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The optical spectrum band positions and electron paramagnetic resonance (EPR) parameters — g fac-
tors (gv, g, g-) and the hyperfine structure constants (4, Ay, Az) for Cu?* doped in LiNbO; crystal are theo-
retically investigated using the perturbation formulas of these EPR parameters for a 3d ° ion under rhom-
bically elongated octahedra based on the cluster approach. The doped Cu’* was assumed to substitute for
the host Li" in the lattice, with a different local environment from the original Li* due to size mismatch and
the Jahn—Teller effect. Based on the calculations, the Cu-O bonds are found to suffer the axial elongation oz
(~0.0611 A) along the z-axis, and the planar bond length experiences an additional variation 5r (~0.0861 A)
along the x- and y-axis respectively. Meanwhile, the ground-state wave function for the Cu’" center
in LiNbO3 was also obtained.
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Introduction. LiNbOs3 crystal is an important ferroelectric material. This crystal doped with transition
metal (TM) and rare earth (RE) ions has been widely studied to achieve unique optical [1, 2], photorefractive
[3, 4], luminescence [5], dielectric [6], and structural properties [7, 8]. Usually, these properties can be close-
ly related to the defect structures and electronic states of the doped ions. Electron paramagnetic resonance
(EPR) has long been considered one of the most useful tools for obtaining information on the configurations
of the incorporated paramagnetic ions and determine the local structure of the doped TM and RE ions [9-12].
In addition, study of the optical absorption can provide the crystal field parameters and structure of energy
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levels of the TM ions [13, 14]. Thus, EPR and optical absorption studies were usually carried out to collect
the information about the coordination/local site symmetry and bonding nature of the doped TM ions in the
host lattice. The Cu*" ion with d ? electron configuration is one of the most interesting TM ions because it
represents a relatively simpler energy level structure (only one ground state and one excited state under ideal
octahedral crystal-fields, up to five levels under rhombic symmetry) and gives valuable information about
the ground state and the local symmetry of the ion. Four optical spectrum band positions and the EPR pa-
rameters (g factors g;, with i = x, y, z, and the hyperfine structure constants 4;) for LINbO3:Cu®" have been
measured by Yetrosyan et al. [15].

The theoretical investigations of the EPR parameters of Cu*" doped LiNbO; have been made by Kuang
et al. and Zhang and Xiao [16, 17]. However, previous studies focused only on the EPR parameters using the
high-order perturbation formulas. However, until now, as a part of the particular interest in this area, the op-
tical spectra of the [CuOg]'® cluster in LiNbO; crystal have not been studied, as the analysis of the optical
spectra can also provide useful information about electronic states and local structures of the impurities.
Thus, further unified studies on the optical and EPR spectra are an imperative requirement. In this work, four
d-d transition bands and the EPR parameters, as well as the local structure for LiNbOs:Cu?", are uniformly
investigated from the perturbation formulas of these parameters for a 3d ° ion in thombically elongated octa-
hedra. In the calculation formulas, the reasonable local lattice deformations around the impurity of the Cu**
center due to the Jahn—Teller (JT) effect are included, the ligand orbital and spin-orbit coupling (SOC) con-
tributions to the EPR parameters are considered from the cluster approach, and the admixture of d-orbitals in
the ground state wave function of the Cu?* center is also taken into account.

