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This paper presents a cluster approach to the zero-field splitting (ZFS) of the ground state 3A2(F) 
of d8 ions with tetragonal symmetry, in which not only the spin-orbit coupling of the central 
transition-metal-ion but also that of ligands contributes. For some pseudo-tetragonal Ni(II) com­
pounds the calculated values of the ZFS parameter follow the order Cl - > Br- > I -. This agrees 
with the experimental finding, while the pure crystal field approach considering only the coupling 
of central metal ion yields the opposite trend.

I. Introduction

The role of covalence in explaining the EPR param­

eters of transition-metal-ions is a complex problem 

[1-4]. In [5-8] we have treated and discussed the 

covalence problem of the g-factor of d8- and d3-clus- 

ters with octahedral symmetry, using the two s.o. cou­

pling parameter model. The results show that the con­

tribution of s.o. coupling of ligand ions to the g factor 

of d” clusters in covalent crystals is important and can 

not be neglected when the ligand ions have large s.o. 

coupling parameters or the complex is strongly cova­

lent.

In this paper we investigate the zero-field splitting 

(ZFS) of the ground state 3A2(F) of d8 ions in clusters 

with tetragonal symmetry by means of the two s.o. 

coupling parameter models and the high-order per­

turbation loop method [9], and discuss the ligand 

contribution to the ZFS parameter in case of some 

pseudo-tetragonal Ni(II) compounds.

II. Two Spin-orbit Coupling Parameters for ZFS

The Ni(II) ion has a 3d8 electron configuration and 

possesses a 3A2(F) ground state in octahedral symme­

try. According to the LCAO molecular-orbital-model, 

the one-electron basis functions in an octahedral field

Reprint requests to Jia-Jun Chen.

for a 3d8 central metal ion can be written as [5]

|y> = iV71/2( K > - / lY|pY» ,  (1)

where y = t2g and eg are the irreducible representa­

tions of the cubic group, Ny and AY are the normali­

zation and mixing coefficients of molecular orbitals, 

d denotes the d-orbit function and p the p-orbit of a 

ligand. The s.o. coupling interaction Hamiltonian 

which includes s.o. coupling interaction of the ligand 

ions can be written equivalently as [10]

= Z  CoW  L -s, + I  C,(r„) /„ ■ s ,, (2)
i i

where lic and liX are the one-electron angular momen­

tum operators relative to the nuclei c and 1, and Cc(ric) 

and Ci(r,i) are the s.o. functions of the central metal 

and ligand ions, respectively. The second term in (2) 

expresses explicitly the influence of the s.o. coupling 

interaction on the ligands. Using Macfarlanes’ method 

[9], we choose a strong-field cubic basis for the pertur­

bation calculation, the perturbation Hamiltonian ap­

propriate for D 4h symmetry being

ß' = Hh(B,Q + f)m+tin + az, (3)

where Hb(B, C), and J?z are the off-diago-

nal terms of electrostatic Coulomb interaction, the 

tetragonal part of the crystal field, the spin-orbit 

Hamiltonian, and the Zeeman term, respectively. Since 

the contributions of the spin-orbit coupling interaction
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where

Ci' =  ( i W ' 2 CS, Ci =  A(C2,

C“ = (N, N,)'12 K K (V 2 > Cp = H '-f CJ/2 . (5)
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of the central ion and the ligand ions to the ZFS 

parameter have been studied in this work, the LCAO 

molecular orbit basis could been chosen as the zeroth- 

order wave function in an octahedral field for a 3d8 

central metal ion. The analytical perturbation expres­

sion of the ZFS parameter in tetragonal symmetry for 

the ground state 3A2(F) of d8 ions and the first- and 

fourth-order has been derived. In this process, only 

the one-electron matrix elements of both the central 

metal ion and the ligand ions are retained; the others 

are neglected as very small [5, 7]. The expressions can 

be written as

D  =  D (C d) +  D (C p) +  D (C d ,C p ) ,  (4 .1)

Z)((d) =  - 3 5 ( ( ‘e)2 D t( l /D 4 — \/Dl)/4

+ 9(ft)2 Cd(Ds-5Dt/4) (l/D4- l/D 2)/2D1D2

- 3 5 ((d)2 CdDJSD l

-  76^ ( ( d ) 2 D?(\/Dl-1/Dl)

+ 3 ( ( j )2(Ds - 5DJ4)2{\/DxD\ - 1/D3D2)

- 35( ( j)2 ( ‘d Dt(2/D4 — l/D2)/8D2D4 , (4.2) 

D((p) = -35 ((‘e)2Dt(l/D2- l /D 2)/4

+ 9((‘pe)2 CP(Ds-5Dt/4)(l/D ,- l/D2)/2DlD2

- 35((p)2 ( ‘pDt/8D3

- 16^(C pe)2D f(l/D l- l/D l)

+ 3((‘pe)2(Ds- 5DJ4)2{\/D,D22- 1/D3D2)

- 35((p)2(pDt(2/D4 — 1/Z)2)/8D2D4 , (4.3) 

D(Cd, (p) = 35 (“ (tpeDt(l/D2- l/D 2)/2

— 76 | (^  (p D2 (1/D4 — 1/D2)

+ [—2 (d c ; cd + &  cd + ( &  ( ‘ -  2 cde c ; g

• [9 (Ds - 5 DJ4){\/D4, -\/D2)l2DyD2 (4.4)

- 35 DJ8 D\-  35 Dt(2/D4 - \/D2)/8 D2 D4]

- 6 (J  Cpe(Ds - 5DJ4)2(1/Dl D\ - 1/D3DI ) ,

D(Cd), D((p) and D((d, (p) are the contributions from 

the central metal ion, the ligand ion and both to the 

ZFS parameter, respectively, (d and (£ are the spin- 

orbit coupling parameters of the central ion and the 

ligand ions, respectively. The zero-order energy sepa­

rations are

D, = A £(3Tb)=  12ß+ 10£>q,

D2 = AE(3T2) =10£>q ,

Z)3 = A £(1r 1) =12B + 2C + 10Dq ,

D4= A £ (1T2b)=  SB + 2C+\0Dq, (6)

where the crystal field parameters Dt, Ds and Dq in (4) 

to (6) have their usual meaning [11, 12].

