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The electron paramagnetic resonance(EPR) parameters g-factors g;(i=x.,y,z) and the hyperfine structure con-
stants A; for the substitutional Mo>* in rutile are theoretically studied from the perturbation formulas of these
parameters for a d! ion in a rhombically compressed octahedron. On the basis of the studies, The oxygen oc-
tahedron around Mo>* is found to transform from the original elongation on the host Ti** site to compression
in the impurity center due to the Jahn-Teller effect. The calculated EPR parameters based on the above local
structure in this work are in good agreement with the experimental data.
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1. INTRODUCTION

Rutile (TiO;) doped with transition-metal ions has at-
tracted interest extensively because of its unique phase tran-
sition [1] and magnetic [2-4], optical [5,6] and catalytic [7-9]
properties. In general, these properties are sensitively de-
pendent upon the local structures around the impurity ions
in the host, It is well known that electron paramagnetic res-
onance (EPR) is a useful technique to study the electronic
and local structure properties of paramagnetic impurities in
crystals. For example, EPR investigations were performed
decades ago, and one rhombic center was observed for the
substitutional Mo>* in rutile by means of EPR technique,
and the EPR parameters anisotropic g factors g;(i=x,y,z) and
the hyperfine structure constants A; were also measured at
77°K [10].

Till date, however, the above experimental results have
not been satisfactorily interpreted. In the treatments of the
g factors based on angular overlap model and the simple per-
turbation formulas in Refs [11]., the contributions from the
ligand orbitals and spin-orbit coupling interactions were ig-
nored. In fact, the covalency effect and hence the admix-
tures between the orbitals of the metal and the ligand ions
may become significant, due to the high valence state of the
impurity Mo>*. Meanwhile, the energy denominators in the
formulas of g factors were not correlated with the local struc-
ture around the impurity center. Actually, the local structure
properties around Jahn-Teller ions(such as Ni3*t, Ti*+,v4T)
in crystals may be dissimilar to those of the hosts due to the
local modification of bond-lengths and angles arising from
the Jahn-Teller effect [12-14], In view that the studies on
the Jahn-Teller behaviours of Mo’ T in rutile would be use-
ful to understand the properties of this material with dopants.
In addition, the hyperfine structure constants were not inter-
preted.

In order to make further investigations on the EPR param-
eters for the substitutional Mo>* center in rutile, the EPR pa-
rameters are quantitatively analyzed from the second-order
perturbation formulas of these parameters for a d! ion in
rhombic symmetry, by considering reasonable local lattice
(angular) distortion around the impurity ion. In these for-
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mulas, the contributions from the rhombic distortion as well
as the spin-orbit coupling and the orbitals of the ligands are
taken into account based on the cluster approach.

2. CALCULATIONS

In rutile, there are one substitutional and one intersti-
tial octahedral site which can be occupied by the doping
transition-metal ions. The oxygen octahedra in both sites
exhit significant low symmetrical distortions. For the substi-
tutional site, the ligand octahedron is slightly elongated with
two longer bond-lengths R) (=~ 1.99 A) parallel with the [110]

axis and four coplanar shorter bond-lengthsR | (~1.94 A) per-
pendicular to the axis, with the planar bonding angle 6 of
about 81° [15].The above low symmetrical distortions can
be characterized by the axial distortion angle Aot = o — 0.,
with o ~ tan" ' (R, /R;;) and o9 ~ 45° of the cubic sym-
metry. Thus, we have Aot =~ —0.73° for the host substitu-
tional site [15]. Additionally, the ligand octahedron for this
site also suffers large perpendicular (or rhombic) distortion
characterized by the deviation A of the plannar bonding an-
gle 6 related to the cubic value 6y (=90°), i.e., A =6 — 0
= —9° [15]. Thus, the ligand octahedron has large rhom-
bic distortion for the host substitutional site . When Mo’ "
is doped into the lattice of TiO», it may occupy the substitu-
tional site [10]. and the local structure around the ion Mo>*
may exhibit deformation because of the Jahn-Teller effect,
the impurity-ligand bonding lengths and angles may be un-
like those in the host and lead to local lattice (angular) dis-
tortion.

