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On the basis of the crystal- and ligand-field theory, the high-order perturbation formulas of the
g factors (gx, gy, g;) are established for Cu?™ ions in an orthorhombic tetrahedral field with D, sym-
metry, including the central cationic and ligand anionic spin-orbital coupling interactions. By using
these formulas, the anisotropic g factors of Cu?™ ion in (CuCly)?~ cluster are calculated. The results
are consistent with the experimental values. The calculations show that the contribution from cova-

lency of the central ion and the 3p orbital ligand can not be neglected.
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1. Introduction

There has been a great deal of interest in the theoret-
ical investigation of the electronic structure and mag-
netic and optical properties of the transition metal ions
in a covalent crystal [1 —6]. Due to the large covalency
and the large spin-orbit (s. 0.) coupling constant of the
ligand ions, however, the classical crystal-field calcu-
lations cannot agree with the experimental data of the
g factors in some covalent crystals such as CdS, ZnSe,
CdTe, etc. [4—5]. For the (CuCly)?~ cluster, the g fac-
tors were investigated in literature [7, 8]. And the cal-
culated g factors are unreasonable because the contri-
bution from the s. 0. coupling of the ligand ions were
not considered. In the present work, a theoretical study
of the g factors is made within the molecular orbital
method. In this study, the ligand ionic s.o. coupling
interactions are taken into account and the overlap in-
tegral is used which can be obtained from the Slater-
type self-consistent field (SCF) functions. The calcu-
lated g factors agree well with the available experimen-
tal data and show that the contribution from covalency
of the central ion and the 3p orbital ligand should be
included.

2. Formulas

The Cu?* ion has the 3d° configuration and the 2B2g
ground state in an orthorhombic tetrahedral symmetry.

According to the two s.o0. coupling parameter mod-
els [5,6], the linear combination molecular orbitals
(LCMO) have been adopted as the basis functions.
Thus, the one-electron irreducible representation basis
function in Oy, symmetry can be given as [9, 10]

17) = Ny(ldy) — Ayl py)s ()

where y = 1), or e, are the irreducible representations
of the Oy, group, Ny and A, are the normalization co-
efficients and the mixing coefficients of the atomic or-
bits, respectively. |dy) and |py) are, respectively, the
central metal orbitals and the ligand ones. Within the
molecular orbitals scheme there are two s. 0. coupling
parameters § and §’ as follows:

=N 60+ (Varaho —22/2) &)
§' = NogNe, [ 60+ (Ao /V2+22/2) €]

The LCMO coefficients Ny, and /ly can be deter-
mined from the normalization correlation

Nop, = [14 A6? + Az? + 24684, (0)
+ 242Sap(m)] /2, )
Neg = [1 + 317[2 + 62’77:5(1[7(7[)}_1/2’

where Sy, (7y) is the group overlap integral which can
be calculated using the Slater-type SCF functions.
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Table 1. Matrix of the two s.o. coupling parameters for a
3d° ion with Dy symmetry.

Hso C* (dyy)) 0% (d2)) € (da o) &* (dy)) n* (|dc))

& 0 0 +il’ +{/2 —it/2
0+ 0 0 0 /38 /2 FV3E')2
et Fi¢’ 0 0 i¢'/2 +¢')/2
&F L2 VB2 —if)2 0 Fig/2
nt g2 T3 L2 +if/2 0
The matrix of the two s.o0. coupling pa-

rameters can be calculated from the formula
(I'(&t),mg|Hso|(a'),ms) and is given in Table 1.
In the formula, |I"(o),m) and |'(a’),ms) are the
bases of the irreduced representations. Hsg is the s. o.
Hamiltonian operator.

In the orthorhombic crystal-field, the anisotropic

g factors can be expressed as

g = uBle KF(O),% Al F(O),—%>
+ <F(0),—% Hegr F(O)a%>]v
gy = .UBlHy Kr(o),% Hey F(O)a—%>

where g; (i = x,y,7) indicates the components of the
g factors. ug is the Bohr magneton. H; (i = x,y,z) de-
notes the magnetic field along the x-, y-, and z-axes.
IC(0)) denotes the ground state basis of the 3d° elec-
tronic configuration. +1/2 denote the spin quantum
numbers. Hef denotes the effective Hamiltonian oper-
ator. Thus, the first-, second-, and third-order perturba-
tion can be expressed as

H'|T (o), m)( (), ms|H’
AE (o) ’

A ) _pr p@)
Heff _H/’ Heff _Z

o

A = T spansiay T (@ma) (@)

my|A'|T (o), m) (T (o), ms|A'

