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2 Laboratorio de Fotónica de Microondas, Centro de Ciencias Aplicadas y Desarrollo
Tecnológico, Universidad Nacional Autónoma de México, AP 70-186, DF, Mexico
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Abstract
The LiNbO3 congruent crystals doped with small Nd concentrations, <1 mol% Nd, and
co-doped with Mg ions, 0–9 mol% Mg, were systematically investigated by means of
micro-Raman spectroscopy in the Y and Z crystal directions. Results obtained from an undoped
congruent crystal, an Nd-doped crystal, a Mg-doped crystal and Nd, Mg-co-doped crystals are
compared. From the analyses of the results obtained in the Y direction, the Nd and Mg content
dependence of the two lowest-Raman A1(TO1) and A1(TO2) modes, the half-width
composition and the area ratio of the A1(TO4) and E(TO8) bands, we reached several
conclusions about the incorporation mechanism of the Nd and Mg ions into the LiNbO3 lattice.
Likewise the Raman shift and half-width of the E(TO1) and E(TO7) modes were investigated in
the Z direction. Results indicate that Mg and Nd ions are located in the Li site for low doping
concentrations and for larger concentrations there is a replacement in both Li and Nb ion sites.

1. Introduction

There has been a growing interest in the fundamental role of
the neodymium impurity ions in LiNbO3 (LN) crystals when
used as a laser-ion host; however, it has limited use due to
the photorefractive damage. It has been observed that the
addition of 5% or more of MgO in LiNbO3 greatly reduces
this damage [1, 2], but it also influences other things such as
the Nd3+ ion distribution into different crystal sites [3–5].

Currently it is known [6] that the Nd3+ ions are occupying
several non-equivalent sites (different local environment) in

the crystal, thus giving place to different Nd3+ optical centers.
However, the knowledge of the lattice location of the impurities
as well as its symmetry and local environment are needed
for an understanding of microscopic processes induced by
the impurity doping. Site locations of the Nd ions in LN
crystals were investigated by optical spectroscopy under laser
pumping (laser spectroscopy, LS) and channeled Rutherford
backscattering (RBS) [6, 7]. The investigation found that Nd
ions occupy three different off-centered Li crystal sites. An
additional center was detected in LN:Nd crystals co-doped
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with Mg. Channeling experiments confirmed that rare-earth
(RE3+) ions are located in Li octahedral sites, but off-center
from the regular Li position, relaxed towards the nearest
oxygen plane by about 0.4 Å.

Since the sensitivity of the Raman spectrum depends
on the changes in composition and the amount of doping
materials, it can be used to investigate the incorporation of Nd
and Mg ions into the LiNbO3 crystal lattice. The frequencies
of phonon modes for both A1 and E symmetries in the LN
lattice have been clearly established from Raman scattering
measurements on a stoichiometric crystal (i.e. 50 mol% LiO2

and 50 mol% Nb2O5) [8, 9]. The allocation of each phonon
mode to a particular displacement of ions was achieved only
very recently by Caciuc et al [10] and the problem of exact
assignment between all vibrational modes and the Raman
bands was solved recently by Ridah et al [11, 12].

Despite many studies, the defects of the Mg-doped
LiNbO3 crystal structure in congruent and stoichiometric
composition is still an unsolved question and has been
generally discussed on the basis of a defect model in
the undoped crystal, which is always the subject of
controversies [11–13]. The Li-deficient lattice can be thus
described generally in terms of Li vacancies [11, 12] or Nb
vacancies [13] according to different charge compensation
mechanisms. Using the Raman spectroscopy technique, some
authors [11, 14–17] worked on the Mg doping mechanism,
indicating the location of the Mg ions for low and large
Mg concentrations in LN crystals with congruent and
stoichiometric compositions. Mouras et al [18] worked on the
location of rare-earth ions in LiNbO3 crystals and recently,
Donnerberg [19] stated that a realistic description would be
independent of a particular model for intrinsic defects.