III. Application

The optical spectra and EPR parameters of the 

compounds Ni (5-methyl pyrazole)4X 2[Ni(mpz)4X 2] 

and Ni(pyrazole)4X 2[Ni(pz)4X2] (X = C1, Br, I) have 

been obtained by Vermass, Groeneveld and Reedyk 

[12]. These experimental results show that the g-shifts 

and ZFS parameters D are in the order Ni(pz)4Cl2 

> Ni(pz)4Br2 and Ni(mpz)4Cl2 > Ni(mpz)4Br2 >

Table 1. The experimental parameters* (in cm x) of Ni(II) 
compounds.

B C Cd Ds o,

free Ni2+ ** 1084 4831 649
Ni(pz)4Cl2 940 3400 1095 1040 285
Ni(pz)4Br2 920 3400 1090 1250 345
Ni(mpz)4Cl2 900 3450 1100 950 300
Ni(mpz)4Br, 890 3400 1080 1250 320
Ni(mpz)4I2 900 3400 1090 1400 440

[12], at room temperature. - ** [16].

Compound f y R (nm) 
[7, 12]

Sdp(eg) ^dp(l2g) AT, We I*

Ni (pz)4Cl2 .7855 .2507 .0231 .00684 .9344 .9387 .2720 .2797
Ni(pz)4Br2 .7762 .2682 .0205 .00561 .9289 .9330 .2822 .2892
Ni(mpz)4Cl2 .7722 .257 .0198 .00562 .9271 .9310 .2861 .2927
Ni(mpz)4Br2 .7624 .273 .0182 .00483 .9210 .9248 .2977 .3039
Ni(mpz)4I2 .7670 .297 .0161 .00413 .9234 .9267 .2922 .2977

Table 2. The group 
overlap integrals and 
the molecular orbital 
coefficients of Ni(II) 
compounds.
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Table 3. Comparison between calculated and observed ZFS 
parameters of Ni(II) compounds (in cm-1).

Compound Calculated values Observed 
values [12] 
DD(td) D(CP) 0 (C d ,C P) D

Ni (pz)4Cl2
Ni(pz)4Br2
Ni(mpz)4Cl2
Ni(mpz)4Br2
Ni(mpz)4I2

7.557
9.513
7.698
8.734

12.59

0.0264 
0.6438 
0.0307 
0.6769 
3.9735 -

-0.8929
-4.9513
-0.9728
-4.8644
-14.15

6.691
5.205
6.756
4.547
2.417

7.2 + 0.1
5.4 + 0.1
7.4 + 0.2
5.3 + 0.2
2.5 + 0.3

Ni(mpz)4I2. But the calculated results from the classi­

cal crystal field approach show the opposite trend. 

The problem of g-shift has been explained in our pre­

vious work [7], but few theoretical analyses interpret 

the experimental results of the ZFS parameter satis­

factorily. A high-order perturbation formula of EPR 

parameters for d2 (d8) ions in low symmetry [13] has 

been obtained by us, but only the contribution of the 

spin-orbit coupling of the central metal ion to the 

EPR parameters was included. Now the two spin-orbit 

coupling parameter model has been employed to cal­

culate the ZFS parameter. The symmetry of these 

Ni(II) compounds is approximately tetragonal (D4h) 

[7, 12].

In order to determined the LCAO coefficients Ny 

and Ay, a semiempirical method [4, 5] was employed. 

We used the approximate relationship

/ , = JV,2[ l- 2 a ,S Jp(y) + ^ S f p(y)] (7)

and the normalization correlation

/V ,[l-2A,Sdp(r) + A;] =  l ,  (8)

where [5]

fy= f= (B /B0+C/C0)/2. (9)

The electrical spectra of Ni(II) compounds were 

reported in [12]. The values of Racah and the crystal 

field parameters, B, C, £>q, Ds, and Dt calculated by
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means of the ligand field method from these experi­

mental findings are listed in Table 1. The calculated 

overlap integrals and MO coefficients, obtained by 

using a semiempirical method, are presented in 

Table 2. The s.o. coupling parameters of the ligands 

C l-, Br-, I - and N~ are 587, 2460, 5060, and 

75 cm-1, respectively [14, 15]. As the s.o. coupling 

parameter of N ~ is very small, its contribution can be 

neglected. Thus, we have calculated the ZFS parame­

ters of the ground state 3A2(F) for Ni(II) compounds 

without any adjusted parameters; these are listed in 

Table 3.

Table 3 shows explicitly that the contribution to the 

ZFS of the s.o. coupling of the ligand ions, the positive 

term D (C P), is smaller than the negative contribution 

D (C d , Cp) from the combined interaction of the central 

and ligand ion. The combined term D(£d, Cp) becomes 

larger with increasing spin-orbit coupling parameters 

of the ligand atoms. This result is different from that 

for the g-factor, where the combined contribution 

term g(Cd, Cp) is always very small and has been ne­

glected [7].

IV. Conclusion

When the contribution of the s.o. coupling of ligand 

ions is included in the calculation of the ZFS parame­

ter, the obtained values have the same order as the 

observed one. Evidently the two s.o. coupling parame­

ters model is necessary for explaining the EPR param­

eter values of these Ni(II) compounds.
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