two crystal-field parameters v
and v’} and the SO coupling of T™ ions (represented by parameter £) are considered. In

0953-8984/94/316279+07819.50 (@ 1994 10P Publishing Ltd 6279



6280 Du Maolu and Li Zhaoming

the case of ionic crystals containing TM ions, it is a good approximation. Qur previous
studies (Du 1592, Du and Rudowicz 1992, Du er al 1992, Chen et al 1992b) show that
the contribution to the g-shift g — g; from S0 coupling of the ligand ions is smaller than
that from 50 coupling of the T™ ions in the case of the light-element ligand ions, e.g. CI~™
ions, but it is larger in the case of heavy-element ligand ions, e.g. Br~ and I™ ions. In this
paper we investigate the effect on the anisotropy Ag(= gy — g1 = g; — g») due to the s0
coupling of the ligand ions.

2. Theoretical model

In the classical crystal-field approach, the one-electron irreducible representation basis
function can be written as

[v} = ldy) n

and the SO coupling interaction Hamiltonian as
Ho=Y &l & @
i

where the subscript ¢ denotes the central T™ fon and |d, ) is a d function transforming as the
irreducible representation y. For the heavy-element ligand ions, the §0 coupling of ligand
electrons should be considered. Using the LCAO method, the one-electron basis function
can be written as (Du 1992)

vy =N, (ldy) = 11y} (3)
and the SO coupling interaction Hamiltonian as

ﬁso = JF"'h-{su(d) + -E?so(P) (4a)

Holdy =Y talr)l; - 3 (4b)

Heo(p) =) bplripdli - 3 ' (4c)

where N, and A, are renormalization and orbital mixing coefficients, respectively, and
1> N,>0and 1>k, > 0for the antibonding orbital; the subscript y = ty; or e; denotes
the irreducible representation of the Oy group; the subscripts d and p denote the d electron
of the central T™ ion and the p electron of ligand ion, respectively.

Using equations (3) and (4), the 8O coupling interaction matrices within the trigonal
basis (Sugano et al 1970) are obtained as

+ - + -

x_,, X_ u+ H_
xt —EY/2 - /2 0 VIS H VU —EE 48
xZ 0 —&4/2 - E/2 el 224 VB2
wi | =224+ V22 B -8E 0 0
uZ ~EFHEE —VIF2+ V22 0 0

(3a)
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and
x5 (x%) xf (x3) ui(ul)
x;(xh) El/2+ 82 V28412 — V28 )2 Ve [2 — VIER)2
x5y | V2882 - V282 0 gl - (5b)
uity \ V2ER/2 - V2ER )2 e —ge 0
and

£ = Nika £ = v/ NilNeks

(6)
g{: = NIAEEP/Z {,‘;B = f NeNeAidekp /2

where x,.j and u{ are the components of the ty; and e, terms, respectively; & and &, are the
S0 coupling parameters of the d electron of the T™ ions and the p electron of the ligand
ions in free ions, respectively, Misetich and Buch (1964) and Misetich and Watson (1966)
estimated the magnitude of the matrix elements between the central T™ ions and ligand
ions for KNiFy with the assumptions that near the TM ions the ligand functions and r,.;3

are small and near the ligand ions the d functions and r;;* are small. They came to the
conclusion that the elements are very small and can be neglected. In our case, the ligand
ions Cl~ in VCl; and Br~ in VBry as well as F~ in KNiF; are all halogen ions and there
are larger T™ ion-ligand distances in VCl; and VBry than in KNiF;. So one can consider
that the assumptions are valid. The matrix elements between the d and p orbitals hence are
neglected in equation (5). Equation (5) includes the 80O coupling interaction of the ligand
ions and hence can be used as a basis to calculate the contribution of the SO coupling of
the ligand ions.
For a d® cluster with a trigonal field, the Hamiltopian can be written as