Calculations. The structure of LiNbO3 has been determined by X-ray and neutron diffraction [18] as
a trigonal structure made up of irregular oxygen octahedra piled along the Cs axis and sharing faces, where
Li* and Nb>* cations occupy the octahedral sites. The Nb octahedra exhibit two Nb—O distances, namely,
R1~1.889 A and R, ~2.112 A, and the Li octahedra are characterized by two metal-oxygen distances (Li—O)
of R; =~ 2.068 A and R, ~ 2.238 A [18]. When the Cu?" ion enters the lattice of LiNbO3, in view of the charge
state and ionic radius of Cu?* (0.73 A) closer to Li* (0.76 A) than to Nb>* (0.64 A) [19-21], Yetrosyan et al.
[15] tentatively assumed that Cu?" substitutes for Li" in the LiNbOs crystal. However, the ground orbital
state of d? ions, such as Cu®’, at a trigonal octahedral site of crystals is the orbital doublet *E, with a low
spin (S = 1/2), which is JT unstable in a trigonal symmetry and undergoes a JT distortion to remove the de-
generacy [15]. The optical and EPR spectra of LiNbOs:Cu?" indicated that the local structure of the
[CuO¢]'"" cluster is not trigonal like the host Li* site but a rhombic distortion owing to the electron—phonon
coupling between octahedral E, electronic states and e, vibrations (E;®e, model). As the EPR parameters of
the doped paramagnetic ions are sensitive to its defect structure, one can tentatively obtain the defect struc-
ture of a paramagnetic impurity center by studying its experimental EPR parameters.

Local structure of the Cu*" center in LiNbOs. As for a Cu®" ion under octahedra, due to the JT effect,
two Cu-O bonds along the C; axis can be relaxed by some distance Az; meanwhile, the other four perpendic-
ular bonds may experience a relative variation &7 along the x- and y-axes, transforming the host trigonally
distorted LiOs octahedra into the local rhombically distorted CuOg one (Fig. 1). Then, the local structure
around the impurity Cu?" is different from that of the host Li" site in the LiNbOj single crystal due to the JT
effect; for simplicity, the local Cu—O bond lengths R, R, and R: along the x-, y- and z-axes in the rthombic
[CuO¢]'" cluster can be expressed in terms of the reference distance R, the axial distortion Az, and the planar
bond length variation dr as:

R.~R+ 26z, Re = R—06z+9dr, Ry= R— 3z — or. (1)

Formulas of the EPR parameters for LiNbOs:Cu’*. The 2D state of a 3d ° ion in an octahedral crystal
field will be split into a higher triplet 275, and a lower doublet *E,. If the site symmetry is lowered to rhom-
bic, its lower orbital doublet 2E, would be separated into two singlets >414(0) and *41¢ (¢), and the higher cu-
bic orbital triplet 27>, would split into three singlets 2Big (), *Bag (1), and 2Bsg () [22, 23]. As the states
2414(0) and 241,'(¢) belong to the same representation of a rhombic symmetry group, the ground state should
be an admixture of both states [24-26], i.e.,

o= a|dx2*y2> + B|d32272>~ (2)

Here, o and B are the mixing coefficients owing to the thombic field components, which satisfy the normali-
zation relation:
a?+pP=1. 3)
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The high-order perturbation formulas of the EPR parameters for rhombically elongated octahedral 3d °
cluster can be expressed as [26]:

N 2k'c' (o + \/gB)z L R x/gﬁ) N k'cc'(o —3B%) B 20%g.c” 3

Ex =& E, E,E, E E, E2
887 (@3B | 20ke”(a—+3p)
2E3 E,E, ’
2K =3B)®  2ukec(a—3B) | ke'(o® -3p%) 20°g,c”
v E, E,E, ELE, E;
887 (@+3p)° | 2ake” (0 +3P)
2E; E,E, ’
g =g ¢ 3K 20K (@=\3P) 20k (a+V3P)  gct(@=V3B)’
° %K, E,E, E,E, 2E}
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Here, g; (~2.0023) is the spin-only value; { (and {') are the SOC coefficients and & (and £’) are the orbital re-
duction factors; Py (~388x107* cm™! [27, 28]) is the dipolar hyperfine structure parameter of a free Cu>" ion,
and thus P = NP; « is the isotropic core polarization constant for the central Cu** (34 °) ion in crystals. Gen-
erally, the core polarization constant k can be expressed with an empirical formula 1« ~2y/(37~>) [27], where
y represents the density of unpaired spins at the nucleus of the Cu?* ion and (» ) is the characteristic of the
expectation value of the inverse cube of the 3d radial wave function. Using () ~ 8.252 a.u. [27] and
¥ ~—3.12 a.u. [23] for the Cu*" ion, the value x ~ 0.23 may be estimated.

