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The gyromagnetic factors g, g, and the hyperfine structure constants A; and A, of the tetragonal

Cu?* center in KTaOj3 are theoretically studied in this work. Based on the analyses of the electron
paramagnetic resonance results of this center, it is found that the impurity Cu’* occupies the octa-
hedral Ta>* site, associated with a nearest-neighbouring oxygen vacancy Vg along the C4 axis. Due
to the electrostatic repulsion of Vg, Cu?™ is displaced away from Vo by AZ(~ —0.29 A) along the
C,4 axis. The theoretical values of the g and A factors based on the above defect structure and the
impurity displacement agreee reasonably with the experimental data.
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1. Introduction

KTaO3 is a useful host to study defects due to
transition-metal ions, such as hyper-Rayleigh scatter-
ing and second harmonic generation [1—4]. Extensive
studies have been carried out on the defect structure
(e.g., impurity-vacancy centers) and interaction be-
tween impurity and ligands in some transition-metal
ion (such as Cu?*t, Mn?*, Co?") doped KTaO3 by
means of EPR [5-8]. For instance, the gyromagnetic
factors g and g, and the hyperfine structure constants
A and A, of a tetragonal Cu?* center were mea-
sured [8]. Until now, however, the above EPR results
have not been theoretically investigated, although this
center was tentatively attributed to Cu?* occupying the
host octahedral Ta®*t site with some type of charge
compensation in view of axiality of the spectra [8]. In
this paper we study theoretically the g and A factors
as well as the local structure of this center, based on a
reasonable defect model.

2. Calculations

Cu?* may substitute the host octahedral Ta®* site in
KTaO3 due to its similar ionic radius, despite of its sig-

nificant charge mismatch (note: some transition-metal
ions such as Fe3* and Ni®* can also occupy the dode-
cahedral K™ site [5]). Since the impurity Cu?* has less
charge than the host Ta®", one nearest-neighbouring
oxygen vacancy (V) can occur along one of the [100]
directions as charge compensation. As a result, the lo-
cal symmetry is reduced from the original cubic one in
the host to tetragonal Cg4y in the impurity center. Thus,
the studied impurity center may be denoted as the de-
fect structure Cu?*t-Vg (or [CuOs]8~ cluster).

When a Cu?* (3d°) ion is under octahedral symme-
try, there are only two energy levels, i.e., one lower
orbital doublet 2E4 and another higher orbital triplet
2ng. As the octahedron is elongated along the C4 axis,
the lower 2Eg irreducible representation would split
into two orbital singlets 2Byq(|x2 —y? > or €) and
2A14(|Z2 > or ), with the former being lower. Mean-
while, the upper 2ng energy level would be separated
into an orbital singlet 2B,g(|xy > or ¢) and a doublet
2Eqg(|xz >, lyz>or n, %) [9].

The perturbation formulas of the g factors and the
hyperfine structure constants for the 3d° ion in tetra-
gonally elongated octahedra may be written as [10, 11]

9) = 9o +8k&a/D1 +K&g® /Da? + 4k&y? /(D1D;)
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— go&a?[1/D1® — 1/(2D2%)] 4 k&4®[4/(D1D2?)
— 1/D7°] — 2k4*[2/(D1°D2) — 1/(D1D2?)],

91 = Qo+ 2k4/D2 — 4ke?/(D1D2)
+ kG4?[2/(D1D2) — 1/D2?) +2g0S4? /D
+ k&*(2/D1 —1/D3)(1/D2 4 2/Dy) /(2D2),
A = Py[—x —4K/7+ (9] — 9o) +3(9.L — 9o) /7],
Al =Py[-x—2k/7+11(g1 —g)/14], (D)

where go(= 2.0023) is the pure spin value, k the or-
bital reduction factor, and x the core polarization con-
stant. {y and Py are, respectively, the spin-orbit cou-
pling coefficient and the dipolar hyperfine structure pa-
rameter of the 3d° ion in crystals. The denominators D
and D, are the energy separations between the excited
2Byq and 2Eq and the ground 2Byg states [10,11], i.e.,
D; = 10Dq and D, = 10Dq — 3Ds + 5Dy. Here Dq is
the cubic field parameter, and Ds and Dy are the tetrag-
onal field parameters.

As mentioned before, one nearest-neighbouring V o
is located along the C, axis as the charge compensa-
tion. Because of the effective positive charge of the
Vo, the impurity Cu?* would be expected to shift away
from Vo by an amount AZ along the axis under elec-
trostatic repulsion. From the superposition model [12]
and the local geometrical relationship due to AZ, the
tetragonal field parameters can be determined as fol-
lows:

Ds = (4/7)Az[(3¢0s? o — 1)(Ro/R, )%
+ (1/2)(Ro/R0)%],

Dy = (8/21)A4[(1/2)(35¢0s* o — 30 cos? o
+3—7sin* &) (Ry/Re)“ + (Ro/Ry)%].

Here A, and A, are the intrinsic parameters, with the
reference bonding length (or the effective impurity-
ligand distance) Ry. For 3d" octahedral clusters, Ay =~
(3/4)Dg and the ratio Ay/A4 ~ 9 ~ 12 are regarded
as valid in many crystals [12-14]. Ax(Ry) ~ 12A4(Ro)
is adopted here. t, and t4 are the power-law exponents,
and we take t; =~ 3 and t; ~ 5 here [12]. The local struc-
tural parameters Ry (x1) and Ry(x4) in (2) can be ex-
pressed as

@

Ri~Ry+AZ, Ry~ (Ry?+A4Z%)Y2,

@)
coso ~ AZ/Ry.

