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We report laser-excited optical transitions between the 453/2 and 4115/2 multiplets of Er3t as
an impurity in the LiNbO3 host, together with the optical-absorption spectra at liquid-helium and
liquid-nitrogen temperatures. The optical data allow us to determine the crystal-field splittings
of those levels and the spin-Hamiltonian parameters for the *I;5/; lower multiplet. The observed
electron-spin resonance and the angular variation of this spectrum agree with the parameters ob-
tained by optical techniques. Both techniques show that only one of the three possible trigonal sites
in LiNbOs is occupied by Er’" within the experimental sensitivity, in agreement with recent x-ray

standing-wave measurements.

I. INTRODUCTION

Much interest in studying LiNbOj3 by physical meth-
ods has recently arisen, due to the unique physical prop-
erties presented by this ferroelectric material, such as
photovoltaic, piezoelectric, elasto-optic, and photorefrac-
tive effects. Some of these properties are drastically af-
fected by the presence of impurities, growing conditions,
or thermal treatment, thus determining or affecting the
particular technical application for the material. A large
amount of papers has been published on this subject
in the last decade, particularly oriented to the use of
LiNbOg3 as a laser active medium, and monolithic inte-
gration of active electro-optic devices within the laser
material.'”7 The development of Er3t amplifiers in op-
tical fibers, and the great improvement that this gave to
communications, have increased the research in materi-
als such as LiNbO3:Er3* that could be used as an active
medium for the Er3* frequencies.

Electron-spin resonance (ESR) studies of other rare-
earth and 3d ions in LiNbO3; (Gd3*, Yb3+, Nd3+, Fe3+,
and Cr®t) (Refs. 2, 3) show trigonal symmetry, as ex-
pected from magnetic ions substituting for Li or Nb in the
lattice, or located as interstitial ions in the most probable
position of the unit cell. One of the existing examples?
shows that two different sites were found for Gd3* in
LiNbOj3, but our ESR experiments and the optical data
here presented show only one unique site for the Er3+
ion in LiNbOg within the experimental error. Very re-
cently, Gog et al.,* using the x-ray standing-wave (XSW)
technique, determined that the site occupied by Er3t is
a position near the Li site, with the same trigonal sym-
metry, displaced slightly in the —c axis direction. They
used nearly perfect single crystals, with Er3t introduced
by diffusion, in very small concentrations. Our work cor-
roborates the statement made in Ref. 4, in the sense that
only one trigonal site is occupied by the rare earth.
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II. EXPERIMENTAL DETAILS

The samples used in our experiments were grown
by the Czochralski method, using an automatic crystal
growth system from Cambridge Instruments. They were
prepared by melting optically pure Li,CO3z and NbyOs
in the correct congruent proportions obtained from the
phase diagram (48.6% of the first and 51.4% of the sec-
ond). Seeds were oriented with the c¢ axis in the vertical
direction, to obtain oriented single crystals. Er,O3; was
diluted in the melt to obtain Er3* as impurity. The nom-
inal Er concentration was 0.05 mol % in all our samples.
As the fusion temperature of the melt (1253 °C) is higher
than the ferroelectric critical temperature (7. ~ 1210 °C)
the crystals grow in the paraelectric phase, giving origin
to multidomains as they are cooled, with their optical
and magnetic characteristics altered. To avoid that, we
applied a small electric field to the melt during the grow-
ing (|E| = 0.2 V/cm, corresponding to a current of 1.2
mA /cm?) obtaining single domain single crystals. As Fe
and the ions OH™ are natural impurities in the samples,
we did a study of annealing methods, oriented to purify
the samples. After shaping and polishing the samples
thoroughly, we annealed them in an oxygen atmosphere,
in a ceramic crucible at 700°C, for eight hours. The re-
sulting samples are perfectly transparent, and neither the
ESR nor the optical measurements show the presence of
Fe. OH™ ions were not detected by optical means, either.

The fluorescence spectrum was obtained by exciting
the samples with an argon-ion laser using the 4880 and
4765 A lines at room temperature and liquid nitrogen
in a classical experimental arrangement. We used a 0.5
m Jarrel-Ash 82-000 monochromator, and a Thorn Emi
9558 QA photomultiplier as detector.

Polarized absorption experiments in the range from
33330 to 5000 cm~! were done with a Cary-17 spec-
trophotometer with a Glan-Thompson calcite polarizer.
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From 4000 to 200 cm~!, a Perkin-Elmer 180 was em-
ployed. The minimum spectral resolution was 1 cm™?!.
The cooling of the samples was obtained by immersion.

The ESR measurements were carried out with an X-
band Varian E-109 spectrometer, using 100 kHz magnetic
field modulation. The power applied to the samples was
10 mW in most of the experiments. We cooled the sam-
ples with an APD Cryogenics Inc. model LTR-3 Helitran,
adapted to the microwave cavity. We used liquid helium
as cryogenic liquid.

III. RESULTS AND DISCUSSION

The LiNbOj crystal belongs to the C$, (R3c) space
group, where Lit is in the [0,0,1/4] position, and Nb>+
in the [0,0,0], both in the trigonal axis. Cationic im-
purities enter into the lattice by substituting for those
ions, or in an interstitial position also belonging to the
¢ axis [0,0,1/6]. Always, the point symmetry of the im-
purity is C3, and it produces an angular variation of the
ESR spectra that is axial in every case. Group theory
can be used to predict the optical and electron para-
magnetic resonance (EPR) spectra. As is known, for the
C3 point group, the lower *I;5,, multiplet of Er3* splits
completely into eight Kramers doublets.