For a d'(Mo°*) ion in thombically-distorted octahedra, its
higher orbital doublet 2E, of the original cubic case would
split into two orbital singlets 2Aj, (|2 >) and 2A’14(|xy>),
while the original lower orbital triplet 2T2g would be sepa-
rated into three orbital singlets 2Bog (|xz>), >Bsg |yz>) and
2B1g (\xz—y2 >), with the latter lying lowest [11]. Note that
in the above notations |xy> and |x?-y? > are interchanged
due to a rotation of the frame of axes in the XY plane.

According to Refs. [11], the perturbation formulas of the
g factors for a d! ion in rhombic symmetry were established
based on the conventional crystal-field theory. The experi-
mental g factors were investigated from the above formulas
by adjusting various parameters (i.e.,the energy separations
between the ground and the excited states). Nevertheless,
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the contributions from the ligand orbitals and spin-orbit cou-
pling interactions were ignored in these treatments. By in-
cluding the above contributions and the similar perturbation
procedure in Refs. [16], the perturbation formulas of the g
factors and the hyperfine structure constants for the d! ion in
rhombically-distorted octahedra can be obtained on the basis
of the cluster approach:

8x = &8s — 2k/<V://El

8y =8s— 2T /Es

8z = 8s— Sk/C//E3

Ax = P()[7K+ 2N2/7 - 3(gy - g‘v)/14 + (gx - gs)}

Ay = Po[—Kk+2N*/7—3(g:— &)/ 14+ (gy — &5)]

A= PO[_K_4N2/7 + (82— 8s) +3(8gx—gs)/14

+3(gy —8s)/14] (M
where g, (=2.0023) is the spin-only value. Py is the dipo-
lar hyperfine structure parameter of the free d! ion. K is the
isotropic core polarization constant. N is the average cova-
lency factor, characteristic of the covalency effect of the stud-
ied system. The energy denominators E;, E; and E;3 stand for
the energy separations between the excited Zng, ’B; o and

2A’1g and the ground ’B 1¢ states and can be obtained from
the strong cubic field approach:

Ey =3D;—5D; +3Dg — 4D
Ep =3Ds—5D; —3Dg +4Dy ,
E3 =10D, . )
Here D, is the cubic field parameter, and Dy, D, Dy and Dy,
the rhombic ones.
Based on the cluster approach, the spin-orbit coupling co-

efficients {, {’ and the orbital reduction factors k, k’ in equa-
tion (1) may be written as

C=MN(Ca+A75p/2),  § =NV 2 (Ca—MALp/2),
k=N(1+37/2), K= (NNe)'*[1 = A (he +20s4) /2],
3)
where {; and {,, are the spin-orbit coupling coefficients of
the d! and the ligand ions in free states, respectively. A de-
notes the integral R<ns|a%|npy>, where R is the impurity-

ligand distance in the studied system. Ny and Ay (or Ay) are,
respectively, the normalization factors and the orbital mix-
ing coefficients for the cubic (O;,) irreducible representations
Y(= eg and ;). They are usually determined from the nor-
malization conditions

N(1=2XSgp +22) =1
No(1 = 2XeSupe — 2AsSas + A2 +22) = 1 4)
and the approximate relationships
N? =N [1+ 2757, — 2MSap]
N? = N2[1+ ST, + AEST7, — 2heSape — 2XsSas] (5)

Here N is the average covalency factor. Sy,y (and Syq) are
the group overlap integrals. In general, the mixing coeffi-
cients increase with increasing the group overlap integrals,
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and one can approximately adopt the proportional relation-
ship between the mixing coefficients and the related group
overlap integrals, i.e., A./Sape = Ag/Ss within the same irre-
ducible representation eg.

