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Abstract. The electronic structures of Cr>F jons on the Nb site and the Li site of LINbO;
were calculated under the actual site symmetry Cs with the spin-polarized self-consistent-
charge discrete variational X, (50c-DV-X,) method. Special emphasis is placed on a
discussion of the potential of LINbO3:Cr’t as a tunable laser crystal,

1. Introduction

The LiNbO;:Nd laser was developed early in the 1960s. However, because of -
photorefractive damage caused by photovoltaic photorefractivity, its practicality is
limited. Recently it was discovered that the photorefractive damage can be reduced by
the addition of MgO to LiNbO; [1]. Thus the practicality of the LiNbO,:Nd laser has
been greatly improved. Because the LiNbQ,:Nd laser possesses the features of self-
frequency-doubling and self-Q-switching, it has attracted much attention. Chromium-
doped LiNbO, crystals possess a strong broad-band fluorescence; so it would add the
- extra feature of tunability o the LiNbO;:Nd laser.

Michel-Calendini e af [2] calculated the electronic structure of Cr>t ioms in
LiNbO, with the Ms-X_, method applied to C;, clusters representative of the different
- possible substitutional sites in the crystal host. In this paper, we calculated the
electronic structure of Cr** jons on the Nb site and the Li site of LiNbO; under
the actual site symmetry C; with the spin-polarized Dv=X_, method and place special
emphasis on a discussion of the potential of LiNbO,:Cr3* as a tunable laser crystal.

2. Method of calculation

LiNbO, is rhombohedral with the space group. R3e (C§,). The lattice constants are
ay = 5.14829 A and ¢y = 13.8631 A [3]. There are six formula units per hexagonal
(two per rhombohedral) unit cell. The structural parameters are listed in table 1.
The Nb ion and the Li ion are both situated within the oxygen octahedra of C;
-symmetry and are distributed alternately along the C; axis of the crystal. The top
and the bottom oxygen triangles of the octahedron are rotated from each other by an
angie a. For the Li 'octahedron, o = 3°49’, while the Nb octahedron has o = 41,
In other words, Li is situated in-a very distorted octahiedron. The cation-oxygen
- distances of Nb-O and Li-O are 1.889 and 2112 A for the former and 2.068 and
2.238 A for the latter.
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Cr3* jons are found to substitute both for Li and for Nb sites by ESrR [4],
ENDOR [5] and simulations [6]. It is also predicted that C** ions at the Li site are
probably cisplaced towards a more centrosymmetric position on the ¢ axis. However,
this hypothesis should be further confirmed [6). The optical properties of the Cr3+
ion on the Nb site and the Li site in LiNbO; can be obtained by calculations of
the ion cluster (CrO;)°~ formed by the luminescent centre Cr3+ and the six nearest
oxygen ions O?~. Calculations were performed for the cluster (CrOg)°~ by the spin-
polarized scc-Dv-X_, method. 3000 discrete points were taken. The frozen-core
model was adopted. 1s—4s were taken as the numerical basis sets for Cr3+ where
1s-3p were frozen, and 1s-2p as those for O?~ where 1s was frozen. All calculations
were performed on the Siemens 7.570-C computer at Tongji University.

3. Results and discussion

3.1. One-electron energy levels

The calculated one-electron energy levels of the cluster (CrO;)*~ for the Nb site and
the Li site can be roughly divided into five regions:

(1) O% non-bonding levels with energy values between —14.0 and —10.0 eV;
(2) bonding levels formed by Cray and 07, with energy values between —5.0 and
—1.0 eV;
(3 022; non-bonding levels with energy values between —1.0 and 1.0 eV;

(4) Cr3} crystal-field levels with energy values between 5.0 and 10.0 eV;

(5) antibonding levels formed by Cr;} and OZ; with energy values between 12.0
and 14.0 eV,

The 3d cne-electron energy levels are shown in figure 1.

It is shown that the energies of 3d levels and the interval between the 3d levels
and the 0%; non-bonding levels for the Nb site are greater than those for the Li
site. The reason is that the cation-oxygen distance of the Nb site is smaller; so the
interaction between the 3d levels and the ligand levels is greater. Thus the 3d levels
are pushed up farther. The one-electron eigenvalues of the 3d levels are listed in
table 2.

Table 1. Structural parameters of LiNbO;.