Figure 1 shows partially the experimental fluorescence
spectra of Er®* in LiNbOj3, where the so-called 7 (parallel
to the ferroelectric axis) and o (perpendicular to it) po-
larizations of the light are indicated with dashed and full
lines, respectively. The numbering of the peaks identifies
the transitions between the 45'3/2 — 4115/2 Er3t multi-
plets. Figure 2 shows the absorption spectra obtained at
liquid-helium temperature, where only the lowest level of
the Er’* ion is highly populated. Only two peaks can be
seen, with different intensities for each of the polariza-
tion directions. Figure 3 shows the absorption spectra at
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FIG. 1. Fluorescence spectra of LiNbO3:Er®** where the
transitions are numbered in accordance with Fig. 4 below.
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FIG. 2. Absorption spectra of LiNbOs:Er*t at lig-
uid-helium temperature for both polarization directions. The
peaks are numbered in accordance with Fig. 4 below.

liquid-nitrogen temperature, where other than the lowest
level of the I, ;2 multiplet are populated: several peaks,
numbered to be identified, can be seen for both polariza-
tion directions in the same wavelength region. Figure 4
summarizes the level diagram obtained from the optical
spectra together with the levels calculated by fitting the
Hamiltonian
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FIG. 3. Absorption spectra of LiNbO3:Er®*t at liquid ni-
trogen temperatures. Some of the lines are numbered, and
are identified as transitions in Fig. 4 below.
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FIG. 4. Levels of LiNbO3:Er®*t as obtained from the anal-
ysis of the spectra of Figs. 1-3. The numbering allows one
to identify the transitions observed by absorption or fluores-
cence. The polarization allowed is also indicated at the top
of each transition.

to the I /2 experimental energies. As the number of
independent parameters in the crystal-field energy, for
the C3 point symmetry and 4f electrons, is 7, and the
number of observed levels is of the same order, we needed
to make some assumptions. Looking at the crystal sites
allowed for the Er3* ion, we see that they can be consid-
ered as octahedral, distorted in the direction of the Cj3
axis, and with, further, a small tetragonal distortion. On
this basis, we wrote the first term in the right hand side
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FIG. 5. The LiNbO3:Er** EPR spectrum, consisting of the
lowest doublet resonance. The satellite lines are the hyperfine
transitions corresponding with **’Er (I = 7/2). The ordinate
axis is in arbitrary units.
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FIG. 6. Angular variation of the central line in Fig. 5.
The g values obtained experimentally agree well with those
corresponding with the lowest level of Fig. 4 (see text).

of Eq. (1) that corresponds to an axial distortion in the
c-axis direction; the second term represents a distortion
in the tetragonal direction, and the last two terms are the
cubic crystal field. The OZ*(c) and O7*(s) are Stevens’
spin operators transforming as the real combinations of
spherical harmonics C™ and ST tabulated by Prather.®
The last two terms correspond to the cubic crystal field,
and O4 and Og are the fourth and sixth order cubic lin-
ear combinations of operators.® We choose to write down
Eq. (1) in the cubic axes, instead of the trigonal axes,
for better understanding of the fitting parameters. We
obtain

B9 = (1.30 £0.05) x 107! cm™?,
B, = (6.51 £0.05) x 107! cm™?,
By = (5.21 £0.08) x 1073 cm™?,

Bg = (3.75 £0.10) x 107° cm™%.

The ESR spectra of Er3t in LiNbOj3 present a single line,
accompanied by the corresponding satellites of the 67Er
isotope, with I = 7/2, as can be seen in Fig. 5. The hy-
perfine parameter is isotropic, within the experimental
error, and its value is 74 = 77 £ 3 G. Figure 6 shows
the angular variation of the isotope '®8Er with the mag-
netic field in the plane (110) of the crystal. We fit the
g values of this transition by g = 15.14 and g, = 2.15.
These values agree within the calculation error with that
of a Kramers doublet with a wave function obtained from
the diagonalization of the 16 x 16 crystal-field matrix of
Eq. (1) for the lower J = 15/2 multiplet. However, the g
values obtained are very much dependent on small varia-
tions in the crystal-field parameters; for this reason, the
induced g shifts originating in the ferroelectricity of the
crystals!® could not be evaluated.

Rutherford backscattering!! ™3 and extended x-ray-
absorption fine-structure'®15 experiments show that the
most probable site for the rare-earth impurities is the Li*
site. The fact that the Li* ions are less strongly bonded
to the lattice, as is shown in early x-ray diffraction
experiments'® and by thermal reduction of the crystals,'”
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gives force to this result. XSW experiments by Gog et
al.* demonstrate, using this powerful spectroscopic tech-
nique, that the site occupied is a trigonal site near the
Li site. This is completely confirmed by our experimen-
tal results, both optical and ESR. This one is a very
sensitive tool to study magnetic impurities, and, as was
told above, we did not find any other resonance in our
samples. We cannot, from our results, define the site oc-
cupied by Er3*, but we can be sure that most of the Er3+
ions are in only one trigonal site, as Ref. 4 demonstrates.

IV. CONCLUSIONS

Summarizing, we obtained the crystal-field parameters
fitting the optical spectra of Er3* in LiNbO3. From the
calculation, we obtained the corresponding ESR g val-
ues, in good agreement with the experimental data. We
observed the optical and ESR spectra corresponding to
a single site for the Er3* ion; we conclude that it en-
ters in a trigonal site of the lattice, but we were not able
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to decide which is the site. Gog et al.* assert that the
site occupied by Er3* is that defined by them as site 1.
Total energy calculations!® showed that this site is ener-
getically favorable. We believe that this work completes
previous ESR and optical studies of LiNbOg, and that
it can help in future analysis of this system, and induce
theoreticians to develop models to explain the distortion
about the Er3* ion. This can be useful in the future use
of this system for solid state lasers or communications.
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