From the superposition model [17] and the geometrical re-
lationship of the studied impurity center, and rhombic field
parameters can be determined as follows:

Dy = s (Ro)[(Ro/R 2 — (R /R, )"

_4
21

4 _
D; = 7A2(R0)(R0 /R )*cos®
20

Dy = S A4(Ro) (Ro/R, ) cos ®f 6)

D, A4(R0)[(7c0s26' +3)(Ro /R )"* +4(Ro/R]))"]

Here 6/(=0¢+A0’) denotes the planar bonding angle for the
substitutional site in rutile, . A>(Ry) and A4(Ry) are the in-
trinsic parameters (with the reference bonding length Ry),
while 7, (=3)and #4(=5) are the power-law exponents [18].
The relationships A4(Ro) = 2D, and A>(Ro) =9~ 1244(Ry)
can be obtained from Refs. [18] and we take A,(Rp) =
12A4(R0) here. The reference bonding length Ry can be
reasonably estimated from the empirical relationship Ry
~R+(ri —rn)/2, R= (R);+2R )3 ~ 1.957 A (the average
metal-ligand bonding length), r; (=0.66 A )and r;, (~0.68
A) denote the ionic radius for the impurity Mo>* and the
host Ti** [19]. From the distance Ry (~1.947 A) and the
Slater-type SCF functions [20,21] the integrals Sy,; ~ 0.047,
Sape = 0.1168, Sq; ~ 0.0935 and A ~ 1.2673 are obtained.
As mentioned before, because of the Jahn -Teller effect,
the impurity-ligand bonding lengths R’/ , and R',, and hence
the angle o ~ tan"' (R’ / R’/ ;) may be different from those
(R//, Ry and o) in the host. The impurity-ligand bonding
lengths can be written in terms of the local distortion angle
A0/ (= o/ — o), the average distance R as:

o 3R . 3R
/7 142tan(45° +Ad) 7 2+ cot(45° + Ad)

)

For TiO,:Mo’", to our knowledge, no optical spectra data
were reported. However, the value D, ~ 2500cm ! was ob-
tained for the [MoO4]3~ cluster in CaWO4:Mo>* [22] .thus,
the value D, ~3750cm~! can be approximately estimated for
the studied octahedral [MoOg]”~ cluster here.

Thus, by using the formulas of the g factors (Eq. (1)), and
fitting the calculated g factors to the experimental data, we
have

N=0.733, Ad ~0.995° A8 ~-0305°. (8)

The values N; ~ 0.7550, N, ~ 0.8124, A, =~ 0.6187, A, =~
0.5098 and A, ~ 0.4081 are calculated from equations (4)
and (5). Then the parameters { ~ 799cm™!, {' ~ 788cm™!,
k ~ 0.899 and k' ~ 0.534 can be determined from equation
(3) and the free-ion values {; ~ 1030cm™~! for Mot [22]
and { ~ 151cm™! for 0%~ [23].

In the formulas of the hyperfine structure constants, the
free-ion value Py is about -68.2x10~% cm™! for Mo>* [24].
By fitting the calculated hyperfine structure constants to
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the observed values, the core polarization constant is deter-
mined: k~0.42.

The corresponding EPR parameters are shown in table 1.
For comparisons, the calculated results based on the for-
mulas of the g factors within the scheme of the conven-
tional crystal-field theory and various fitted parameters in
Refs. [11] are also collected in Table 1.

Table 1. The EPR for the substitutional Mo®" center in rutile.

Ox 9y 9z Ax Ay A,
(10%em™)  (@0*em™?)  (10%em™)
Cal.® 1.8155 17923 1.9167
cal.” 1.8116 1.7883 1.9125 28 30 62
Expt. 1% 1.8117 1.7883 1.9125 24.74 30.50 65.85

# Calculations b}/ using the simple perturbation formulas and adjusting various parameters in the
previous work w,

Calculations by using equation (1) and including both the local distortion and the ligand orbital
contributions in this work.