H=H(0Dg)+ H(B,C) + H(v, v} + Hye + Hz (7

where H (10Dq) is the octahedral field, H (B, C} is the electrostatic interaction, A (v, v} 1s
the trigeonal distortion field, Hy, is the $0 coupling as in equation (4) and Hg is the Zeeman
interaction. For a distortion octahedral field, & (10Dg) and H (B, C) are the dominant
terms in equation (7), and usually the cubic parameter 10Dg is larger than the Racah
electrostatic parameter B. The diagonal elements n|H {10Dg)Y+ H(B.C)n) in the strong-
field scheme equal approximately the eigenvalues of H(10Dg) + H(B, C). Hence we can
use Macfarlane’s (1970) strong-field perturbation-loop method and take

Hy = H(10Dg) + H,(B, C) (8a)
A = By(B,C)+ H(v,v') + By + Hy (85)

where Hy(B,C) and Hy(B,C) are the diagonal and off-diagonal parts of H(B,C),
respectively. The zerc-order wavefunctions transforming as the irreducible representations
of the octahedron group (Sugano et al 1970) are combined with the one-electron
wavefunctions possessing the form of equation (3). Using equation (8), we obtain analytical
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perturbation formulae for the g-factors of the d* cluster with trigonal symmetry as follows:
8z = & + g(&a) + & (&) + g:(5a. &p) (9a)
8:(Ea) = —8K'EF /3Dy — 2P (KES — KEF + 28585)/9DF + 4557 (k — 2,)/9D}
— 28} (ke + 8:)/3D3 + 4K'EFEL /9D D3 — A EFEL/3D1 Dy + AK'EFES /3D, Dy
+ 8K'E{°v/9DT — 4v2(kEf + K'55)v' /3D Dy (95)
82(6a, &p) = 4(28s — R)ESEY /9DF — BEFES (k — 285)/9D3 — 4(k + go)&4tL/3D3
+4k'(—1/9D} +1/9D, D3 — 1/3D1 Dy + 1/3D, D) By — 665 (9¢)
8:(&p) = BKES /3D, + 2EX (2K'EL + KES — 2g,6)/9D% + 4£ (k — 22,) /902
— 265 (k -+ 8:)/3DF — AK'ECE} 19D D; + 4K'5°8L 13Dy Dy — 4EREL /3D, Dy

— 8K'ERu/9D} — 4v2(K'E — KXW /3Dy Dy (9d)
and

Ag = Ag(§a) + Agép) (10a)

Ag(ks) = 4K'EFv/3D] — 4V2(HEF + K'E)) /3D Dy (10b)

Ag(ty) = —4K'ERv/3D? — 4V2(K'E! — 2KE) /3D, Dy (10¢)
where

k= N1+ A2/2)

k’ = N1N3(1 - A—[lc/z)

and Ag = g, — g, is the anisotropy of the g-factor, g, = 2.0023 is the spin-only value; v and
v are the trigonal distortion parameters. The energy denominators Dy, D3, D3 and Dy are
the differences between the ground Ievel *A,(13) and the excited levels ‘Ta(Ee), *Tap(td),
“Tay(t3e) and *Ty,(e), respectively, which either can be extracted from experimental data
or can be calculated from following equations:

(11

D, =10Dg

Dy =15B45C

Dy =98 +3C+10Dg
Dy =128 +10Dg

(12)

In equations (9} and (10), equations 9(c), (9<) and (10¢) are due to the contribution of
the 50 coupling of ligand p electrons. It has not been included in the classical crystal
model formulae, Taking M = A, = O and My = N, = N, g,(§) = 0, g,(64,8,) = 0
and Ag(£p) = 0. Then equations (9) and (10) become Macfarlane’s (1970) formulae. For
some heavy-element ligand ions, there are larger & and larger A, ke than for light-element
ligand ions, for example & = 2460 cm™! and (A, A.) =~ 0.33 for Br~ ligand ions but
&, = 587 em™! and (A, Ae) = 0.31 for CI~ ligand ions (Du 1992). Obviously, in this
case, £:(&p) and Ag, (&) cannot be neglected in an investigation of the g-factors and their
anisotropy.
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3. Application to VCI; and VBr,

