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Abstract

Nanopowders of lithium niobate LiNbO3 and rare earth (RE) substituted LiNbO3–RExLi1−xNbO3, x = 0.05 (RE: La,
Pr, Sm, Er) were synthesized using a simple technique as the polymerizable complex method, based on the Pechini-type
reaction route. A mixed solution of citric acid and ethylene glycol with Li, Nb and RE ions was polymerized. The formation
mechanism, the homogeneity and the structure of the obtained powders have been investigated by thermogravimetry, X-ray
diffraction, Raman spectroscopy and scanning electron microscopy measurements. The X-ray diffraction analysis indicated
the formation of perovskite-type oxides, which crystallize in rhombohedral system when the Li–Nb and Li–Nb–RE polymeric
precursors were treated at temperatures as low as 500◦C for 2 h. No additional crystalline phases formed during calcinations,
but shifting of the XRD peaks with the RE ion substitution for Li suggested that structural modification inside the LN is
the same. The Raman spectroscopy data of LiNbO3 substituted by RE were compared to the results of the unsubstituted
system. The substitution dependence of frequency and damping in the A1(TO2), A1(TO3) and E(TO2) modes were employed
to deduce the incorporation site of RE ions in LiNbO3.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

LiNbO3 (referred to as LN) has drawn a lot of
attention in the last years owing to its good intrinsic
electro-optic behaviour and to its excellent nonlinear
optical properties. LN is a key material for photonics,
both for basic research and industrial applications[1].
Lithium niobate is ferroelectric at room temperature
with large electro-optic and nonlinear coefficients,
high optical damage threshold and birefringence,
finding many applications because of its characteristic
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ferroelectric, piezoelectric and pyroelectric properties
[2–4]. The studies of LiNbO3 system and related
materials are of great interest for the development of
piezoelectric components for high temperature pur-
poses, in integrated optoelectronics technology and
waveguide lasers. Rare earth (RE) doped lithium nio-
bate received considerable attention in recent years
owing to laser applications. Doping with foreign ions
of RE elements modifies the optical properties of the
matrix and makes the system useful for applications
as photorefractive devices, solid-state lasers, optical
waveguides[5–7]. However, studies on the lattice lo-
cation of the RE ions as well as on their symmetry and
local environment are still lacking, in order to under-
stand the microscopic processes induced by doping.
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The aim of the present research was to synthesize
homogeneous nanopowders of RE substituted lithium
niobate oxides with perovskite structures and to in-
vestigate the substitution effect on the lattice and the
influence on their structure and properties. We used
for the synthesis an aqueous solution environmentally
friendly method. In the last years, a lot of interest was
focused on the synthesis of multi-component oxide
materials using solution techniques, as these methods
offer many advantages compared to the conventional
solid-state reaction[8]. Developments concerning new
methods, especially solution techniques involving im-
provement of the synthesis conditions for obtaining
pure phases in multi-component oxide materials have
been applied with increasing interest. Potentially, these
techniques allow a better mixing of the constituent
elements and thus a better reactivity of the mixture
to obtain pre-reaction products at lower temperatures,
to lower the reaction temperature and to prepare fine
and homogeneous powders[8,9]. The properties of
the final materials obtained are strongly dependent on
the preparation method. We propose the synthesis of
LiNbO3 using a simple Pechini-type, polymerizable
complex (PC) method based on polyesterification be-
tween citric acid (CA) and ethylene glycol (EG)[8].
The use of polymeric precursors method leads to ma-
terials with rigorous stoichiometry control, higher re-
activity when compared with powders synthesized by
conventional route. Our method allows an easy control
over the final stoichiometry, low processing tempera-
ture, without intermediate grinding and high surface
areas of the resulting material.

In this research we report on the synthesis and
characterization of LiNbO3 and RE0.05Li0.95NbO3
(RE: La, Pr, Sm, Er) powders by PC method, which
has successfully been used to provide very homoge-
neous, single-phase powders at temperatures as low
as 500◦C.

