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Abstract. Domain reversal was performed on both near-stoichiometric and heavily Mg-doped lithium nio-
bate crystals. HT related defect structures in these two types of crystals were studied through the infrared
absorption spectra. It is found that the intensity of some decomposed peaks of absorption band change
apparently during domain reversal for near-stoichiometric lithium niobate crystals but not for heavily
Mg-doped lithium niobate crystals. According to these experimental results, distinct models about H™
related defect structure in LiNbOs lattice were supposed for them. NbjT and Mg}, were considered as
the centers of HT related defect complex for near-stoichiometric and heavily Mg-doped lithium niobate
crystals respectively. Different behavior of them was used to explain the difference of infrared absorption
spectra during domain reversal between two types of crystals.

PACS. 78.30.-j Absorption spectra — 61.50.Nw Crystal stoichiometry — 61.72.Ji Point defects

1 Introduction

Lithium niobate (LiNbOg, LN) is an outstanding mate-
rial with wide applications in modulators, waveguides,
frequency doubling, second harmonic generation, high-
density storage, etc. Many physical and chemical prop-
erties of LiNbO3 depend on the doping ions and the stoi-
chiometry of crystal. Recently, near-stoichiometric LN and
Mg-doped LN become the focus of research for their en-
hanced performance in the optical application. Various de-
fects in crystal, especially intrinsic and impurity defects,
govern the optical properties of crystal. More and more
work has been done on the analysis of these defect struc-
tures [1,2]. Nonetheless, the discussion about this topic
has continued for a long time.

Hydrogen is present in nearly all ABO3 compounds, it
forms an OH™ impurity complex and has an influence on
the chemical and physical applications. The OH™ stretch-
ing vibration is sensitive to the change of the around
ion environment and the OH™ absorption spectra can be
used as a probe for defect structure. The infrared absorp-
tion band associated to the OH™ stretching vibration in
LiNbOg first reported by Smith et al. [3] in 1968. From
then on, a lot of work on this subject has been done. For
basic understanding of this topic, we refer readers to the
extensive literature [4,5].
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Gopalan et al. [6] have investigated domain reversal
on CLN crystal and observed its infrared absorption spec-
tra change. In order to explain their experimental results,
the Nb-vacancy model was employed. But many experi-
mental results have proved that the Li-vacancy model is
more suitable [7-9]. On the other hand, Lengyel et al. [18]
also demonstrate the infrared spectra change in time at
80—120 °C, which thanks to the high stoichiometry of
LiNbOj3 sample. In this study, the Ht related defects of
near-stoichiometric LN and Mg-doped LN samples are in-
vestigated by domain reversal, Li-vacancy model employed
to explain the change of infrared absorption spectra.

2 Experimental procedure

Congruent LiNbOg3 and heavily Mg-doped Single crystals
were grown along z-axis in air by the Czochralski tech-
nique at the R&D Center for Photon-Electro Materials
of Nankai University. The congruent composition was de-
termined to be 48.4 mol% Li,O and 51.6 mol% NbsOs,
and the composition of heavily Mg-doped Single crys-
tal be 6.0 mol% MgO. The as-grown crystals were cut
to rectangular-shaped plates of 20 x 20 x 0.5(z) (mm?).
The vapor transport equilibrant (VTE) technique [11]
was employed to improve the [Li]/[Nb] ratios of these
z-cut congruent plates. Each VTE sample was polished
to characterize its composition by measuring the width
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of a few Raman lines [17]. In our experiment, three
near-stoichiometric samples were investigated, which had
49.5 mol%, 49.7 mol% and 49.9 mol% Li2O in the crystal.
These samples and another heavily Mg-doped sample are
labelled as 1.49.5, 1.49.7, 149.9 and L6.0, respectively.

The infrared absorption spectra of these plates were
measured by a Nicolet-701 FT-IR spectrometer with a
resolution of 0.5 cm™!. The incident light beam passes
through the plate along the z-axis, with the light polar-
ization perpendicular to c-axis. Following this, domain re-
versal was carried out on these samples at room temper-
ature by applying a DC field across the crystal thickness.
The poling fields were about 5, 3, 2 and 7 kV/mm cor-
responding to sample 149.5, 1.49.7, L49.9 and L6.0. The
infrared absorption spectra of these domain-reversed sam-
ples were measured again. Then, the near-stoichiometric
samples were annealed at 200 °C for 100 min. It is re-
ported by Gopalan et al. [6] that annealing above 200 °C
can make the internal field realign parallel to the new
polarization direction quickly. After the samples cooled
down to room temperature, their absorption spectra were
thirdly measured.