The present study deals with the experimental character-
ization of Nd and Mg ions’ incorporation into the LN lattice
using Raman scattering measurements, which provide a di-
rect probe site, compared to other techniques used in earlier
studies. The assignment of the A1(TO1), A1(TO2), E(TO8)

and A1(TO4) modes, in the Y direction of the crystals and the
E(TO1) and E(TO7) modes in the Z direction were used to
interpret the changes of the Raman spectrum in terms of the
defect substitution model.

2. Experimental details

The single-crystals used in this work were grown at the
Universidad Autónoma de Madrid, by the Czochralski method,
with congruent composition in the melt, Li/Nb = 0.945. The
single LN crystals containing different amounts of neodymium
and magnesium ions used in this work were: LiNbO3-
pure, Nd-doped (0.28 mol%), Nd:Mg-doped (0.21 mol%,
3 mol%), Mg-doped (5 mol%), Nd:Mg-doped (0.07 mol%,
6 mol%), Nd:Mg-doped (0.19 mol%, 8 mol%) and Nd:Mg-
doped (0.08 mol%, 9 mol%). It should be noticed that an
initial amount of Nd 1 mol% was added to the melt; its
final concentrations were determined by x-ray fluorescence
spectrometry. The Mg concentration is just the amount added
to the melt. The samples were prepared in the Y - and Z -
cut and their faces were carefully polished with diamond

powder of 1/4 µm. Raman spectra were recorded with
a Raman dispersive spectrometer, model Almega XR. An
Olympus microscope (BX51) and an Olympus 50× objective
(NA = 0.80) were used for focusing the laser on the sample
using a spot size of ∼1 µm, and for collecting the scattered
light in a 180◦ backscattering configuration. The Raman
spectra were accumulated over 25 s with a resolution of
∼4 cm−1 and the excitation source was 532 nm radiation
from an Nd:YVO 4 laser (frequency-doubled). The Raman
scattering measurement in the Y direction of the single-
crystals was chosen because it is suitable for providing the
closed A1(TO1, TO2) phonons and also the E(TO8)–A1(TO4)

phonons. The Z direction of the single-crystals was chosen
for analysis of the behavior of the vibrations of Nb/O in the
E(TO1) mode and the vibrations of Li/O in the E(TO7) mode.

3. Results and discussions

Figures 1 and 4 show the Raman spectrum of seven single-
crystals doped with different amounts of Nd and Mg ions,
recorded in the Y and Z directions of the samples. The
analyzed modes in this work, according to the normal modes
calculated by Caciuc et al [10], correspond to the E(TO1, TO3)

and A1(TO1) modes that match the Nb/O vibrations. The
A1(TO2) mode mainly involves Li/Nb motions, whereas the
A1(TO4) and E(TO8) modes correspond to the stretching
vibration of the oxygen octahedron (O/O). The E(TO7) mode
corresponds to the Li/O vibrations. The analyses of these
modes can be seen in figures 2, 3 and 5.

3.1. Raman modes in Nd, Mg-doped congruent single-crystals

The Raman spectra in the Y direction, for different impurity
concentrations, are shown in figure 1(a). According to
Lengyel [14] they correspond to the sum of two y(zx)y
and y(zz)y configurations. The E(TO3) mode and the two
A1(TO1) and A1(TO2) modes, displayed in figure 1(b), are
lying close to each other at about 235.24 cm−1 for E(TO3),
255.91 cm−1 for A1(TO1) and 273 cm−1 for A1(TO2) in
the undoped congruent single-crystal; to deduce each phonon
frequency three damped harmonic oscillators are required to
fit the spectrum. As the three modes are lying close to each
other, the fitting of each is not an easy task. The most striking
change is the wavenumber shift for the A1(TO1) and A1(TO2)