- g @ m)r (@),
00 m (T O)mlA, (3
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in which AE(a) and AE(a') are the energy dif-
ferences between the excited states and the ground
state. From (5) and Macfarlane’s perturbation-loop
method [11, 12], the third-order perturbation formulas
of the g factors in an orthorhombic crystal are obtained
as

2k —2kE"? k2
8x = 8e Tt
AE, ' AE\AE, ' AE>AE;
L awee —2g:0"” | (=1/2)gel?
AE\AE3; ~ AE?} AE?
2k 2KCL k&2
8 =8t Np T AEAE | ABAE; ©
N —2k¢"? N —2g.("? N (—1/2)gel?
AE\AE;  AE? AE?
8K =2kl k2
8z =8t ¢ + 66 - ¢
AE, ' AE\AE, AE,AE;
—2K'E¢ N (=1/2)g8>  (=1/2)gel?
AE|AE3 AE3 AEZ 7

where g. =2.0023. The energy denominators AE; (i =
1,2,3) are defined as the energy differences between
the ground state 2By, and the excited levels 2B g, *Ejg,
and 2E2g, respectively. k and k' are the two orbital re-
duction factors and can be obtained by

k=Np [14 V24220 — 247 /2
+2216Sdp(6) + ZAnSdp(ﬂ')] s

K = Nip Ney [14 Ando /V2+ Ar /2

(N

Obviously, according to the classical crystal-field the-
ory, the admixture of the s.o. coupling constants be-
tween the central metal ion and its ligands via the co-
valency effects is not considered, i.e., Ay = As =0,
N = (NegN,Zg)l/z, and so { = {’, k =k'. Then (6) be-
comes the classical perturbation formulas which are
based on the single s. 0. coupling parameter model.

3. Application

The CspCuCly crystal is orthorhombic with space
group Ppam and unit cell dimensions a = 9.7599(12) 10%,
b=17.6091(9) A, ¢ = 12.3967(12) A, and Z = 4 [13].
The crystal field around the centre Cu®* ion by the
chlorine ions is D»g indeed. The Cu?* ion belongs to
the 3d° electronic configuration. Its energy level in a
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Table 2. g factors of the (CuCly)*~ cluster.

Calculations Experiment [18]
a
2 2.256 2.082 2.083(1)
g 2.312 2.102 2.105(6)
2. 2.696 2.392 2.384(6)

 Calculated from high-order perturbation formulas based on one
single s. 0. coupling parameter. ° Calculated from high-order per-
turbation formulas based on two s. 0. coupling parameters.

cubic field will split into >T,, and >E,, the ground state
is 2Eg. In an orthorhombic field with Dyg symmetry
the energy level will split further. 2T2g splits into 2B1g,
2B2g, and 2A1g; 2Eg splits into 2E1g, and 2E2g. 2B2g
is the ground state for the z-axis compression in the
D4 symmetry crystal.

Ferguson [14] has presented an optical study on the
single crystal of CspCuCly with the Cu* ion at 20 K.
He has given the observed optical absorption spectra at
4800 cm ™! (*Bag — 2Eig), 5550 cm™! (?Byy — 2Epy),
7900 cm~! (*Byg — ?Byg), and 9050 cm~! (*By, —
2A1g). The spin-orbit coupling parameter is {; ~
829 cm™! for the Cu** ion [15] and {J) ~ 587 cm™!
for the C1~ ion [16, 17]. From the structure data [13],
we have for the (CuCl4)?~ cluster R ~2.2333 A. Thus,
we obtain Sy, (7) ~ 0.00625, S4,(0) ~ —0.02338, and
s0 Np,, ~ 0.8902, N, ~0.8421. As a good approxima-
tion, we take A; and A, as the adjustable parameters.
By fitting the calculated g factors to the observed val-
ues, we obtain

Az~ —0.376 and As; ~ 0.378.
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The comparison between calculation and experiment is
shown in Table 2.

4. Conclusions

(1) Obviously, from the high-order perturbation
formulas based on the two s.o. coupling parameters
model, the g, gy, and g of the (CuCly)?~ cluster can
be reasonably explained by using the above formulas.

(2) For comparison, we calculate g, gy, and g,
from the single s. 0. coupling parameter model, where
Ar=As=0and N = (NegNtzg)l/ 2 The calculated re-
sults are also shown in Table 2. From Table 2, it can
be seen that gy, gy, and g, are in poor agreement with
those of observed values from the single s. o. coupling
parameter model. So, the neglecting of the contribu-
tion from covalency of the central ion and the ligand
3p orbital causes the unusual phenomenon related to
the g factors.

(3) The theoretical methods in this paper are also
effective for 3d° ions in other isostructural covalent
crystals.
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