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ABSTRACT

In this work, the local structure and the electpparamagnetic resonance (EPR) parameters g
factors g and g and the hyperfine structure constants ad A. of a tetragonal Ni center
(i.e.,[NiF4 *cluster) in Cak are theoretically investigated, using the high ergberturbation
formulas of these parameters for a’3dn in tetragonal symmetry (elongated octahedram),
these formulas, the contributions to the spin Heomian parameters from the s-and p-orbitals
as well as the spin-orbit coupling coefficient loé tigands are taken into account. On the basis
of the studies, the impurity Nis found to locate at the distance of about 0.Z6%om the
nearest fluorine plane. The calculated EPR paramsdtased on the above local structure in this
work are in agreement with the experimental data.
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INTRODUCTION

Fluorite-type crystals doped with transition-metabpurities have been extensively theoretical
and experimental studied for the paramagnetic tefgeated by x-ray irradiatiofi-3]. These
impurity centers usually exhibit tetragonal symmetis observed by Electron Paramagnetic
Resonance(EPR) and Electron Nuclear Double Rese(BNOOR) techniques[1-2]. For
example, the EPR spectrum of tetragonal Mi Cak, was measured decades ago and its
spin-Hamiltonian(SH) parameters (g factgysandgL and hyperfine structure constaw{s and

A1) were given[2]. From the SH parameters, it is sstgd that the Niion may not occupy
exactly the host cation site but have a large d@phent along the [100] (or)Gaxis , as a result,
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there is about 0.37 A away from the nearest fleogane[2]. Till date, however, the above
results have not been satisfactorily interpretedthie treatments of the anisotropic g factors
based on the simple perturbation formulas for 4i8d in tetragonally elongated octahedral [2],
the third-order perturbation terms were not conghjeinvolved and the higher order ones were
ignored, and the contributions from the ligand talsi and spin-orbit coupling interactions were
also ignored (although these contributions may ndie important). Meanwhile, the energy
separations in the formulas of the g factors wetecorrelated with the local structure around the
impurity center, but taken from the values of Mioped LiF and NaF[4]. In addition, the
hyperfine structure constants were not interpreteither. In order to interpret the EPR
parameters and the local structure of the tetrdgdifacenter in Cafto a better extent, in this
work, high order perturbation formulas of these apagters are applied and the energy
separations are quantitatively determined fromdhal structure of this center.

Theory and Calculations

In pure fluorite, C& is surrounded by eight oxygen ions forming an lidede, After irradiated
by X-ray, Ni-doped Cafcan exhibit Ni center of tetragonal symmetry by "Naccupying the
host C4" site with additional off-center shift along one[®00] axis[2]. This may be due to the
smaller size and the less charge of the impurifythiin those of the host €awhich is likely to
make the Ni unstable on the host Eaite and tend to suffer a significant axial displament, As

a result, the impurity Niwould be much close to the fluorine plane in theecand the near
square planar [Nif* cluster (i.e., the Nihas a small distanc&Z from the plane ) is formed
(this situation was also found in other™Mioped fluorite-type crystals[1,5]). The other four
ligands are much farther from the impurity and ithefluence may be ignored for simplicity.
This tetragonal center can be regarded as an axhgatahedron, with its local structure
characterized by the distansg.

For a Ni (3d°) ion in tetragonally elongated octahedra, the toovbit doubletZEg of the original
cubic case would split into two orbital singletéA(|Z>) and”B.4(|x*-y*>), with the latter lying
lowest, while the original upper orbit tripléf, would be seperated into an orbital singlet
?B,(|xz>) and a doubléE(jxz>, lyz>)[6]. It is noted that in the treatmeenf the previous work
[2], the notations’B; and B, are interchanged, due to a rotation of the framhexes. The
perturbation formulas of the EPR parameters ofBieground state for a 3don in tetragonal
symmetry can be expressed as follows[7,8]