2. Experimental

2.1. Synthesis conditions

The synthesis procedure for powders of LiNbO3,
as well as for RE substituted LiNbO3 is outlined
in Fig. 1. A quantity of 0.5 mol of CA (Wako Pure
Chemical Ind. Ltd., Osaka, Japan) was dissolved in

2 mol of water followed by the addition of 1 mmol
of Li2CO3 and 2 mmol of Nb–ammonium complex
(Kanto Chemicals Co. Inc., Tokyo, Japan). The RE
compounds La2O3·3H2O, Pr2(CO3)3, Sm2(CO3)3,
and Er2(CO3)3, respectively, were added correspond-
ing to 5% molar ratio substitution of Li in LiNbO3.
The resulted mixtures were magnetically stirred in
order to obtain in the solution stable metal–CA com-
plexes. Clear transparent solutions were thus obtained.
After the complete dissolution at 60◦C for ∼2 h,
400 mmol of EG was added. The solutions were con-
tinuously stirred with a magnetic stirrer on a hot plate,
and the temperature was slowly increased to∼90◦C
to remove the excess water and to accelerate the
polyesterification reaction between CA and EG. The
prolonged heating at 90◦C for 7 h produced a viscous
and bubbly orange mass. No turbidity or precipitation
were observed during the polymerization process.
Heating of the polymeric resin at high temperatures,
above 300◦C, causes a breakdown of the polymer.
The resulting resin was treated in a mantle heater at
400–450◦C for over 3 h, in order to fully evaporate
highly combustible species in the glassy mass and to
burn down most of the organic constituents, i.e. to in-
duce charring. The resulting material had the appear-
ance of a dark brown sticky ash, which was slightly
ground into a powder by a Teflon rod. The as-obtained
powder is referred to as the “precursor” hereafter, and
was heat-treated between 500 and 900◦C for 2 h.

2.2. Characterization

The synthesized materials were characterized by
thermal analysis and thermogravimetry (DTA/TG) and
the products obtained during different stages were
characterized by X-ray diffractometry (XRD) and Ra-
man spectroscopy. The microstructure of the materi-
als was evaluated by scanning electron microscopy
(SEM). The thermal behaviour of the citrate precur-
sors was studied by thermogravimetry measurements
up to 1000◦C in static air, with�-Al2O3 as a reference.
A simultaneous DTA/TG apparatus (Type-2020, MAC
Science, Japan) with a heating rate of 2◦/min was used.
Phase purities and crystal structure of the obtained ma-
terials were determined by XRD. The patterns were
recorded using Cu K� radiation (λ = 1.5405 Å) at a
scanning rate of 2◦/min in the (2θ ) range from 15◦
to 75◦; the evolution of significant peaks was studied
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Fig. 1. Flow chart of the procedure used to prepare LiNbO3 and RE0.05Li0.95NbO3 perovskite oxide powders.

employing a scanning rate of 0.02◦ and counting time
of 5 s per step. The SEM was performed in a Hi-
tachi S-4500 scanning microscope for particle mor-
phology and microstructure of the samples. The Ra-
man spectra were performed at room temperature by
using a triple spectrometer Jobin Yvon/Atago-Bussan
T-6400 with a liquid nitrogen cooled CCD detector
for 800 s, in micro-mode. The Ar+ laser beam with
the excitationλ = 514.5 nm was focused under 90×
microscope objective and the laser spot size was be-
tween 1 and 2�m. Raman spectra were recorded in
1000–100 cm−1 range. The spectral resolution was
1 cm−1. The fluorescence of the samples was mea-
sured using a fluorescence spectrometer, type Hitachi
F-4500 S.

