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The 45 x 45 complete energy matrix for 3d® ion at Dy, site symmetry is used to calculate and assign the
ground-state splitting and the fine structure of the multiplets of Ni*>*+(3d®) doped in MgF, crystal with
rutile type structure by the complete diagonalizaton method (CDM) in the frame of semi-empirical
molecular orbital (MO) scheme in the strong crystal field (CF) approximation. In the calculation, all the
configuration interactions though the cubic CF part, low-symmetry component (tetragonal and
orthorhombic parts), Coulomb interaction and the spin-orbit coupling (SOC) interaction (both of the
central ion and the liangds) are taken into account completely. The calculated results are in good
agreement with the experimental data. In addition, the ground-state splitting is also calculated by the
high-order perturbation method (PTM), together with the electron paramagnetic resonance (EPR)
parameters D, E and g-factors (g, g, and g;). The results of the spin-orbit splitting of the ground state
calculated by CDM and PTM are not only close to each other, but also in good agreement with the
observed data. The relationship between crystalline parameters and the fine structure of multiplets and
EPR spectrum is established and the local defect structure is determined.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Ni2*-doped crystals have been attracting a great deal of atten-
tion [1-10] because of their potential applications in tunable solid-
state lasers [1-6 and the references therein] and in upconversion
luminescent materials [7-8 and the references therein]. Decades ago
tunable laser generation was obtained for Ni*-doped MgF, crystal
[1], since then, optical properties of Ni**-doped MgF, crystal have
been investigated extensively by many authors [2-4,9,10]. In this
paper, theoretical investigations of the ground-state splitting [9,10],
the fine structure of multiplets [9] and EPR parameters of the Ni?+
doped in MgF; crystal are performed. When the divalent Ni®* ion is
doped into MgF, crystal, it will substitute for the divalent Mg?*ion
and be coordinated by six F~ ions to form Dy, site symmetry (Fig. 1)
[9]. The ground state of the cubic term 3A,, will split further by the
combined action of the SOC interaction and the orthorhombic
component of crystal field, and the spin-orbit components of the
split ground state A, are Ag, Bog and By, which can be judged from
the group theory [10]. Obviously, to study the ground-state splitting
and the fine structure of multiplets of the Ni2*, it is necessary to
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take the combined action of the SOC interaction and the orthor-
hombic crystal field into account simultaneously, besides the con-
ventional cubic and tetragonal crystal field part and the electrostatic
Coulomb interaction [11], which have not been reported, yet. In this
paper, 45 x 45 complete energy matrix for 3d® configuration is
constructed, in which the low-symmetry component (tetragonal
and orthorhombic parts), the SOC interaction (of both the central ion
and the ligands ), the Coulomb interaction and the cubic crystal field
part are taken into account completely. The 45 x 45 energy matrix
is applied to calculate and assign the ground-state splitting and the
fine structure of the multiplets of Ni?* by the CDM. Furthermore,
we also carry out a calculation of the ground-state splitting by the
high-order PTM, together with the EPR parameters D, E and g-factors
(8w & and g;) at the same time. The results are discussed.

2. Calculation

To carry out a theoretical study of the fine structure of multiplets
and EPR parameters of the transition metal at the Dy, site symmetry
as Ni* ion doped in MgF, conveniently, a new coordinate symmetry
different from the conventional one is needed. In the conventional
coordinate symmetry, the in-plane symmetry axes are chosen to be
in coincide with transition-metal ion site-ligand axes [11], while for
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Fig. 1. Rutile-type crystal structure of MgF,. @ for Mg?* ion and < for F~ ion.

the Ni?* at the Dy, site symmetry, the axes x and y are chosen to
bisect the central-ion-ligand, as shown in Fig. 1. This coordinate
symmetry is obtained by a 45° rotation around the Z axis from the
conventional undistorted octahedral coordinate axes [9] and the
method to construct new wave functions in this new coordinate
symmetry and to calculate the CF parameters has been discussed in
previously published paper [12,13]. The total Hamiltonian for
transition-metal ion at this Do, site symmetry is [14,15]

H = H,(10Dq)+H>(B, )+ H3(Ds, Dt, DE, D)+ Ha(8, £, 1

in which H;(10Dq) is the cubic CF, Hy(B,C) is the electrostatic
Coulomb interaction term, B and C are the Racah parameters in
crystal, H3(Ds, Dt, D&, Dy) is the lower CF part, H4(£, () is the SOC
term, respectively. To construct the secular energy matrix of the
Hamiltonian in Eq. (1) for 3d®, the wave function of 3d? ion in the
cubic CF (taken to be zero-order unperturbed wavefunctions [13])
and the relation between the matrix elements of the N-electron
systems and their complementary states(10-N)-electron is used
[11], namely, the energy matrix of the total Hamiltonian in Eq. (1)
for d® ions are calculated from the energy matrix of the 3d? ions by
the complementary relation [11].