4 O Lit
b 7 . Cu2+
C3 02,
A ’Q 02
- r N
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N
LiNbO;:Cu** ’
due to Jahn—Teller

Fig. 1. (a) Structure of the Li" site in LiNbO3, (b) the local structure of the impurity Cu®* center
in LiNbO3 due to Jahn—Teller effect.
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Formulas of the d-d transitions for Cu’" center under rhombic symmetry. In Eq.(3), E; (j = 1, 2, 3, 4)
denote the separations between the excited *Bg, 2Bag, 2Bsg, and *41gand the ground 24’ states, respectively
(Fig. 1). The observed four crystal-field energy levels of a 3d° ion under rhombic symmetry can be de-
scribed by the crystal-field parameters Dy, Ds, D, De, and Dy:

Ei=-4D- 5D,
E,=10D,,
Es=10D, — 3D, + 5D, — 3Dz + 4D,
E4= 10D, — 3D; + 5D, + 3Dz — 4D»,. (5)

Calculations of the cluster approach. Based on the two SO parameter model, the one-electron basis
functions Py (where y = ¢ and e represent the irreducible representations 75, and E, of Oj, group) for an octa-
hedral cluster can be given as [29]:

lPt = Nzl/z(d)z _}“tsz) p

_ 2

\Pe _Ne (¢e _xeXpe _7‘5%3) . (6)
Here, ¢y is the characteristic of the d orbitals of the central ion, whereas y,, and ) represent the p- and
s-orbitals of the ligands. N, and A, (or As) are the normalization factors and the orbital admixture coefficients
respectively. They can be determined from the normalization conditions:

N,(1-2X,8,,, +1]) =1 (7

and the approximate relationships:

N? =N} (1+27S5, —21,8,,).

dpt
Nz :Nez(l_l_}\’i‘gjpe +7\'%S5S _27\‘6Sdpe _27\’sSds) > (8)
Sapy (and Sg) are the group overlap integrals. As orbital admixture and overlap between the central ion and
ligands have consistent dependence on bond length, one can reasonably adopt the proportional relationship
Ae/Sape = As/Sas for the same irreducible representation eg. N is the average covalency factor, characteristic of
the covalency effect of the studied system.
Based on the cluster approach [29], the orbital reduction factors £ (and £") and the SOC coefficients
C (and (') can be determined as follows:

G=N,(Cg+AiG, /D), U= NN (CG 285 /2),
k=N,(1+%2/2), k'=NN,[1-1,,+r,A4)/2], )
where {,” (~829 em™! [30]) and §,° (~151 cm™! [27]) are the SOC coefficients of the free Cu*" (3d ?) ion and
the ligand O ions, respectively. 4 denotes the integral R{(ns|0/0y)np,, where R is the reference impurity-
ligand distance of the studied system.
Calculations of the optical spectrum band positions and EPR parameters for LiNbO;:Cu’*. For

LiNbO;:Cu*", the rhombic crystal field parameters (Ds, Dy, Dz, and Dy) can be determined from the superpo-
sition model [31] and local structure of the Cu®** center in LiNbO;:

2— RY (Rr) R
D,=-~4H®)|| =] +| =] —2| =| |,
STy R, R, R,
t4 1y 1y
th—iA4(R) RV VR R,
21 R, R R