Here R; denotes the impurity-ligand bonding length
for the Cu?*,0% bond along the C4 axis, and R, the

Table 1. The gyromagnetic factors and the hyperfine structure
constants for the tetragonal Cu?*-Vq center in KTaOs.

Cal. Expt.2 [8]
9 2.289 2.228 (2)
gL 2.052 2.056 (5)
A (107*cm™) —167 -173(2)
A, (107%cem™1) —-51 —45 (3)

@ Note that the signs of the experimental A factors were not deter-
mined in [8]. Based on the theoretical calculations in this work and
various observed results for Ci?* in some elongated oxygen octahe-
dra [18, 20, 21], we suggest that these signs may be negative.

bonding length for the other four Cu?*,02~ bonds due
to the displacement AZ. o is the angle between the R,
and C, axis.

For the studied Cuzt center in KTaOg3, since the
ionic radius ri(~ 0.72 A [13]) of the impurity Cu?*
is larger than the radius r, (= 0.68 A [13]) of the host
Ta%*, the reference bonding length Ry may be esti-
mated from the empirical formula Ry ~ Ry + (ri —
rh)/2 [14,15], where Ry(= a/2 ~ 1.994 A [16]) is
the host Ta>*,02~ distance in the pure crystal. Thus
we have Ry ~ 2.014 A here. The intrinsic parame-
ter As ~ 615 cm~? is obtained for the similar Cu?*t
octahedron in Cu?* doped LiNbO3 [17] and can be
applied here. The orbital reduction factor is taken as
k =~ 0.61 in (1). Then, the spin-orbit coupling coeffi-
cient can be expressed in terms of k, i.e., &g ~ k&4°,
where 4°(~ 829 cm~! [9]) is the corresponding free-
ion value. In the formulas of the hyperfine structure
constants, the dipolar hyperfine structure parameter is
Py~ 416-10~* cm~! for 5°Cu [18], and the core po-
larization constant is taken as x = 0.375. This value
is close to the range (= 0.26 ~ 0.3 [19]) for Cu?* in
Tutton’s salts and that (~ 0.3) for 3d" ions in crystals
[9], and can be regarded as suitable. Substituting these
parameters into (1) and fitting the calculated g and A
factors to the experimental values, we obtain the impu-
rity displacement

AZ~—0.29A. 4)

Note that the displacement direction towards V¢ is de-
fined as positive. The corresponding theoretical results
are shown Table 1.

3. Discussion

According to Table 1, we find that the calculated g
and A factors based on the impurity displacement in
(4) agree reasonably with the experimental data. Thus
the observed EPR results in [8] are interpreted in this
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work, and the defect structure (i. e., Cu?+-Vo) for this
center in KTaO3:Cu?* is also presented.

1.) The sign of the displacement AZ < 0 of the im-
purity Cu®* is consistent with the expectation based
on the electrostatic interaction between Cu?* and the
Vo. So, the displacement direction of the impurity
can be regarded as reasonable. The displacement of
Cu?* away from Vo obtained in this work is supported
by the displacement scheme for impurity ions on B
sites in ABOg type perovskites proposed by Donner-
berg [22]. Interestingly, similar negative displacement
AZ(~ —0.14 A) for Mn?* on Ti*" sites in SrTiO3 and
that (~ —0.25 A) for Fe* on Nb®* site in KNbO3 are
also obtained from the theoretical analysis of the gyro-
magnetic factors [23] and the shell-model simulations
(and the embedded-cluster calculations) [22], respec-
tively.

2.) As regards the hyperfine structure constants, the
signs of the experimental A and A, values were not
given in [8]. However, the theoretical studies of the
present work yield negative signs of the A factors due
to the relatively larger magnitude of k¥ compared with
that of the g-shifts Ag[= gi — go, where i denotes ||
and L; see (1)]. This point is also supported by the
experimental results for Cu?* in some elongated oxy-
gen octahedra [18, 20, 21]. Therefore, the signs of the
A factors for the Cu* center in KTaO3 is theoretically
determined.

3.) There are some assumptions in the above cal-
culations. Firstly, the displacements of the five oxygen
ions in this center are not considered, due to the larger
distances away from Vg than that (i.e., Rp) between
Cu?t and Vg, and hence much smaller electrostatic
interactions. In addition, the approximation of the pa-
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rameters adopted in this work would also induce some
mistakes. Finally, the contributions of the spin-orbit
coupling coefficient of the ligands as well as the lig-
and p and s orbitals are ignored. This point has been il-
lustrated in recent studies on impurity ions in crystals,
where the spin-orbit coupling coefficient of the ligand
is comparable to or much larger than that of the central
metal ion [24—-27]. For the studied [CuOs]®~ cluster,
however, the above contributions can be regarded as
negligible because of the much smaller spin-orbit cou-
pling coefficient (~ 136 cm—! [28]) of the ligand oxy-
gen than that (= 829 cm ! [9]) of the central Cu?*.

4.) The impurity Cu?* could also occupy the dode-
cahedral K™ site in KTaOs, as reported for some other
transition-metal ions (e.g., Fe3*, Ni®*) in this host.
However, the ground orbital triplet 2ng of a dodeca-
hedral Cu?t would be separated in tetragonal fields
and lead to possible magnetic resonance transitions be-
tween the spin levels of a resultant orbital singlet. In
this case, the experimental g factors would be expected
deviate much from go, and their magnitudes should be
lower than 2.0 [29], which is inconsistent with the ex-
perimental results. Further, the relaxation time in this
case would also be too short for EPR spectra to be
observed at room temperature. Therefore, occupation
of the impurity Cu?* on the dodecahedral K+ site in
KTaO3 may be excluded, at least for the experimental
results in [8].
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