3 Results and discussion

Firstly, the hydrogen concentrations of our NSLN samples
are determined from the absorption spectra. Here, we fol-
low the method used by Klauer et al. to calculate the
hydrogen concentration [14]. In their work, the hydrogen
concentration was given by:

Aint, 1
= 7 1
e (hl 1O)aH (1)

where ay is the absorption strength per ion and

At = / o (v)dv (2)

are the integral of the absorption coefficient oy (v) for
OH™ bands, which can be obtained from the absorption
spectra. Using the value of apy, which was estimated to
be (9.125 £ 1.369) x 107® ¢cm by Klauer et al., the hy-
drogen concentrations of our samples under three status
are calculated from equation (1). From the results, it is
apparent that our experiment procedures will not affect
the hydrogen concentration of one sample significantly.
Then, these measured curves of absorption spectra
were smoothed to suppress the noise. In order to diminish
the influence of experimental conditions, the absorption
spectra were normalized by the following formula:

A(v) x A(v) (3)

- [ A(v)dv

where, A’ and A are absorption intensities before and af-
ter normalization and functions of wavenumber v, and C is
a constant. For the invariability of the hydrogen concen-
tration in the sample during the whole experiment, the
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normalization of absorption spectra is considered to be
reasonable.

The normalized absorption spectra of our samples
are shown in Figures la, b, ¢, d corresponding to sam-
ples 1.49.5, 1.49.7, L49.9 and L6.0, and the dash, solid
and dot curves denote different sample status of vir-
gin, domain-reversed, and heat-treated, respectively. From
Figures 1la, b, c, we can see that the three decom-
posed peaks of the absorption band for near-stoichiometric
LN crystals become more obvious with the increase of
Li composition from 49.7 mol% to 49.9 mol%. These
results are in good agreement with the former re-
ports [1,10], so the three-peak model is employed for near-
stoichiometric LN crystal in the following discussion.

The absorption spectra of near-stoichiometric and
heavily Mg-doped LN crystals were respectively decom-
posed to three and two Lorentzian peaks by fitting. The
fitting results are collected in Table 1, while the results
of sample L49.5 and L6.0 are also drawn in Figure 2.
Here and later, the peaks of our samples were labelled
as L, M and H in the sequence of wavenumber from low
to high. For samples L49.5, L49.7 and L49.9, the inten-
sity of peak L after reversal increases by a large amount,
peak H almost vanishes, and peak M only slightly de-
creases (see Tab. 1 and Fig. 2). However, in contrast to
near-stoichiometric LN, the intensity of two peaks for sam-
ple L6.0 remains unchanged after reversal. Considering the
change of H related defect structure can be reflected from
the infrared absorption spectra, these experimental results
indicate cation environment around HT maybe change
during domain reversal for near-stoichiometric LN crys-
tal but for heavily Mg-doped LN.

How does the cation environment change for near-
stoichiometric LN crystal? To answer this question, we
should know firstly the lattice position occupied by H* in
the crystal. Kong et al. [12] demonstrated that H locates
at the longest O-O bonds (336 pm in length) in oxygen tri-
angles nearest to the Li site, substituting LiT in the same
time. In other words, H" occupies Vi, the in the crys-
tal. We also know that V; prefers to charge-compensate
Nbﬁ'. So the cation environment around H7T is related
to the intrinsic defect complex of Nbi‘iF and V. It is re-
ported that this defect complex reverses by two steps in
the domain reversal of LN [13]. Firstly, Nb{; moves to the
neighboring octahedron through the close-packed oxygen
plane, but the arrangement of V{; doesn’t change immedi-
ately because of the lack of lithium mobility at room tem-
perature. Then, V|, around the original Nbi;r rearranges
around the new anti-site position to reach the stable de-
fect equilibrium state. The second step may last a month,
but annealing above 200 °C can promote it [6]. After the
treatment, the internal field will realign parallel to the new
P, but this step can not affect the value of Ps; obviously.
Additionally, Klauer et al. [14] have measured an activa-
tion energy of 1.23 eV independent of the electric field up
to 107 V/m, which suggested that H* still locates at Vi
without any movement even under very high electric field.
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to samples 1.49.5, 1.49.7, 1.49.9 and L6.0; the dash, solid and dot curve denote different sample status of virgin, domain-reversed,
and heat-treated, respectively.

Table 1. The position and intensity of component peaks in the OH™ absorption spectra of samples: (I) virgin, (II) domain-
reversed and (III) heat-treated.