2 RY (RrY
D.=—~4®|| 2| | & |,
¢ 72()13) [R]

Dn:_%z4(1a) (Rij —[Rij . (10)
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Here, t, ~ 3 and t4 ~ 5 are the power-law exponents [32-36]; A(R) (k = 2, 4) are the intrinsic parameters
with the reference distance R. For 3d " ions under octahedra, the relationship A4(R) = 3D,/4 and the ratio
A>(R)/A4(R) ~ 10.5 were proved valid in the previous EPR studies using the superposition model for 34" ions
in many crystals [37, 38], where the cubic crystal-field parameter D, can be obtained from the experimental
optical spectra. From the observed four d-d-transition bands, we have D, ~ 870 cm™. The covalency factor N
can be obtained from the empirical formula N2 =~ 1 — A(L)k(M) [39]; here, h(L) and k(M) are the characteris-
tics of the ligand and central metal ions, respectively. According to the values #(0*)=~1 [39] and
k(Cu*") = 0.3 [40], N ~ 0.83 can be obtained. Using the reference bond length R = [(R; + R»)/2] = 2.155A for
the host Li" site and the SCF functions [41, 42], the group overlap integrals Sz ~ 0.0053, Sge ~ 0.0192,
S5~ 0.0153, and 4 = 1.4017 can be calculated. Then, the normalization factors Ny, and the mixing coefficients
Ay can be calculated from Egs. (7) and (8). The SOC coefficients  ({') and the orbital reduction factors & (k')
may be determined from Eq. (9). The local impurity-ligand bond distances are received R,=2.180 A,
R, =2.008 A, R, =2.277 A along the x, y, and z-axes, respectively; the normalization factors N; = 0.831,
Ne = 0.839; the orbital admixture coefficients A, = 0.456, A. = 0.363, and A, = 0.289; the spin-orbit coupling
coefficients { = 702.0 cm ! and {’ = 681.6 cm ™!, and the orbital reduction factors k = 0.918 and k' = 0.688 for
the Cu** centers in LiNbOs.

Therefore, there are only three parameters (i.e., the mixing coefficient a in the ground-state wave func-
tion, the axial bond length elongation oz along the z-axis, and the planar bond length variation &7 along the
x- and y-axes) are unknown in the above formulas. Substituting these values into Eq. (4) and fitting the cal-
culated EPR parameters to the experimental data, we have:

a~0.992,8z~0.0611 A, 6r~ 0.0861 A, 11
for the copper center. Then, the ground state wave function for LINbO;:Cu?" can be written as follows:
© =0.992|d>2) +0.126|d; > 2). (12)

The corresponding calculated optical spectral bands and EPR parameters (Cal. IV) are listed in Table 1. The
results (Cal. I) based on the above local structural parameters and the admixture of d-orbitals in the ground-
state wave function but neglecting the ligand contributions (i.e., taking { = {' = N(,° and k = k' = N), and
(Cal. IT) based on the local structural parameters and including the ligand contributions but neglecting the
admixture of d-orbitals (i.e., o = 1, B = 0) in the ground-state wave function and (Cal. III) by the previous
works are also collected in Table 1.

TABLE 1. The g Factors g; (i = x, , z), the Hyperfine Structure Constants 4; (in 10 cm ™),
and the Optical Band Positions (in cm™") for the Cu?" Center in the LiNbOj3 Crystal

Calculation & g fo Ay Ay A
I 2.118 2.153 2.491 51.3 34.5 =51.2
II 2.060 2.075 2.409 25.8 18.7 —86.7
I 2.175 2.118 2.409 - - -
v 2.095 2.124 2.403 41.9 28.0 —83.1
Experiment [15] | 2.095 (5) 2.121 (7) 2.403 (5) 40 (2) 29 (3) 82 (2)
The optical band positions (in cm ™) for the Cu®* center in the LiNbO5 crystal
do ) d.2) d,) d.) d,)
Calculation 5013 8670 9598 11.574
Experiment [15] 5000 8700 9600 11.300

N o t e. Calculation I based on the local structural parameters and neglecting the ligand orbit and
spin-orbit coupling contributions but the admixture of d-orbitals in the ground-state wave function
are taken into account; II based on the local structural parameters and including the ligand orbit and
spin-orbit coupling contributions but neglecting the admixture of d-orbitals in the ground-state wave
function; III calculated by previous work in Yetrosyan et al. [15]; IV based on the local structural pa-
rameters and including the ligand orbit and spin-orbit coupling contributions and the admixture of
d-orbitals in the ground-state wave function.
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Results and discussion. From Table 1, the calculated optical spectral bands and EPR parameters
(Cal. IV) for LiNbO;:Cu®* are in agreement with the experimental values. Thus, the observed optical and
EPR spectra for the Cu’’ center in LiNbO; are uniformly interpreted. This suggests that (i) the [CuOs]'*" oc-
tahedron in the trigonal LiNbOs crystal is indeed rhombic symmetry caused by the JT effect and (ii) the ad-
mixture of d-orbitals in the ground state for the impurity of the Cu?" ion cannot be ignored.