In VCl; and VBr; crystals, V>*—6Cl~ and V**—6Br~ clusters possess trigonal symmetry.
In this paper, we investigate g and Ag in VCl; and VBr; crystals by using equations (9)
and (10). For the clusters, the SO coupling parameters are &(V?>*) = 167 em™' (Griffith
1964), £,(CI™) = 587 cm™" and &,(Br~) = 2460 cm™' (McPherson ef al 1974). One can
see that £5 and £F are smaller than &5 and &5 for the V#_6CI™ cluster but £y and £F° are
larger than &) and £ for the V2*—6Br~ cluster. The contribution from £, and £ to g and
Ag are more important for VBr;.
Using the approximate relation (Du 1992, Du and Rudowicz 1992)

Fy = NJ1 =22, Sap(v) + ALS5, ()] (13)
and the normalization relation
N[l ~ 22, Sap(¥) + 221 =1 (14)

the LCAO coefficients N, and A, in equation (3) are related to S4(y) and £y, where Sygp(y)
is the group overlap integral of d, and p, orbitals:

Spr) = [ & 0p, ) dn dr (15)

and f, is the ratio of the electrostatic repulsion in the crystal to that in the free ion. f, can
be obtained from the ratio of the Racah electrostatic parameter in the crystal to that in the
free ion (Du and Rudowicz 1992) as

Sy = B/Bq. (16)

The Racah parameters B in VCl; and VBr; crystals have been obtained from the
theoretical investigation of the spectra (Li and Li 1987) and Bp in the free ion can be
taken from the paper by Griffiths (1964). As is well known, it is often convenient to use
the Slater orbital in the computation of the overlap integral, but a reasonable S0 coupling
coefficient cannot be obtained from this orbital. On the contrary, the self-consistent field
(SCF) orbital is capable of yielding a reasonable SO coupling coefficient. Clementi and
Raimondi (1963) and Clementi ef al (1967) gave Slater-type SCF orbitais (which are simple
to apply) to obtain the SCF energy. We hence use the Slater-type SCF function to calculate
the group overlap integral Sy,(y). The results calculated for f,, Sgp(y) and Ny, A, for
VCly and VBr; are listed in table 1. Then we obtain from equation (6) that

£y =156 cm™! =157 cm™!

£, =25 em™! =28 cm™!
for VCl,, and

L =153 em™ © = 154 cm™!

=139 cm™ £ =150cm™

for VBr,. Obviously, (£, &) < (&3, £5) for VCla, but (&}, £°) are close to (&3, &%) for
VBr;. So the contribution from the 50 coupling of the ligand p electron to the g-factor and
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Table 1. The group overlap integrals and the Lcao coefficients for VCl; and VBry.

Sy Sapltag) Sapleg) Ay Ae Ne Ne

VCl  0.8577  0.0258 0.0763 02945 03191 09332 09495
VBr; 0.8198  0.0295 0.0864 03366 03633 09145 09353

Table 2. The g-factors for VCl; and VBra.

VCE VB
g:(8a) —0.0429 ~0.0458
&:(&p) 0.0068 0.0392
8z(Ea, £p) 0.00006 0.0004
&z — gs(totad) —0.0363 —~0.0062
£r — glexperiment)  —0.032£0.002 —0.010 & 0.002
8xEua) —0.0410 ~0,0429
&x(Ep) 0.0067 0.0380
& (Ea, &p) 0.00006 0.0004
&x — Bs (total} ~0.0343 —~0.0043

8x — g (experiment) —0.028 £0.002 —0.007 £0.002

 Calculated using the parameters 8 = 657, € = 2402, Dg =914, » = —114 (Li and Li [987)
and v = 300 cm~t.

b Calculated using the parameters B = 628, C = 2294, Dg = 825, v = =148 (Li and Li 1987)
and vf = 400 cm~!.

“ From Yamada et al (1984).