Sample Position of peak (cm™)  Intensity of peak (arb. units)
L M H L M H
L49.5 (1) 3467.8 3480.5 3489.8 6.0 7.5 3.2
L49.5 (1)  3467.5 34774 105 6.5
L49.5 (III) 3467.6 3479.5 3489.3 9.0 6.6 2.3
L49.7 (1) 3467.2  3480.2 3490.2 87 7.2 1.8
L49.7 (II)  3467.2 3478.0 124 6.1
L49.7 (IITI) 3467.3 3479.6 3489.8 10.6 6.2 1.3
L49.9 (I) 3466.7 3479.9 34899 13.1 5.3 0.9
L49.9 (I) 34667 3478.3 161 3.9
L49.9 (III) 3466.7 3479.4 3490.7 15.0 4.7 0.5
L6.0 (I) 35265 3536.1 29 81
L6.0 (II) 3525.7  3536.1 34 8.6
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Fig. 2. The components of OH™ absorption spectra of sample L49.5 and L6.0: (a), (b), (c)are corresponding to spectra virgin,
domain-reversed, and heat-treated status for L49.5; (d) corresponding to spectra virgin status for L6.0.

Therefore, we consider that HT doesn’t move during do-
main reversal and the movement of Nbi‘i|r causes the
change of cation environment. In comparison with the
pure LN crystal, a great deal of Mg-related impurity de-
fects rather than intrinsic defects present in heavily Mg-
doped LN crystal. Different reversal mechanism of the de-
fects, involving a new type of cation environment around
HT, is expected for heavily Mg-doped LN crystal in the
last several paragraphs.

In the following paragraphs, we shall discuss on
the assignment of three decomposed peaks for near-
stoichiometric LN and show how does the change of cation
environment influence the peak intensity of absorption
spectra. Kong et al. proposed that the low wavenum-
ber peak is corresponding to protons directly substitut-
ing LiT ions, the middle and high wavenumber peaks to
protons occupying intrinsic defects Vi, near Nbﬁr and
two different ion environments cause these two absorp-
tion peaks [1]. Their propose is strongly supported by
the experimental result of Grone and Kapphan [15]. They

found that only a very narrow OH™ absorption bands near
3466 cm~! (halfwidth less than 3 cm™!) can be detected
if the crystal composition is stoichiometric but H* enters
the crystal lattice through ion exchange. So, it is gener-
ally believed that peak L (about 3466 cm™1) is related
to protons directly substituting LiT ions and located at
336 pm O-O bonds in oxygen triangles nearest to the
Li site, and that Peaks M and H are due to the stretching
vibration of OH™ affected by Nbi;r.

Figure 3 shows the structure of HT related defects in
the near-stoichiometric LN, where Figure 3a along an oxy-
gen plane, 3(b) perpendicular the c-axis and 3(c) three-
dimension view. Position B and C are the nearest and the
next nearest Li-sites around Nbi;r to provide Vi;. Kong
et al. proposed that the high wavenumber peak is corre-
sponding to position B and the middle wavenumber peak
to position C [1]. In view of their point, when Nbi;r ion
moves through the adjacent close-packed oxygen plane to
the nearly symmetrical site within the neighboring va-
cant oxygen octahedra in the first step of domain reversal,
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Fig. 3. Structural schematics of LiNbOj3 lattice. (a) along a oxygen plane, white Nb®* and Li* symbols corresponding to ions
above plane, black symbols to ions below plane. Position N corresponds to the site of Nbf{, position B, D correspond to the
sites of Vi, on which HT locates and arises the absorption peak M, H. (Ps points out of plane). (b), (d) perpendicular the
c-axis. Position D doesn’t locate on the same plane with position A, B, C, N. (c) three-dimension view. (a), (b), (c) are for

near-stoichiometric LN and (d) for heavily Mg-doped LN.

Nbi‘iF ion will be separated from position B by the oxygen
plane and closer to position C than before. Thus, we can
imagine that the cation environment of B and C exchange
under this condition (only consider the influence of Nbi !
on the cation environment). So, after domain reversal, the
intensities of peaks M and H should also exchange. But we
don’t find this phenomenon in our experiments. Therefore,
the lattice position of V,; round Nbﬁr should be consid-
ered over again. Additionally, it is well known that there is
a spontaneous polarization Ps in LiNbOj3 crystal. This P
may force V; in position C to depart from Nbi;r in the
— Ps direction. Moreover, the close-packed oxygen plane
just under Nbﬁ' shown in Figure 3b weakens the electric
interaction of Nbﬁr and V;, which makes them combine

difficultly. Therefore, any V; occurs in this position is
unstable.