Atom F Y z

Nb 0.0 00 ¢o

0 0.0492 03446 0.0647
Li 0.0 (111] 0.2829

3.2. Energy differences between the *T, and 2E states

For the purpose of classifying materials and connecting the nature of the emission
band to the ligand field, Kenyon ef al [7] introduced the parameter A which represents
the energy difference between the T, and 2E states and noted that materials of
importance for tunable lasers must belong to the intermediate-field (A ~ 0) or low-
field (A < 0) category. Experimentally A is measured from the positions of the zero-
phonon *T, transition and the 2E band. In our previous papers [8,9], we discussed the
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Table 2. One-electron elgenva!um of thc 3d energy levels,

Eigeavalue (2V) - ~ Eigenvalue (eV)
cHE) Ot cot@e)  Cota)
20et 7.9083 6.4240 20e] 103922 8.6283
19e] 7.8677 6.2746 19el 10.2703 83679
- 18ef 6.2032 52127 T 18el 8.3872 . 7.9465
171 6.1959 5.2022 17el 8.8793 7.9357
%9f. 61308 5.1298 9al- 8.7202 7.8141

positions of the doublet terms of the configuration t,i using the information’ provldecl
by the spm-po]anzed X, calculation under lower site symmetry. This enables us to
- calculate the energies of the 2E state as well as those of the *T, state of Cr™* in
various crystal hosts, and to obtain A.

In order to calculate the energy difference between the *T, and 2E states, Slater’s
[10] transition state theory is used to calculate the transition energies of the 18e7-
19¢1, SaT-19%71, 9ai-20e1, 17¢7-9a] and 18¢f—Pa| transitions. The averaged value of
the three former transition energies is the energy of the “T, state, and that of the
two latter transition energies is the energy of the E state. The calculated values of
the energies of the *T, and ZE states and their experimental values [11], together
with the calculated results of Michel-Calendini e al [2] are listed in table 3. It is seen
that our calculated results are closer to the experimental results than those in [2]
are. The muffin-tin potential approximation used in the Ms-X_, method is inadequate
for quantitative description of detailed electronic states mainly because a constant
potential is used in the intersphere region. On the other hand, the bv—-X_, method
does not use the muffin-tin approximation but uses the more accurate SCF potentlal
and is supenor to the Ms—X,_, method.

It is reasonable that the zero-phonon T, state Ties 183 cm™! higher than the -
g state for the Nb site, while the zero-phonon T, state lies 3410 cm™! lower
than the 2E state for the Li site, since the mtion—oxygen distance of the Li site is
substantially greater than that of the Nb site and is in the low-field region of the
- Tanabe-Sugano [12] diagram where the T, state lies lower than the 2E state. It is
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Table 3. Calculated and experimental energies of the “T and 2E states,

Experimental Calculated

O, C: ‘Thansition Energy em™!) Averaged (cm—1)y [L1] ecm™!) {2} (ew™1)
Cot(Nb) “T: E 9a]-20e] 14443 14019 13645 16374
L, E 9a1—-19et 14139
4T, A 18ei-I%] 13474
2B E  18e]- 9al 13882 13836 13 686 17019
26 E I7el-9%)] 13790 13616
L) 4T, E 9at-20el 10961 10395 6865
AT, E  9al-19%e1 10473
T, A 18ef-19et 9751
2E E 18- %a] 13867 13805 13754 20004
2E E  17el—- %) 13743 : 13 636

also reasonable that the trigonal field splittings of the *T, and 2E states (1210 cm™!
and 124 cm™!, respectively) for the Li site are greater than those (969 cm~! and
92 em~!, respectively) for the Nb site, since the Li site is situated in a substantially
more distorted octahedron than the Nb site is. The calculated results indicate that
the crystal LiNbO,:Cr¥t (A = 183 cm—!) belongs to the intermediate-field category,
which the crystal 6sGG:Cr* (A = 50 cm~!) [13], one of the best tunable laser
crystals, also belongs to. In the intermediate-field regime, the closeness of the *T, and
2E states enables the population in the 2E state to transfer into the *T, state through
thermal excitation at room temperature, and from the *T, state the phonon-assisted
broad-band fluorescence which is necessary for tunability of a laser is emitted. The
metastable 2E state acts as an energy reservoir to favour room-temperature operation
of the tunable solid state laser.

In summary, the crystal LINDQ,:Cr?* is a candidate for a room-temperature tunable
solid state laser, provided that the dynamical behaviours of the Cr*+ ion in LiNbQ, also
support this conclusion. Therefore further calculations of transition probabilities should
be performed with respect to its potential as a tunable laser crystal.
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