Table 3. The anisotropy Ag = g, — g, for VClz and VBry.

vCB VB
Ag(Ey) -0.0019 —0.0029
AglEp) 0.0001 0.0012
Ag (total) —0.0018 ~0.0017

Ag (experment) —0.004£0.002 -0.003%0.002

* For the parameters, see footnote a in table 2.
P For the parameters, see footnote b in table 2.
¢ From Yamada er of (1934).

the anisotropy Ag is not negligible for VBr;. The results calculated for g and Ag, using
equations {9) and (10), are listed in tables 2 and 3.

From table 2, one can find that g,(&4, &) is very small for both VCls and VBr2; g.(5p)
is smaller than g,(£4) for VCly, but close to g,(54) for VBra. Here |g,(&,)/g.(§a) is 85%
for VBry. This means that neglecting the contribution from the SO coupling of ligand ions
results in a large error and hence is unreasonable for the theoretical investigation of the
g-factors, in the case of heavy-element ligand ions such as Br~. The contribution from &,
to g, is similar.

From table 3, one can find that Ag(&,) is very small and can be neglected reasonably for
VCl; but is important for VBra. [Ag(§p)/Ag(§4)] is about 40%. The calculated |Ag (&)l
for VCl, is smaller than |Ag(&y)| for VBr;. It is contrary to the experimental result. The
large Ag(&,) for VCry, which has the opposite sign from Ag(£), changes the value of Ag
for VBry and gives a consistent theoretical result with experiment.
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4. Conclusion

The theoretical investigation of the g-factors currently uses the one-30-coupling-parameter
formulae. Our work presents a two-SO-coupling-parameter model, in which the contributions
from the SO coupling parameters of both the T™™ ions and the ligand ions to the g-factors
are included. For VCl; and VBr,, the theoretical calculation shows that |g(£,)/g(&a)l is
about 15% and [Ag(&p)/Ag(£q)| is about 5% for VCl, but |g(£;)/g(£4)] is about 85% and
|Ag(&p)/Ag(Eq)| is about 40% for VBrs. It shows that the contribution due fo the SO
coupling of ligand ions is important for the g-factors and the anisotropy of the g-factors in
the case of Br~ ligand ions.

Acknowledgment

This project was supported by the National Natural Science Foundation of China (No
19074037),

References

Abragam A and Bleaney B 1970 Electron Paramagnetic Resonance of Transition Metal Jons (Oxford: Clarendon)
Aramburu J A and Moreno M 1985 J. Chem. Phys. 83 6071

Clementi E and Raimondi D L 1963 J, Chem. Phys. 38 2688

Clementi E, Raimondi [ L and Reinhardt W P 1967 J. Chem, Phys, 47 1300

Chen J J, DuM L and Chen K § 1992a Phys. Swutus Solidi b 170 211

Chen ] J, Du M L and Qin J 1992b Phys. Stetus Solidi b 174 K15

Du M L 1992 Phys. Rev. B 46 5274

Du ML, Chen ]I and Chen K 8 1992 Acta Phys, Stn. 41 1174 (in Chinese)

Du M L and Rudowicz C 1992 Phys. Rev. B 46 8974

Griffith J § 1964 The Theory of Transition-Metal fons (London; Cambridge University Press)

Li ZM and Li F Z 1987 J. Mol. Sci. 5 99 (in Chinese)

Macfarlane R M 1970 Phys. Rev. B 1 989

McPherson G L, Koch R C and Stucky G D 1974 J. Chem. Phys. 60 1424

Misetich A A and Buch T 1964 JS. Chem. Phys. 41 2524

Misetich A A and Watson R E 1966 Phys. Rev. 143 335

Misra 8§ K and Wang C Z 1989 Phys. Status Solidi b 154 259

Sugano 8, Tanabe Y and Kamimara H 1970 Multiplets of Transition Metal fons m Crysials (New York: Academic)
Viccaro M H de A, Sundaram S and Sharma R R 1982 Phys. Rev. B 25 7731

Yamada I, Vbukoshi K and Hirkawa K 1984 J. Phys. Suc. Japan 53 381