3. DISCUSSION

From table 1, one can find that the calculated EPR pa-
rameters based on the perturbation formulas in Eq. (1) by
considering the local lattice deformation as well as the lig-
and orbital and spin-orbit coupling contributions show better
agreement with the experimental data than those in the ab-
sence of the above contributions. This means that the formu-
las and the related parameters adopted in this work can be
regarded as suitable.

The local axial and rhombic distortion angles Ao’ and A6’
for the impurity center are different from those in the host
sites. The ligand octahedron in the substitutional center is
found to be slightly (A’ =~ 0.995°) compressed while elon-
gated (Aa. = -0.73°) in the host Ti** site, and the perpendic-
ular distortion (A8’~ —0.305°) are much smaller than that
(AB==-9.0°) in the replaced cation site. The above distortions
can be described as the contraction (by about 0.084) and re-
laxation (by about 0.044) of the parallel and perpendicular
bond lengths, and the angle 6’ is much closer to that (=~ 90°)
of cubic case. As a result, the ligand octahedron is slightly
compressed. The reason may be due to the Jahn-Teller ef-
fect which may lend to compress the ligand octahedron, as
Ni*t on the octahedral A1’ site in LaSrAlO4 [12]. Inter-
estingly, similar local lattice modifications around impurity
ions in crystals are also found for substitutional V4* centres
in rutile-type crystals [13]. Thus, the local structure proper-
ties around Mo T ion in rutile obtained in this work can be
regarded as reasonable and the anisotropy of the experimen-
tal g factors can be understood, by considering the local axial
and rhombic distortion angles Ao’ and A9'.

Ji-Zi Lin

Seen from Table 1 one can find that the agreement between
the theoretical g factors and the experimental data in present
work is better than that in Refs. [11]. Based on the formu-
las of the g factors within the scheme of the conventional
crystal-field theory in Refs. [11] , the observed g factors
were explained by various fitted parameters and the energy
separations were not determined from the local structure of
the impurity center. In addition, the contributions from the
SO coupling coefficient and the orbitals of the ligands were
not taken into account. In view of the high valence state of
Mo’*, the distinct covalency and hence, significant admix-
ture of the metal and ligand orbitals can be expected. This
point may be illustrated by the small covalency factor N (=
0.733<1) in equation (5) and the obvious mixing coefficients
(A, ~0.6187, A, ~ 0.5098 and A; ~ 0.4081) obtained in this
work. Based on the studies, inclusion of the contributions
from the SO coupling coefficient and the orbitals of the lig-
ands leads to the variations of about 0.04, 0.05 and 0.016 for
the calculated g,, g, and g, respectively. Obviously, for the
impurity ion Mo>* with high valence state in the octahedral
cluster, the above contributions could not to be ignored.

There may be some errors in the above calculations. First,
the approximation of the perturbation formulas and the clus-
ter approach adopted here can induce some errors. Sec-
ond, the cubic field parameter Dq extrapolated from the
[M0O4]*~ cluster in CaWO, would lead to some errors. Fi-
nally, the impurity-ligand distance is obtained from the em-
peirical relationship related to the difference between the
ionic radius for imputity and host ions, which may bring for-
ward some errors in the average distance R for present sys-
tem. It means that the actual average distance can be slightly
different from R. This would bring small errors to the group
overlap integrals in the calculations. In fact, the errors in the
final g factors and distortion angles in Eqgs. (1) and (7) due to
the above variation in the average distance R turn out to be no
more than 0.4%, since R is mainly related to the magnitude
of the g factors.

4. CONCLUSIONS

The electron paramagnetic resonance(EPR) parameters g-
factors g;(i=x,y,z) and the hyperfine structure constants A;
for the substitutional Mo>t in rutile are theoretically investi-
gated in this work. Based on the studies, The oxygen octa-
hedron around Mo is found to transform from the original
elongation on the host Ti** site to compression in the impu-
rity center due to the Jahn-Teller effect. The theoretical EPR
parameters based on the above local structure in this work
are in good agreement with the experimental data.
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