1) The studied Cu®" center in LiNbO; exhibits moderate covalency and impurity-ligand orbital admix-
tures, characterized by the relatively low covalency factor N (~0.83 < 1) and the significant orbital admixture
coefficients A, (~0.29-0.46) obtained from the cluster approach. Thus, the anisotropic contributions to the
EPR parameters from the different components of the orbital reduction factors (with the relative deviation
klIk' — 1 = 33%) and the SOC coefficients (with the relative deviation {/C' — 1 = 3.1%) should be taken into
account using the cluster approach. When the ligand orbital and SOC contributions are neglected, the theo-
retical results (Cal. I) are not as good as those (Cal. IV) including these contributions (Table 1). Thus, the
present perturbation formulas including the ligand orbital and SOC contributions are more reasonable in the
studies of EPR parameters for ¢ ions in rhombic symmetry.

2) For copper in an octahedral environment under rhombic distortion, the ground state of the central Cu**
is neither pure 24, «(0) nor 241,'(¢), but an admixture of both states. Table 1 shows that the calculated EPR pa-
rameters (Cal. IV), by applying the perturbation formulas and including the admixture between 24;4(0) and
2414 (€) states, are consistent with the experimental data and better than those neglecting the contributions
from the admixture of the d-orbitals (i.e., Cal. II, a = 1, B = 0). This means that the mixing coefficients o
(and B) obtained in this work are suitable, although the admixture of 4, state into the ground state 241’ is
insignificant (i.e., B ~ 0.126). Thus, the contributions to the EPR parameters due to this admixture cannot be
ignored. Moreover, the mixing coefficient o (~0.992) for the present Cu?* center is also in good agreement
with that based on the analysis of the EPR parameters for the rhombic CuOg clusters in crystals [43—46].

3) From Eq. (4), one can find that the hyperfine structure constants originate mainly from the isotropic
contributions proportional to the core polarization constant k, characteristic of the Fermi contact between the
ground 3d-3s (4s) orbital admixtures for the Cu?* ion. In addition, the hyperfine structure constants 4; are re-
lated to the g shifts (i.e., gi— g5) as well as the average covalency factor N for the Cu®" center. The signs of
hyperfine structure constants 4; for the doped TM ions in crystals are difficult to ascertain from only the EPR
experiments [26-28, 47-50]. However, our present calculations and the various observed values [22-26, 46, 50]
reveal that the signs of A,, 4, are positive, and A: is negative. The negative sign of 4. can be illustrated by
the larger magnitudes of the negative terms related to (k — 4/N/7) than those of the positive terms related to
the anisotropic contributions.

Conclusions. By analyzing the EPR parameters and optical spectral bands of the Cu?* center in LiNbO3,
the local structure of the impurity of the Cu?’ is obtained, i.e., the rhombic octahedra [CuOg]'®" in LiNbO;
crystal is found to exhibit the axial elongation 8z ~ 0.0611 A along z-axis and the planar bond length varia-
tion dx ~ 0.0861 A along the x- and y-axes owing to the Jahn-Teller effect. Meanwhile, the ground-state
wave function for the Cu?* center in LiNbO; was also obtained. Generally, LiNbOj3 crystal has extensive ap-
plications in laser technologies and nonlinear optics, which strongly depends on the presence of defects
caused by the transition metal impurities. Such impurities are responsible for modifications of the optical
properties of crystals required for particular laser applications. In addition, the photorefractive effect, which
is used for the storage of volume phase holograms, is also due to the presence of transition metal impurities
(Fe, Cu, etc.) and intrinsic lattice defects. Therefore, it is of theoretical and practical significance to obtain
the local structure for the Cu" center in LiNbOs crystal in this work.
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