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The work presents experimental results of an in situ investigation of the OH™ absorption in pure and
MgO-doped LiNbO3 crystals during reducing (95% Ar + 5% H2) and oxidizing (O2) high-temperature treatments
in the temperature range from room temperature to 820 K. The absorption spectra measured in situ at high

temperatures in reducing/oxidizing atmospheres have been analyzed.

The origin of the changes in optical

absorption caused by heating of the crystal is discussed in terms of the OH-bonds orientation change.

PACS numbers: 42.70.Mp, 78.30.—j, 77.84.—s

1. Introduction

In lithium niobate (LiNbOj3) hydrogen can be found
in the form of OH™ molecular ions, as well as in nearly
all ABO3 compounds. The concentration of OH-groups
in nominally undoped LiNbOs is about 10'8-10'? cm—3.
OH-groups can get to the crystal both together with the
raw material and during the crystal growth, since water
is always present in air [1, 2].

Role of OH™ impurities in LiNbO3 has been inten-
sively studied because of large number of important ap-
plications of this crystal. It is well known that essential
role in photorefractive properties of LiNbOgs is played
by hydrogen impurities. In particular, thermal fixing
of holograms, recorded in LiNbOj crystals is explained
by migration of hydrogen ions [3]. On the other hand,
fabrication of optical waveguides by the so-called proton
exchange method is also connected with the presence of
OH™ impurities in the crystal. In this case LiNbOg crys-
tal plates are heated in water-saturated atmosphere [4].

To investigate the defects, connected with the presence
of OH-groups in LiNbOj crystal, one can use infrared
spectroscopy method, the Raman spectroscopy method,
nuclear-magnetic resonance (NMR) etc. The most ac-
cessible method for hydrogen impurities investigation is
registration of absorption spectra at about 2500 nm, in
the range, where vibrations of O-H bonds become appar-
ent [5].

The infrared absorption band, associated with OH™
stretching vibrations was firstly reported in 1968 [6].
From that time much work has been done on that topic.
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Nevertheless, many aspects related to the OH™ absorp-
tion spectra, such as site occupation of protons or the
components of OH™ absorption band are only partly un-
derstood [7-10]. The form of the absorption band and its
maximum position are dependent on the crystals compo-
sition — congruent, stoichiometric, presence of impuri-
ties. This fact allowed the authors of Refs. [11, 12] con-
sidering the OH™ absorption band as an indicator of the
crystals composition. As a result a new method of crys-
tals composition determination, by the form and position
of the OH™ absorption band maximum, was proposed.
Nevertheless, despite the huge amount of works devoted
to the investigation of OH™ impurities in LiNbOj3 crys-
tal, the influence of reduction/oxidation (redox) anneal-
ing on the changes in OH™ absorption band in LiNbOj
with different composition as well as the correlation of
these changes with changes in visible spectral region are
not studied enough.

In Refs. [2, 9] it was shown that incorporation of hy-
drogen in the crystal can be achieved by means of crys-
tals annealing in vapour-rich atmosphere at about 670 K.
In Refs. [2, 3, 9] the experiments of hydrogen removing
from the crystal were held during its annealing in vac-
uum at about 670 K. The authors consider that in this
case HT-ions leave the crystal in forms of HoO molecules
and, at the same time, crystal reduces and obtains dark
color. After that one can make LiNbOg crystal transpar-
ent and free from hydrogen impurities by annealing it in
pure oxygen atmosphere avoiding ingress of moisture.

At the same time NMR investigations of LiNbOg crys-
tals, that were previously annealed in vapour-rich atmo-
sphere, have not shown any changes in H concentrations
within the error limits of the experiment [13, 14].
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As for in situ investigations of OH™ absorption spec-
tra, we know only one work, where the behaviour of OH™
band was studied during crystal heating in air up to
600 K. The crystals were stoichiometric and doped with
Mg ions [15].

Thus, one can conclude that, despite the huge amount
of publications devoted to investigation of OH™ absorp-
tion band in LiNbOg crystals, its nature and its correla-
tion with crystal defect subsystem are not well explained.
This concerns the influence of reducing/oxidizing treat-
ments on crystal’s absorption change in the IR region.
The aim of present work was investigation of changes
in OH™ absorption band in LiNbOg during heating the
crystal from room temperature to 820 K in reducing (gas
mixture 95% Ar + 5% Hs) or oxidizing (pure Oz) atmo-
spheres.

2. Experimental details

Samples for investigation were made from congruent
LiNbOj single crystals grown at SRC “Carat” (Lviv,
Ukraine) by the Czochralski technique. The growth tech-
nology is described in Refs. [16, 17]. Magnesium oxide
was added to the melt of LiNbOj3 to prepare a doped crys-
tal nominally containing 5.63 mol.% of Mg. Such con-
centration of Mg?t ions in LiNbO3 exceeds the thresh-
old concentration [17]. The samples were polished and
prepared as Y-cut and Z-cut. Sample dimensions were
5x5x5and 5 x5 x 12 mm3.