modes rather than that for the E(TO3) mode, as can be seen
in figure 1(b). The A1(TO2) mode shows a large decrease
of its wavenumber with the incorporation of Nd, Mg and by
increasing (Mg + Nd) concentrations. The intensity of the
peak A1(TO2) appearing at 273 cm−1 in pure LN decreases as
the concentration of (Mg + Nd) increases in LN samples. For
an (8 mol% Mg + 0.19 mol% Nd)-concentration in LiNbO3,
this peak disappeared. The disappearance of the NbO6-related
A1(TO2) internal vibrational mode is positive confirmation of
the formation of (MgNb) defects in heavily (Mg + Nd)-doped
LiNbO3, as was also discussed by Kim et al [20] for heavily
Mg-doped LiNbO3. The A1(TO1) mode shows a large and
monotonic decrease of its wavenumber with the incorporation
of Nd, Mg and with the (Mg + Nd) content. These changes
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Figure 1. (a) Raman spectra recorded in the Y direction for LN-pure,
LN:Nd(0.28), LN:Mg(5) and for different (Mg + Nd)-concentrations
in single-crystals. (b) Enlargement of the E(TO3), A1(TO1) and
A1(TO2) modes and (c) enlargement of the E(TO8) and A1(TO4)
modes. The figure is arranged as follows: [0] LiNbO3; [0.28]
LiNbO3:Nd (0.28%); [3] LiNbO3:Nd:Mg (0.21%, 3%); [5]
LiNbO3:Mg (5%); [6] LiNbO3:Nd:Mg (0.07%, 6%); [8]
LiNbO3:Nd:Mg (0.19%, 8%); [9] LiNbO3:Nd:Mg (0.08%, 9%).

are shown in figure 1(b). Results derived from these spectra
adjustments are given in figure 2. These results are consistent
with those of Mouras et al [21] for crystals doped with Mg
ions.

The E(TO2) mode in the 177 cm−1, E(TO4) mode in
262 cm−1 and the E(TO9) mode in 633 cm−1 are not shown

Figure 2. Nd, Mg and (Mg + Nd) concentration dependence of
Raman shift for the A1(TO1) and A1(TO2) modes in the Y direction
of the single-crystals.

Figure 3. (a) Nd, Mg and (Nd + Mg) concentration dependence of
half-width for the A1(TO4) and E(TO8) modes. (b) Area ratio of the
A1(TO4)/E(TO8) bands in the Y direction of the single-crystals.

in figure 1(a), since these are much less intense than the
other modes [11]. The A1(TO4) and E(TO8) modes appear
to be only slightly affected by Nd and Mg doping. The
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Figure 4. (a) Raman spectra recorded in the Z direction for LN-pure,
LN:Nd(0.28), LN: Mg-5 and with different
(Mg + Nd)-concentrations in the single-crystals. (b) Enlargement of
the E(TO1) mode. (c) Enlargement of the E(TO7) mode. The figure
is arranged as follows: [0] LiNbO3; [0.28] LiNbO3:Nd (0.28%); [3]
LiNbO3:Nd:Mg (0.21%, 3%); [5] LiNbO3:Mg (5%); [6]
LiNbO3:Nd:Mg (0.07%, 6%); [8] LiNbO3:Nd:Mg (0.19%, 8%);
[9] LiNbO3:Nd:Mg (0.08%, 9%).

maximum positions of the A1(TO4) and E(TO8) modes are not
shifted, but for the A1(TO4) band in high (Mg + Nd) content,
for example, in the LN:Nd(0.08):Mg(9) sample, its position

0

Figure 5. Nd, Mg and (Mg + Nd) concentration dependence of
Raman shift and of half-width for the E(TO1) and E(TO7) modes in
the Z direction of the single-crystals.

shows a slight shift to low wavenumbers by approximately
1.1 cm−1 as compared with the other samples. However,
the half-width composition of the A1(TO4) and E(TO8)

modes present changes with the incorporations of Nd and
Mg ions. The half-width composition of the A1(TO4) mode
presents a slight decrease with the incorporation of Nd(0.28)
and LN:Nd(0.21):Mg(3) concentrations by approximately
0.13 cm−1 and 0.15 cm−1 respectively in relation to pure
LN, while for high Mg and (Mg + Nd) content the half-
width composition increases linearly. The two E(TO8) and
A1(TO4) bands are the result of the stretching vibrations of
the oxygen octahedron, thus, when there is an increase of the
half-width composition of the A1(TO4) mode due to changes
in the vibrational frequencies, the half-width composition of
the E(TO8) mode also increases since it is affected by the
closeness of the previously mentioned mode and not due to
changes in the composition of the E(TO8) band, as can be seen
in figure 1(b). Results derived from this spectra adjustment are
given in figure 3(a), where it can be easily seen that within the
experimental error the half-width remains constant.