In the energy matrix, the tetragonal CF parameters Ds, Dt and
orthorhombic components D&, Dy have been defined and dis-
cussed in previously published paper [12,13] using the super-
position model [16,17], and have the following form

4 Ro\™ [Ro\"
D=7 {(R> () ]
ts ts t4
Dt = —%/‘\_4(1?0) {3 (g—?) +4<%> +7 cos 2¢ (ﬁ—?) }
4 _ Ro\ 2
Dé= ~=A2(Ro) cos ¢<R—?> ,

20— Ro\ ™
Dn= *ﬁA4(Ro) cos ¢<R7(1)> > (2)

where R; is the in-plane Ni>*-F~ bond length (xy plane in Fig. 1),
R, is the out-plane Ni2*-F~ bond length( along [1 1 0] direction),
¢ bond angle (illustrated in Fig. 1), and the power-law t, ~ 3 and
ta~5 [17]. A4(Ro) and Ay(Ro) in Eq. (2) are intrinsic parameters
with reference distance Ry which is usually taken as the mean
value of R; (i=1, 2) [12,18], and are usually expressed as Ref. [16]

Aa(Ry) = S0 3)
0

where, n=2 or 4, () is the mean values of r" for Ni’* ion in
crystal, S, =1/2 and S4 = 1/8, q is charge of the ligands, for F~, g is
taken to be —e (e > 0) here. From Eq. (3), the relation

Ez(Ro)z Rz("i)
AsRo) %Y

4)

can be where (") and ("), (n=2, 4) have following relation [19]
) {<r4>} "

. (6))

o~ Lo
where (Yo are the values of radial averages for free ion. For Ni™*
ion, they can be calculated using Watson'’s SCF function [20], and
have the following values [12],

) =1.155 au, (*)p=3.134 a.u. (6)

For 3d" ions in octahedral clusters, A4(Rg) ~ 3/4Dq [21,22] and
Dq is the cubic CF parameter. Obviously, if the Dq, bond distances
R; and R,, and bond angles ¢ are determined, we can calculate (r#)
from Dq = —eq(r*)/6R5 and then (r) and A, (Ro) from Eqs. (5) and
(6) sequentially, and then Ds, Dt, D&, Dy in Eq. (2) can be obtained,
finally.

The SOC parameters ¢, ¢ in the energy matrix have the
following forms [11]

C=(ND ™ Ca+An)*C, /20,

¢ =(NENQ) ™ V2[Lq—AndoC,y /2] @

where {4 and {), are the SOC parameters of the free 3d" ion and the

ligands, respectively. For Ni**, {;~649 cm~' [23] and for F~,
»~220cm ™! [11]. The N{, 4; are liner combination of atomic

orbits (LCAO) coefficients which are usually determined by Lohr
approximation [24]

g a2 ,2 a\2
o=
and the expressions
fey = (Ng) 72[1 - 2/10'50 + (llzrscr)z - 2/1555 + (/1555)2],
foy =N 7?[1=2A287 +(AS2)*], 9

can be obtained from Eq. (8) for the LCAO MO ¥ (i=t and e)

wi =N~ 2@ = Ani ),
Wg :(Ng)il/z((pe_ls)(s_iﬂ)(a)’ (10)

The approximate relation fe, =f; ~((B/Bo)+(C/Cp))/2 are
often taken [25], where By and Cy are Racah parameters for free
ion. For Ni’* ion, Bo=1030cm~' and C,=4850cm~"! [11]. The
LCAO normalization relations of the orbits in Eq. (10) are

N% =[1-226S5—245Ss +(Ao)? +(4s)?],
N =1-24,S,+A2, an

where the coefficients As can be determined by As=cSs and
As=(1 /3),15(/\35 /2S) [26], where A is superhyperfine constant
and A3, =1.503 cm ™' for F~ [27]. For Ni* ion coordinated by six
ligands, S=1 for the ground state *A,,. The c is usually a constant
for a given cluster [26], and for [NiFg]*~ the c is calculated to be
1.427 from the values of As [27] and S [28]. Ss = (. |xs)» So = (P,
o) Sz={(¢:lx,) are the group overlap integrals which can be
calculated by the method given in Ref. [29]. Thus, the energy
matrix can be constructed and the ground-state splitting and the
fine structure of multiplets can be obtained by the CDM of the
energy matrix.

In addition, the ground-state splitting can also be calculate by
the PTM, together with the EPR parameters D, E and g-factors (g,
gy and g;) by the high-order perturbation formulas derived
previously [13]. In those formulas the orbital reduction factors k
and k' are defined as Ref. [11]

k=(N%""[1-24:S, +(A0)2/2).
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