G et 8K CIE1+KCYE +AK' ¢ JIE1Eo+Qed*(LIEL*—1/2E57)

—KCHAIEL-1IE) B —2K' ¢ ¢ (2IE1E,~1/E,%) Er—gelA(1IELE*~1/2ES°)
05= gt 2K C1E—AK % E1E+K' ( (21E1~1/E) Ex+2ged 2 Eq?
+0¢ (KO-K' Q) ELE%-{¢ (LE1=2/E) (2K B+ K JTEL)2 Ex~gedd A(LIEL> —1/E1E, +1/E,%)/2E;

A= P[-k=4IT +(9rge)+3(Qrge)/ 7 ]

AFP[-k+2/7+110+96)/14] (1)

where g (=2.0023) is the spin-only valug.is the isotropic core polarization constant, Fhis
dipolar hyperfine structure parameter of thé i8ah in crystals. The energy denominatorsafd
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E, stand for the energy separations between theeek@b, and°Ey and the groundB,, states
and can be obtained from the strong cubic field@ggh:

E:= E(*B2)- E(*B1)=10Dq
E,= E(°E)- E(°B1)=10Dg-3Ds+5D; (2)
Here 0 is the cubic field parameter, and, D the tetragonal ones

Based on the cluster approach, the spin-orbit aoggoefficients(, {' and the orbital reduction
factorsk, k' in equation (1) may be written as[9,10]

0= Ne(Ca+ M p/2) ¢ = (NeNo)*(€a— MALp 12)
k=N (1 +A772) K = (NN [1- A AetAA)/2] (3
where{q and{, are the spin-orbit coupling coefficients of the’ 2ohd the ligand ions in free

states, respectivelyA denotes the integraR<ns|aiy|npy>, where R is the impurity-ligand

distance in the studied system, &hdA, (or As) are, respectively, the normalization factors and
the orbital mixing coefficients for the cubic {)Arreducible representationy= g and ty). They
are usually determined from the normalization cbods[9,10]

Ne (1= 2\ Sype+ M) = 1
Ne ( 1- 2AeSype— AsSus + )\ez + )\52) =1 4)

and the approximate relationships[9,10]
NZ=N? [1 +AL Sdpt2 — 2 At Supt]
N 2= Ne2 [ 1+ )\ez Sdpe2 + )\52 Sd52 - 2)\e Sdpe_ 2)\5 Sds] . (5)

Here N is the average covalency factor, characteristichef covalency effect of the studied
system. &y (and Gy are the group overlap integrals. In generalningng coefficients increase
with increasing the group overlap integrals, and oan approximately adopt the proportional
relationship between the mixing coefficients anel blated group overlap integrals, i£e/ Sipe

= A s/S within the same irreducible representatigild].

From the superposition modéP] and the geometrical relationship of the [NiFcluster, the
tetragonal field parameters can be expressed as:

_4x _ 2
D, =>A(R)@Bcos @ 1)%)
_4 5 _ (
D, —2—1A4(RO)(35co§a 30co%a + ;B% j (6)

Where } and j are the power-law exponents, we take3tand §=5 here. A(R) and A/(R)

are the intrinsic parameters. The reference bonlkdingth is taken as the metal-ligand distance
for the face-center site, i.6Ry=1.932A [13]. From the distanceoRand the Slater-type SCF
functions[14,15] the integralsqs =0.0027, §e0.0115, & =0.0059 and A=1.4337 are
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obtained. R' denotes the N bonding length due to the distantg between the impurity and
the fluorine plane. For Scbctahedral clustersA,(R)) ~3D/4 and A,(R)=912A(R) are

regarded as valid in many crystals[16,17,18] aAgR)=12A(R) is adopted here. From

Self-consistent Charge Extended Huckel (SCCEH)utations[19], the cubic field parameter
Dg=600cm’ was obtained for the octahedral [MiF cluster. Thus, the valuBg=400cm’ can be
approximately estimated for the studied [NfFcluster here.