The optical in situ experiments were performed using
a specially designed high-temperature furnace placed in a
Perkin—Elmer Lambda 900 spectrophotometer with spec-
tral range 200-3000 nm (50000-3333 cm~!). The fur-
nace allows to heat samples from room temperature up
to about 1200 K in various gas atmosphere. A tempera-
ture controller ensures a given heating program with the
maximal rate of 5 K/min as well as temperature stabiliza-
tion at desired temperatures. The furnace construction
allows for a rapid (= 1 min) replacement of gas atmo-
sphere in the furnace and the registration of the subse-
quent reduction/oxidation (redox) kinetics at a certain
wavelength. Mixture of 5% Hs with 95% Ar was used
as reducing atmosphere, whereas pure Oy — as the ox-
idizing ones. Details of the optical setup and of the in
situ experiments were described in Refs. [18, 19]. Ex-
perimental quantity obtained is the so-called absorbance
A =log(ly/I) = log(e)ad. Here, Iy and I are the intensi-
ties of incoming and transmitted light, « is the linear ab-
sorption coefficient, and d the thickness of the absorber.
The measured optical spectra were corrected to take into
account the heat radiation spectrum from the heating
system and from the sample at temperatures higher than
673 K, in the same way as in Refs. [18, 19].

3. Results and discussion

The OH™ absorption spectra of nominally undoped
congruent LiNbOg crystal at different temperatures dur-
ing its heating in oxidizing atmosphere are shown in

Fig. 1. The crystal was oriented in such a way that the
light spread along Z-axis. As it can bee seen from Fig. 1,
at room temperature, the spectrum represents the ab-
sorption band caused by OH™ stretching vibrations char-
acteristic for congruent LiNbO3 [2-5, 7-10]. Maximum
of the band lies at around 3480 cm~!. As temperature
increases, the intensity of the band starts decreasing and
its maximum shifts to the low energy region. Thus, at
520 K the intensity of the band is about twice lesser com-
paring with the starting one at room temperature, and
the band maximum is situated at 3475 cm~!. At 820 K
the absorption band almost completely disappears and
the crystal becomes transparent in this region.
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Fig. 1. The OH™ absorption spectra of the as-grown
undoped LiNbOs crystal during its heating in oxidiz-
ing atmosphere at different temperatures (light spreads
along the Z-axis): 1 — room temperature, 2 — 323 K,
3—373K,4—423 K, 5 —523K,6 —623 K, 7 —
673 K,8 — 723 K, 9 — 773K, 1) — 823 K.

When the crystal is cooled from 820 K to room temper-
ature, the OH™ absorption starts increasing and at 273 K
one can observe the absorption band with the same form
and intensity as in the as-grown crystal. It should be
noted that changing of the annealing atmosphere from
oxidizing to reducing one and vice versa does not pro-
duce any changes in OH™ absorption spectra. The band
increases and disappears depending on the temperature
but irrespectively of the annealing atmosphere.

The behaviour of OH™ absorption band in Z-cut
LiNbO3:MgO sample during its heating/cooling in differ-
ent atmospheres is similar to behaviour of the OH™ ab-
sorption band in nominally undoped LiNbOsg, except for
the fact that the maximum of the band for LiNbO3:MgO
is situated at 3488 cm~! that correlates with the data
in Refs. [1, 8]. The dependences of absorption de-
crease with the temperature in band maxima for undoped
LiNbOj (3480 cm™1) and for LiNbO3:MgO (3488 cm™1)
are shown in Fig. 2. As it is seen from the figure, the de-
pendences have linear character unlike to changes in vis-
ible and near IR spectral region, where arising/bleaching
of the absorption during redox annealing is described by
an exponential law [18, 19].
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Fig. 2. Temperature dependence of the absorption
change for undoped LiNbO3s 1 and for LiNbO3:MgO 2
in the OH™ band maxima.

Different situation is observed for OH™ spectra when
both undoped LiNbO3 and LiNbO3:MgO are oriented in
such a way that the light spread along Y-axis. As it
is seen from Fig. 3, the intensity of the band is much
lesser at room temperature comparing with the Z-cut
sample. Heating the crystal does not change the inten-
sity, only band maximum shifts to the low energy spec-
tral region. Change of the annealing atmosphere from
oxidizing to reducing one and vice versa does not pro-
duce changes in OH™ absorption band behaviour just as
for Z-cut samples.
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Fig. 3. The OH™ absorption spectra of the as-grown
undoped LiNbOs crystal during its heating in oxidiz-
ing atmosphere at different temperatures (light spreads
along the Y-axis): 1 — at room temperature, 2 —
473 K, 3 — 573 K.

It can be assumed that the observed linear decrease
of the OH™ absorption band during heating of undoped
LiNbOg3 and LiNbO3:MgO when the light is spread along
the Z crystal direction, and conservation of the band
when the light is spread along the Y crystal direction,
are connected with orientation change of O-H bonds with
the temperature. The fact that O—H dipole orientation
in lithium niobate crystals is sensitive to the influence
of external fields was proven in [20]. In this work the

authors observed decrease of OH™ absorption band under
the influence of electric field applied transversely to the
7 crystal direction.

4. Conclusions

The results of investigations showed that the character
of the OH™ absorption does not depend on the annealing
atmosphere (oxidizing or reducing). It was shown that,
when the light is spread along the Y axis, the intensity
of the OH™ absorption band does not depend on the
temperature, while, when the light is spread along the
7 axis, the absorption intensity decreases with the tem-
perature growth (at 520 K the intensity of the band is
about twice lesser comparing with the starting one, and
at 820 K the absorption almost completely disappears).
It can be assumed that this fact is connected with orien-
tation change of O—H bonds with the temperature, which
correlates with the results of [20].
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