The changes in the area ratio between the A1(TO4) and
E(TO8) bands can be interpreted as the contribution of the
distortion of the oxygen octahedron when the Nd and Mg ions
enter the LN lattice. The area of the A1(TO4) band increases
with the incorporation of Nd, Mg and (Mg + Nd) ions while

4
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the area of the E(TO8) band remained approximately constant,
as discussed above. As the A1(TO4) band widens quickly
it affects the E(TO8) band, which if anything moves very
slowly. So if the A1(TO4) band increases and the E(TO8) band
remains approximately constant, the general tendency shown
in figure 3(b) is that of an increase.

These features can be interpreted consistently with
the predicted eigenvectors associated with the E(TO8) and
A1(TO4) modes, which exhibit the motion of oxygen ions
only. Nd and Mg ions clearly do not substitute oxygen ions
and their introduction in the lattice gives rise to a distortion of
the oxygen octahedron and an anharmonic contribution to the
vibrational modes.

The Raman spectrum, obtained with different concentra-
tions, shows the E(TO1, TO3–TO8) modes and the A1(LO4)

longitudinal mode in the z(xx)z in the Z direction of the
single-crystal configuration, as can be seen in figure 4(a).
These results are in agreement with those previously reported
by Lengyel et al [14, 15]. The E(TO2, TO9) bands are not dis-
cussed since they are much less intense than the other bands. In
this configuration we analyzed the E(TO1) and E(TO7) modes
at approximately 149.50 cm−1 and 427.24 cm−1 respectively;
they are listed in figures 4(b) and (c).

The E(TO1) band changes with the incorporation of Nd,
Mg and (Mg + Nd) ions. The changes are reflected as a
wavenumber shift showing a monotonic increase as the Mg
concentration increases, as can be seen in figure 4(b), and the
results derived from this spectrum adjustment are shown in
figure 5(a). The width of the Raman peaks indicates a disorder
within the crystal structure. In particular, the width of the
E(TO1) mode is especially interesting because it is thought
to reflect the disorder in the Nb sub-lattice (assuming that
oxygen sites are fully and normally occupied). The half-width
composition of the E(TO1) mode increases approximately
linearly with the Mg concentration. This increase is due to
the disorder in the Nb sub-lattice induced by the competition
of the Nd and Mg ions to occupy the Nb crystal sites, as seen in
figure 4(b). The results derived from this spectrum adjustment
are reported in figure 5(a).

The E(TO7) band is also affected by the incorporation of
Nd, Mg and (Mg + Nd) ions, the LN:Nd(0.28) is shifted to
lower wavenumber values by approximately 1.10 cm−1, and
the LN:Nd(0.21):Mg(3) by 2.79 cm−1 with respect to NL, but
starting from 5 mol% Mg and higher Mg content there is a
tendency to increase the wavenumber values. Previous studies
have established linear dependences of the position of this
Raman line as a function of the composition from congruence
to stoichiometry [15]. The half-width composition in particular
of the E(TO7) mode is especially interesting since it is thought
to reflect the disorder in the Li sub-lattice (assuming that
oxygen sites are fully and normally occupied). The half-width
composition of the E(TO7) mode presents a general increase
with the incorporation of Nd, Mg and (Mg + Nd) ions. This
could be due to the disorder introduced in the Li sub-lattice by
the competition of Nd and Mg ions for crystal sites within the
lattice. This half-width increase is shown in figure 4(c) and
analysis of the results derived from this spectra adjustment can
be seen in figure 5(b).