Thus, using the formulas of the g factors (Eq.,(&))d fitting the calculated g factors to the
experimental data, we have:
AZ=0.355A N=0.774

The valued\; =0.7751,N. =0.7795,4; =0.5413,4. =0.4854 andl;=0.2477 are calculated from
equations (4) and (5). Then the parameferd94 cm?, ' =448 cm®, k=0.889 and =0.601
can be determined from equation (3) and the freevilues? ¢ = 605 cm® for Ni* ! and(p =

220 cm® for F 1. The energy levels in Eq. 1 are also obtain fromZand 6, 4000 cn* and
E»=8108 cnt. The corresponding calculated values are showalite 1.

In the formulas of the hyperfine structure constatite free-ion valuBy=-140x10*cm™ for Ni*

can be obtained from those for isoelectroni¢ 8hs by extrapolation[20]. By fitting the
calculated hyperfine structure constants to theeesl values, the core polarization constant is
determined:

k=0.623

The corresponding hyperfine structure constantalgeshown in Table 1.

Tablel:The EPR parametersfor thetetragonal Ni* center in CaF,

I/ g: Ay(10%cm*) A,(10%cm™)
Caf 2.707 2.081 - --
Caf 2.567 2.105 82.0 35.9
Caf 2.569 2.104 81.8 36.0
Expt? 2.569 2.089 81.3(3) 36.5(3)

Calculations based on the simple perturbation fdasin the previous work|[2].
PCalculations based on the high order perturbatiomfulas and the local structure but neglecting ltgand
orbital contributions (i.e., taking= ¢ = N {3and k = k' = N) in this work.
“Calculations based on the high order perturbatiomfulas and including both the local structure ahd ligand
orbital contributions in this work.
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DISCUSSION

From Table 1, one can find that the calculated EfRameters based on the high order
perturbation formulas including the ligand orbitaintributions and the distane&Z in this
work are in good agreement with the experimentéh.dahis means that the formulas and the
related parameters adopted in this work can bededaas suitable.

(1)The distande=0.355A) of the impurity Ni from the fluorine plane based on the analyses of

the EPR parameters in this work is consistent ittt (0.37A) based on the simple perturbation
formulas of they factors[2]. The above result is also supportedheydensity functional theory
(DFT) studies on the same system, which yieldsdibtance of about 0.33A[21]. Therefore, the
local structure of the impurity Nicenter in Caf obtained in this study can be regard as
reasonable. In fact, when the hostCis replaced by the smaller and less charged thie
impurity may be unstable at the hostCsite and then suffer a large off-center displacerdae

to the size and/or charge mismatching substitutis.a result, the Niis very close to one
fluorine plane and this center can be conveniatebcribed as [N cluster.

(2)The theoreticaf factors obtained in this study are slightly bettean those in the previous
studies[2]. This means that the high order peatiob formulas of the spin Hamiltonian
parameters can be regarded as more valid than ithgles ones. Meanwhile, the energy

denominators (E=4000 cn and E=8108 cni) obtained from the local structure of the

impurity center in present studies are somewhderdifit from those(E4900cm® and k=

8000cnt) for Ni* in LiF and NaF[4]. Further, the calculated hypeefistructure constants are in
good agreement with the experimental data. Thezefttre EPR parameters and the related
parameters used here can be regarded as reasonable.

(3) From Table 1, it can be found that the cal@datesults based on the high order perturbation
formulas including the ligand orbital contributioase much better than that neglecting those
contributions. This means that the contributiormrfrthe SO coupling and the orbitals of the
ligands should be included in the explanations BREparameters, although these contributions
are not important.

CONCLUSION

In this paper, the local structure and the EPRrpatars for the tetragonal Ncenter in Caf
Ni* are theoretically studied from the high order dration formulas of these parameters
including both the local structure and ligand citnttions. It is found that the impurity Ni
locates at the distance of about 0.355A from theeet fluorine plane, i.e. , the [NJE cluster is
expected.
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