Which position does the V{; corresponding to peak M
and L locate at? During domain reversal, we notice that
the intensity of peak M only changes a little. This in-
dicates that the corresponding Li vacancy should locate
at the position, on which Nbﬁ' almost has the same in-
fluence after domain reversal as before. From Figures 3a

and c, we can see that position D is in the same horizon-
tal plane with Nbﬁ' and maybe a more suitable position
for Vi ;. We consider that this position may correspond
to peak M. As far as peak H, position B should be re-
sponsible for it. Vi in position B is affected more deeply
by Nbﬁ' than that in position D, which leads to more
severe distortion of the lattice in position B and makes
peak H (about 3489 cm~!) deviate more largely from
3466 cm ™! than peak M (about 3481 cm™1). In LN crystal,
the amount of HT (108 ~ 10%/cm3) is much less than that
of VI, (10%° ~ 10%?/cm?3) and H* with positive change
prefers to locate far from Nbﬁ'. In LN crystals with high
Li composition, e.g. sample L49.9, V{, in position A dom-
inates the intrinsic defects and the amount of H* in this
position is very large in comparison with the other two po-
sition, which lead to the high intensity of peak L. However,
the defect complex with two V[, around Nbﬁr increases
by a large amount in the low stoichiometric LN crystals.
And H* has more chances to occupy in Vi, position B
and C. Thus, peak M and H gain considerable intensity
in sample L49.7 and L49.5. V; in position C is closer
to Nbﬁ' than position B, which results in less amount of
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H* in position C and the lower intensity of peak H than
peak M (see Fig. 2a).

In Figure 4, we show the sketch of the movement of
Ht related defects in this model during domain reversal.
The change of absorption spectra can be explained prop-
erly. During domain reversal, N bﬁr ion moves through the
adjacent close-packed oxygen plane to the nearly symmet-
rical site within the neighboring vacant oxygen octahedra,
which leaves V[ in position B far from Nbﬁr7 and the in-
fluence of Nbﬁr on V[, in position B is largely screened by
the oxygen plane. This process makes Vi, in position B
less affected by Nbﬁ', namely, the lattice in position B
becomes perfect (equivalent to position A). An equivalent
way of thinking of this is that the amount of HY in po-
sition B decreases nearly to zero but that in position A
increases largely. So, the intensity of peak L goes up while
peak H almost vanishes from the spectra after domain re-
versal (see Fig. 2b). The movement of Nb? T is almost sym-
metrical to position D and no large intensity change occurs
on peak M. During heat treatment, the mobility of H* and
V1, increases largely especially near intrinsic defects. Thus
both of them migrate, rearrange and finally reach the sta-
ble defect equilibrium state, which makes the absorption
spectra partly recover (see Fig. 2¢). It seems not consistent
with the result obtained by Lengyel et al. [18]. However,
they pointed that only Ht migrates among lattice sites
during the heat treatment, which differs from our case in
domain-reversed crystal.

Not apparent shape change of the absorption spec-
tra can be observed during domain reversal for heavily
Mg-doped LN, which may be due to large number of
Mg-related defects in crystal. When the doping concen-
trations of Mg reach the first threshold LiNbOg crystals
(5.3 mol% MgO in melt), Nb? -V, defect complex has
disappeared, Mg ions enter Nb-sites, and Mg-related im-
purity defects such as Mg?\rg and Mgf:i begin to dominate
in the crystal [16]. For the balance of electric charge, Mg%@
may attract Mgﬂ and HT in crystal to form a new defect
complex. Figure 3d shows a hypothetical model for this de-
fect complex as comprising a Mg3NT) surrounded by two H*
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and one Mgfi in the nearest neighborhood. In this model,
HT locates at the longest O-O bonds as suggested by Kong
et al. [12], but they don’t substitute the Li ions because of
the negative of Mg?\rg and the diminishing of V. Just like
the case in near-stoichiometric LN, the infrared absorption
spectra of heavily Mg-doped LN lie on the location of HT.
Among the four positions round Mg?\rg labelled E, F, G
and J in Figure 3d, both E, G and F, J are almost equiv-
alent sites for due to their symmetries relative to Mgf{ﬁ)
Though the distribution of HY in E, F, G, J positions
given in Figure 3d is one likelihood and may be other-
wise in fact, there only exist two types of sites for HT,
corresponding to the two peaks in the infrared absorp-
tion spectra (see Fig. 2d). HT at the nearest positions of
E, G causes the peak M in high wavenumber while slightly
far position of F corresponding to the peak L. Considering
the participation of Mg'{i in the defect complex, different
amount of H' at two types of sites is expected and leads
to different intensity of peak L and M. During domain re-
versal, Mg?’NI) moves only in the same oxygen octahedral
without passing through oxygen plane and the cation en-
vironment of HT almost remains unchanged, which results
in the far less change of absorption spectra.

4 Conclusion

We measure the infrared absorption spectra of vir-
gin, domain-reversed and heat-treated near-stoichiometric
LN samples in comparison with heavily Mg-doped LN. By
analyzing the intensity of the component peaks, the H
related defect structures in two type of LN crystal were in-
vestigated. During domain reversal, the movement of HT
related defect center (Nbi;r for near-stoichiometric LN)
through close-packed oxygen plane affects the Ht cation
environment and then the infrared absorption peak in-
tensity indirectly, which is in contrast with the heavily
Mg-doped LN.
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