3.2. Variation of the Raman parameters with Nd and Mg
content

For a more quantitative determination of the band parameters,
Lorentzian or damped oscillator functions were fitted to a
number of spectra with their respective error bars. Therefore,
a sum of Lorentzian functions was fitted to all Raman spectra.
This method to adjust a number of spectra has been widely
used in Raman spectroscopy [12, 14, 15, 17, 18, 20]. These
results are interpreted below in terms of the Nd and Mg
substitution process in the LN lattice, in light of the respective
displacement patterns associated with A1(TO1, TO2, TO4)

and E(TO1, TO4, TO8) phonons and the area ratio of the
A1(TO4)/E(TO8) bands.

The eigenvector patterns, as obtained by Postnikov et al
[8], provide information about the kind of motion involved in a
particular mode according to symmetry rules, but regardless of
whether the site is occupied or not; this refers to the behavior
of the oxygen vibrations around an Li vacancy that are going to
be modified by the presence of the impurity ion located in that
lattice site. Their results therefore can be used in the congruent
LN lattice as well as in the doped LN crystal. This means that
the A1(TO1) and E(TO3) modes are mainly the vibration of
ions in the Nb site with respect to oxygen ions, whereas the
A1(TO2) mode corresponds to the antiphase motion of ions in
Li and Nb sites. The most important feature observed in this
work is the large decrease of the A1(TO2) Raman shift for the
whole investigated (Nd, Mg and Nd + Mg) concentrations. As
the TO2 is the only mode which involves Li ion motion, this
result can be related to Nd and Mg ions’ introduction in the Li
sites. As these sites can be occupied by Li ions, Li vacancies
and/or Nb ions (the so-called antisites), the dependence of the
A1(TO2) Raman shift on the Nd and Mg concentration can
be understood by successive processes within the Nd, Mg and
(Mg + Nd) ions’ substitution mechanism. Whatever the model
proposed to describe the undoped crystal, vacant Li sites are
occupied by Nb ions in the congruent LN lattice. Since they
are particularly unstable, these positions should be, therefore,
firstly affected by the Nd and Mg introduction. Under Nd, Mg
doping, the Nd and Mg ions push Nb ions out of the antisites.
Since the Nd mass is larger than the Mg mass and the Mg mass
is larger than the Li mass, the continuous decrease of A1(TO2)

Raman shift can be related to the successive processes as
follows: (i) the filling by Nd and Mg ions of Li vacancies and
(ii) the partial replacement of Li ions in their proper sites.

This scenario is corroborated by the behavior of the
A1(TO1) and E(TO3) modes which consist of Nb vibration
against oxygen ions. For low concentration, the decrease of
A1(TO1) frequency is not in contradiction with the fact that
more Nb sites are occupied by Nb ions, which are pushed out
from Li sites by Nd, Mg and (Mg + Nd) doping. For large
(Mg + Nd) content, the increase of A1(TO1) frequency reveals
the substitution of Mg and Nd ions for Nb ions and thus reflects
a change in the doping process. The positive sign of the Raman
shift is in agreement with the respective masses of Nb and
Mg. The explanation about the incorporation of Nd ions into
both kinds of (Li and Nb) lattice sites has been suggested from
the results obtained from EPR measurements [7], and from
RBS/channeling experiments [22].
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The analysis of the half-widths provides additional
information related to the lattice vacancies and of the sites’
environment. It is known that the substitution of ions by
impurity defects is accompanied by charge compensation and
therefore by local structural changes around the site. This can
lead to a perturbation or disordering in the regular lattice, thus
producing an increase in the line half-width. Therefore from
the plots of the half-width, it is possible to deduce information
related to the environment of Nd and Mg ions on both Li and
Nb sites.

In particular, the width of E(TO8) and A1(TO4) bands is
especially interesting because they are related to the motion
of oxygen anions only. The half-width composition of these
modes changes with the incorporation of Mg and (Mg + Nd)
ions, due to charge compensation and local structural changes
around Nd and Mg sites. For the E(TO8) mode the half-width
changes point to a perturbation or disordering of the regular
lattice due to off-center Nd ions (located towards the nearest
oxygen plane).

