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The EPR g factors and the hyperfine structure constant A factors for Cr** in MgS and SrS are
theoretically studied by using the two-spin-orbit (S.0.)-coupling-coefficient formulas for a 3d® ion
in octahedra based on the cluster approach. In these formulas, both the contributions due to the S.O.
coupling coefficient of the central 3d® ion and that of ligands are taken into account. Based on these
studies, the g and A factors of Cr3* in both MgS and SrS are satisfactorily explained. The results are

discussed.
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1. Introduction

The electroluminescence of SrS doped with
transition-metal or rare-earth ions has extensively been
investigated [1-5]. MgS is a useful material in as-
tronomical search due to its far infrared spectra aris-
ing from the vibration of MgS on dust grains [6—8].
The properties of both materials may be sensitive to
the local behaviour or properties of transition-metal or
rare-earth impurity ions. Since electron paramagnetic
resonance (EPR) is a powerful tool to study the lo-
cal structures and properties of paramagnetic impurity
ions in materials, EPR experiments were carried out on
Cr3* in MgsS and SrS, and the g factors and the hyper-
fine structure constant A factors were measured [9, 10].
However, the above experimental results have not been
theoretically interpreted. Since information about the
electronic states of Cr3* in the above crystals may be
of some use to understand the properties of the doped
materials, theoretical investigations on g and A fac-
tors for the octahedral Cr3* centers in MgS and SrS
of this work are significant. In this paper, we study the-
oretically the g and A factors of octahedral Cr3+ cen-
ters in both crystals by using the two-spin-orbit (S.0.)-
coupling-coefficient formulas for g and A factors of
3d° ions in octahedra, based on the cluster approach.
In these formulas, both the contributions arising from

the S.0. coupling coefficient of the central 3d° ion and
that of ligands are included. The results are discussed.

2. Calculations

In general, for a transition-metal (e. g., Cr3*) ion in
crystals where the S. O. coupling coefficient of the lig-
ands is much larger than that of the central ion, or the
covalency of the impurity-ligand bond is strong (e. g.,
the Cr3*-S2- bond in this work), the conventional
single-S.0.-coupling-coefficient formulas [11] are not
suitable in studies of the g factors, due to neglecting
of the S.0. coupling coefficient of ligands, and admix-
ture of the p orbitals of ligands to the d orbitals of the
central ion [12]. So, two-S.0.-coupling-coefficient for-
mulas for g and A factors based on the cluster approach
should be applied to these systems by considering both
the contributions due to the S.O. coupling coefficient
of the central ion and that of ligands, as stated by many
authors [12-14].

From a molecular orbital (MO) model for octahedral
3d" clusters in crystals, the one-electron basis func-
tions can be expressed as [12]

19) = N2 (1dy) — 2/ py)), )

where y = tog and eg stand for the irreducible represen-
tations of the Oy, group. |dy) and |p,) are, respectively,
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Table 1. Group overlap integrals, MO coefficients, orbital reduction factors, S.0. coupling coefficients (in cnm 1) and
dipole hyperfine structure parameters (in 10~ cm~1) for Cr3* in Mg$ and SrS.

Sip(tzg) Sip(eg) N Ne At Ae k K ¢ ¢ P
MgsS 0.014 0.046 0.718 0.733 0.642 0.651 0.865 0.574 250 143 —28.8
SrS 0.004 0.017 0.728 0.743 0.626 0.636 0.870 0.589 251 147 —29.2

the d orbitals of the central 3d" ion and the p orbitals of
the ligands. The MO coefficients N, and A, are, respec-
tively, the normalization factors and the orbital mixing
coefficients, which can be determined from the approx-
imate relations [12]

fy =N [L+ A7Sp(7) — 24Sip (), @)
and the normalization conditions [12]
Ny (1—24,Sup(y) + A7) =1, A3)

where Syp(y) are the group overlap integrals. The co-
valency parameter f,[~ (B/By+C/Cy)/2] is the ratio
of the Racah parameters for a 3d" ion in a crystal to
those of a free ion.