3. Results and discussion

3.1. Thermal analysis events of LiNbO3

Fig. 2 illustrates the TG/DTA/DTG curves of the
powder precursor of LiNbO3 obtained by the PC
method, fired at 2◦C/min in the temperature range
between 25 and 1000◦C. The TG curve shows a ma-
jor weight loss step up to∼510◦C; no further weight
loss was registered up to 1000◦C. The weight loss
is related to the combustion of organic matrix. The
clear plateau formed between 510 and 1000◦C on the
TG curve indicates the formation of LiNbO3 as de-
composition product, as confirmed by X-ray analysis.
On the DTA curve are observed two main exothermic
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Fig. 2. The DTA/TG/DTG curves of the thermal decomposition of LiNbO3 and Sm substituted LiNbO3 perovskite oxide powders
(represented with dotted lines) at a heating rate of 2◦/min prepared by PC method.

effects with maxima at 430 and 468◦C, indicating
that the thermal events can be associated with the
burnout of organic species involved in the precur-
sor powders (organic mass remained from CA and
EG), of the residual carbon or due to direct crystal-
lization of LiNbO3 from the amorphous component.
No further weight loss and no thermal effect was
observed above 510◦C, indicating that no decompo-
sition occurs above this temperature. Similar thermal
behaviour was obtained for the RE substituted ma-
terials, therefore inFig. 2, only the curves for Sm
substituted LiNbO3 are presented (with dotted lines).

3.2. Structure evolution analysis

The crystallization behaviour of solid precursors
at different heat treatments was analysed by X-ray
diffraction.Fig. 3shows the XRD patterns of LiNbO3
powder after calcination at 500, 700 and 900◦C for
2 h. The ash of the gels obtained after charring was
amorphous (not shown inFig. 3). All diffraction peaks
were assigned as those from LN phase. It is of im-
portance to mention that crystalline, single-phase per-

Fig. 3. X-ray diffraction patterns with Cu K� radiation indexed
with rhombohedral symmetry for LiNbO3 perovskite oxide pow-
ders prepared by PC method, at different temperatures.
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Fig. 4. SEM micrograph showing the particle size of LiNbO3

perovskite powders prepared by PC method treated at 500◦C.

ovskite LiNbO3 was obtained already at 500◦C from
the decomposition of the complexes (JCPDS 20-631).
Fine single-phase powders with particles in nanoscale
range were obtained at temperatures as low as 500◦C.
All powders presented similar structure with good ho-
mogeneity and uniform spherical grain size.Fig. 4
shows an example of microstructure of LN prepared
by the PC method obtained at 500◦C. The mean par-
ticle size was in nanoscale range, between 40 and
60 nm. The SEM micrographs show a uniform grain
size distribution, a fine powder size and homogeneous
microstructure. Complete crystallization of LiNbO3
takes place at 700◦C. The powder X-ray diffraction
pattern revealed that sample belongs to a rhombohe-
dral perovskite structure, with the average lattice pa-
rametersa = 5.151 Å andc = 13.832 Å. Even after
calcinations at 900◦C the particle size of the powders
was less than 100 nm, which is the usual lowest limit of
most commercial powders[10]. Fig. 5shows the X-ray
diffraction patterns of RE substituted LiNbO3. The
XRD analysis showed that no additional crystalline
phases formed during calcinations. There are subtle
differences in the XRD patterns of the powders of RE
substituted LiNbO3. Fig. 6(a)–(c) exhibits the portion
of XRD diagrams between 34.6◦ and 35.1◦, 42.3◦ and
43◦ and 62.2◦ and 62.8◦ (2θ ) of Li0.95RE0.05NbO3
phases, showing the evolution of the peaks at (1 1 0),
(2 0 2) and (3 0 0) with RE substitution and the shifting
revealing the incorporation of the RE into the lattice.

Fig. 5. X-ray diffraction patterns with Cu K� radiation in-
dexed with rhombohedral symmetry for LiNbO3 (a) and
RE0.05Li0.95NbO3 (RE: La, Pr, Sm, Er) prepared by PC method
(b: Li0.95La0.05NbO3, c: Li0.95Pr0.05NbO3, d: Li0.95Sm0.05NbO3,
e: Li0.95Er0.05NbO3).