The changes in the area ratio of the A1(TO4)/E(TO8)

modes is a consequence of the strong sensitivity of the lattice
sites of the LiNbO3 crystal to the incorporation of Nd and Mg
ions, which, for example, affect the oxygen–oxygen stretching
vibrations in a different way. The incorporation of Nd and Mg
ions within the lithium niobate lattice gives rise to a distortion
of the oxygen octahedron, and an anharmonic contribution to
the vibrational modes due to their different mass, ionic radii
and Nd ions located off-center from the regular Li position
displaced towards the nearest oxygen plane. This distortion
produces the area increases of the A1(TO4) band with the
incorporation of Nd, Mg and (Mg + Nd) ions while the area
of the E(TO8) band remains approximately constant. Thus
the general tendency of the area ratio of the A1(TO4)/E(TO8)

bands is to increase. This is shown in figure 3(b).
The E(TO1) mode consists of Nb vibrations against

oxygen ions, just as the A1(TO1) and E(TO3) modes, as was
mentioned above for the spectra obtained in the Y direction of
the single-crystals. In addition, the E(TO7) mode is attributed
to Li/O vibrations. The Raman shift of the E(TO1) and E(TO7)

modes shows a linear increase with the incorporation of Nd,
Mg and (Mg + Nd) ions. Therefore, for large (Mg + Nd)
content, the increase of E(TO1) and E(TO7) Raman shifts
reveals the substitution of Mg and Nd ions for Nb ions. For
low (Mg + Nd) concentration, the decrease of A1(TO1) and
E(TO7) Raman shift is not in contradiction with the fact that
more Nb sites are occupied by Nb ions, which are pushed out
from Li sites by Nd and (Mg + Nd) ions, and thus reflects a
change in the doping process. This is shown in figures 5(a)
and (b).

In consequence, we can clearly define two ranges
of general tendency in the (Mg + Nd) doping mechanism:
(i) range I; for (Mg + Nd) concentrations smaller than
approximately 5 mol% in the crystal, the Mg and Nd ions
are located on the Li sites only. (ii) Range II; for (Mg + Nd)
content larger than approximately 5 mol%, the Mg and Nd ions
are lying in both Li and Nb sites. Furthermore, we have some
indications about the three different kinds of Li sites, since the
increasing of (Mg + Nd) doping produces the substitution of

Mg and Nd ions for NbLi, VLi (in range I) and LiLi (in range
II).

The concentration dependence of the half-width for modes
E(TO1) and E(TO7) can be interpreted in terms of some
ordering occurring in the LN lattice, according to the above
description of the Mg and Nd substitution dynamics. Indeed,
the damping of TO1 and TO7 mainly reflects the order in the
Nb and Li sites respectively. In range I, Mg and Nd substitution
of unstable NbLi and VLi in an empty and thus deformable
octahedron favors an ordering process.

For higher concentrations, i.e. in the range II, the Li ion
substitution by Mg and Nd ions causes a large disorder of
the Li sites whereas the order in the Nb sites is unaffected
by a partial replacement of Nb ions by Mg and Nd ions. For
low (Nd + Mg) concentrations, sites deficient in lithium have
already been occupied by them and for high concentrations
they start occupying the Nb sites, affecting the neighboring Li
sites.

4. Conclusions

We have discussed the mechanisms of Nd and Mg ions’
incorporation in the LN lattice in the light of recent lattice
dynamical calculations, as well as from the Raman data
recorded in the Y and Z directions of the single-crystals
with varying Nd and Mg ion concentrations. It was pointed
out that there are two general tendencies of the (Mg + Nd)
concentration ranges that can be established according to
their effects. In range I for (Mg + Nd) content smaller than
approximately 5 mol%, Mg and Nd ions lie in the Li sites and
substitute niobium antisites and Li vacancies. These processes
contribute to an increasing ordering of the lattice. In range
II, for (Mg + Nd) concentrations larger than approximately
5 mol%, Mg and Nd ions replace both Li and Nb ions on
their own sites. The present interpretation is independent of
the defect model chosen to describe the undoped crystal.
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