Thus, according to the cluster approach [12, 14], the
S. 0. coupling coefficients ¢, ¢’, the orbital reduction
factors k, k' and the dipolar hyperfine structure para-
meters P and P’ (which are related to the A factor) for
the octahedral 3d" clusters can be expressed as

§=N(3+2849/2),

¢ = (NiNe)M2(88 — MAeCp°/2),
k=N(1+27/2),

K = (NNe)V/2(1 — Mke/2),
P=NPy, P =(NNe)Y2P,

(4)

where £ and £J are the S. O. coupling coefficient of d
electrons of a free 3d" ion and that of p electrons of a
free ligand ion, respectively. Py is the dipolar hyperfine
structure parameter of the free 3d" ion. From (4), one
can find that the contributions due to the S.O. coupling
coefficient as well as the p orbitals of ligands are taken
into account, based on the cluster approach.

In order to investigate the EPR parameters of an oc-
tahedral 3d® cluster, the two- S.O.-coupling- coeffi-
cient formulas for g and A factors based on the cluster
approach can be written as

g=0s—8C'K/(3E1) — 28 (2K'C — k¢!
+295")/(9EZ) + 48" (k— 205) /9E3

— $?(k+9s)/(3E5) — 40 C'K[1/ (3E1Ey)

+ 1/(9E;E3) + 1/(3E3E3)],
A=P{-80'K/(3E1) — 28 (2K'C — k¢’

+20s¢")/(9EF) 444" (k— 2gs) /9E5

— §?(k+0s)/(3E3) — 4L {'K[1/(3E1Ep)

+ 1/(9E1E3) +1/(3E2E3)] — k}, (5)

where gs(= 2.0023) is the spin-only value. The energy
denominators E; (i = 1 ~ 3) can be expressed as fol-
lows [12]:

E,~10Dg, Ej,=~ 15B +5C,

(6)
Ez ~ 10Dg+ 9B+ 3C,
where Dq is the cubic field parameter and k the core
polarization constant.

Now we apply the above formulas to the g and
A factors for Cr3* in MgS and SrS. For MgS and
SrS, the metal-ligand distances R are 2.6017 A and
3.0099 A [15], respectively. From the Slater-type SCF
wavefunctions [16,17] and the distances R, the group
overlap integrals Sqp(y) for both systems are calculated
and shown in Table 1.

According to [10], the optical spectra of SrS:Cr3+
yield Dg = 1100 cm~!. The Racah parameter B (~
447 cm~1) was obtained from the optical spectra of
the similar octahedral [CrSg]°~ cluster in NaCrS; [18],
where the Cr3*-S2- distance is about 2.808 A [15].
Considering that the Racah parameters B and C de-
crease slightly with decreasing distance R [19] and
that the cubic field parameter Dq< R™" (n =~ 3.5 ~
6.5 [20]), we can estimate

Dq~ 1540 cm~t, Ba~442cm™t, C~ 1768 cm™t (7)
for MgS:Cré*, and

Dg~1100cm~*, BA~455cm™, C~1820cm™! (8)
for SrS:Crét. By using the free ion values By ~

920 cm! and Cp ~ 3331 cm~! [21] for Cr3T,
the covalency parameters f, for both crystals
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Table 2. EPR g factors and the hyperfine structure constant A factors for C+ in Mg$S and SrS.

A(10~% cmT)
Cal2 Cal? Expt. Cal.2 Cal? Expt.
MgS 19778 1.9875 1.9874 9] 157 153 15319]
SIS 1.9670 1.9808 1.9795 (2) [10] 16.8 16.2 16.4 (1) [10]

2 Theoretical results based on the conventional single-S.0.-coupling-coefficient formulas? Theoretical results based on the two -S.0.-coupl-

ing-coefficient formulas.

are calculated, i.e, f,(MgS:Cr’*) ~ 0.506 and
f,(SrS:Cr3*) ~ 0.520. Thus the MO coefficients N,
and A, are obtained for both crystals from (2) and (3),
and given in Table 1. From the free ion values
gderdty = 273 em~1 [22], Py (3Cr3t) &~ —39.7 x
10~%cm~* [23]and {J(S?) ~ 365 cm~* [24], the pa-
rameters k, k', £, £’ and P are calculated from (4) and
also shown in Table 1.

The core polarization constant in the formula of A
factor can be expressed as [25]

K~ —2x/(3(r%)), ©)

where y is characteristic of the density of unpaired
spins at the nucleus of the central metal ion, and
(r=3) is the expectation value of the inverse cube of
the radial wavefunction of the 3d orbital [25]. By us-
ing the values (r—3) ~ 3.959 a.u. [25] for Cr3* and
x ~ —2.2 a.u. [23] for MgS:Cr3*, we have k ~ 0.371.
Since the value of y for SrS:Cr3* is not reported, we
can reasonably estimate it from the proportional rela-
tionship x(MgS:Cr3*)/x(SrS:Cr3t) ~ x(MgO:Cr3+)/
%(Ca0:Cr3*) and the values y(MgO:Cri+) ~ —2.27
a.u. and y(CaO:Cr¥t) ~ —2.35 a.u. Thus, we have
X~ —2.3a.u., and so k ~ 0.387 for SrS:Cr3+.

Substituting all the parameters into (5), the g and
A factors for Cr3* in MgS and SrS crystals are cal-
culated and shown in Table 2. For comparisons, the
theoretical results based on the conventional single-
S.0.-coupling-coefficient formulas (i.e., taking Cg =

0, 4 =A=0and Nt = Ng = fyl/z) are also cal-
culated and compared with the observed values in
Table 2.

3. Discussions

(1) From Table 2 one can find that the theoretical
g and A factors for both crystals, based on the two-
S.0.-coupling-coefficient formulas, agree with the ex-
perimental data, while the calculated results based on

the conventional single-S.O.-coupling-coefficient for-
mulas are inconsistent with the observed values. So, for
the systems with strong covalency such as Cr3* in MgS
and SrS (where the covalency parameter f, ~ 0.5 < 1)
of this work, the two-S.0.-coupling-coefficient formu-
las are more reasonable than the conventional single-
S.0.-coupling-coefficient formulas in theoretical stud-
ies of the EPR parameters g and A. In addition, the
smaller g shift Ag(= g— gs) and the smaller A value of
MgS:Cr3* compared with those of SrS:Cr3* are also
in accordance with the smaller Cr3*-S2~ distance and
hence stronger covalency of the former.

(2) The observed isotropic g and A factors reveal
the cubic symmetry of the Cr3+* centers in both crys-
tals. According to the investigations based on the shell-
model interionic potential method, a transition-metal
ion (e.g., Fe2*, Co?* and Ni?*) in SrO may take an
off-center displacement along certain symmetry (e.g.,
[111], [100] or [110]) directions due to its smaller ionic
radius compared with that (~ 1.12 A [26]) of the re-
placed Sr?* [27,28]. As a result, the local symmetry
is reduced from the ideal cubic cation site to low sym-
metry (e. g., trigonal, tetragonal or rhombic) of the im-
purity center. These off-center displacements were in-
deed verified by experiments [29]. However, for Cr3t
in SrS of this work {where the size (=~ 0.63 A [26])
of the impurity ion is also much smaller than that of
the host cation}, the impurity Cr3* seems to be in-
tensively confined to the regular Sr?* site because of
considerable covalency, and then the cubic symmetry
of the host Sr2* site is conserved in the impurity cen-
ters. In addition, charge compensation arising from the
extra charge of the impurity Cr3+ may be far enough
from the impurity centers in both crystals, and so its
influence on the local symmetry should be negligible.

(3) The above theoretical formulas and methods can
also be applied to other 3d? ions (e.g., V¥, Mn**) in
sulfides. The investigations on the g and A factors of
the Cr3* centers in this work would be helpful to study
chemical bonding and charge transfer of metal- sulfur
systems.
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