The reflections (1 1 0), (2 0 2) and (3 0 0) in the RE
substituted LN rhombohedral structure broaden and
shift with decreasing the ionic radii of the RE intro-
duced into the LN matrix lattice. The shift of the peaks
towards lower degrees increases with decreasing the
ionic radius of the RE, except the case of Er3+ which
has a slight shift compared to the pure LN peaks. From
the structural point of view, XRD analysis has revealed
no other phases that LiNbO3, but shifting of the XRD
peaks with the RE ion substitution for Li suggests that
there is a structure modification inside the LN. Due to
the relatively low concentration of these ions, X-ray
diffraction alone cannot be used as a direct technique
to determine the changes in the lattice. Therefore, the
samples were analysed also by Raman spectroscopy.

3.2.1. Raman spectroscopy results
Raman spectroscopy is very sensitive to small modi-

fications in the structure, by frequency shifts, damping
of optical phonons or even by appearance of new lines
in the Raman spectrum. At room temperature LN ex-
hibits a ferroelectric rhombohedral structure belong-
ing to the space group R3c (C3v

6), with the primitive
cell containing two formula units. Consequently, 18
vibration modes should be expected and are divided
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Fig. 6. (a–c) Portion of X-ray diffraction patterns of LiNbO3 (a) and RE substituted LiNbO3 powders RE0.05Li0.95NbO3 (b: Li0.95La0.05NbO3,
c: Li0.95Pr0.05NbO3, d: Li0.95Sm0.05NbO3, e: Li0.95Er0.05NbO3) showing the composition dependence of the lattice reflections (1 1 0), (2 0 2)
and (3 0 0).

into 4A1+9E+5A2 in which A2 phonons are Raman
and IR inactive, while A1 and E are both Raman and
IR active. The assignments of the active frequencies in
Raman and IR spectroscopies were proposed by differ-
ent authors from polarization measurements[11–19].
In Fig. 7, the Raman spectra of RE substituted LN
are compared to the spectrum of pure LiNbO3. The

Fig. 7. Raman spectra of LiNbO3 (a) and RE substituted LiNbO3 powders RE0.05Li0.95NbO3 (b: Li0.95La0.05NbO3, c: Li0.95Pr0.05NbO3,
d: Li0.95Sm0.05NbO3, e: Li0.95Er0.05NbO3) LiNbO3 powders obtained at 900◦C.

assignments used in this work, in agreement with the
results of Ridah et al.[16] and Repelin et al.[19] are
given inTable 1. The mode frequencies in substituted
powders are evaluated with respect of the values in
unsubstituted samples. The spectra exhibit continuous
changes on passing from pure LN to the RE substituted
LN. Some peaks with clearly changes are observed,
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Table 1
Raman mode assignments (frequencies in cm−1) for the powders
of LN obtained by PC method

Mode assignments for LiNbO3

Our work Ridah et al.[16] Repelin et al.[19]

A1 E A1 E A1 E

625 633 630
610 610 610
579 582 581
431 431 431
367 371 388

332 334 364
319 325 333

274 276 294
259 265 –

255 255 257
237 238 238
178 180 180
151 155 155

especially with decreasing the RE ionic radii. The Ra-
man spectra evolution with the RE substituent shows
that frequencies in the 100–370 and 570–630 cm−1 are
influenced by RE presence. The determination of the
site occupied by trivalent RE ions in LN is quite com-
plicated because of the fact that four cationic lattice
sites can be in principle occupied by RE3+ ions: three
octahedral sites (Li+, Nb5+ and a free/vacant octahe-
dron) and an interstitial tetrahedral site. It is important
to mention that according to the results that have been
obtained for RE3+ ions lattice position in LN, is gen-
erally concluded that trivalent RE ions enter Li+ octa-
hedral sites in the host LN. For single doped LiNbO3,
the foreign ions are located near the Li lattice. Similar
results have been obtained for other RE3+: Pr, Eu, Ho,
Yb. As a general behaviour, it is concluded that triva-
lent rare ions enter Li+ octahedral sites in the LN host
crystal, as these ions are heavier than Nb5+ which is
the heaviest ion in the host LN[20,21]. First, we anal-
ysed the effect of substitution on mode frequencies
and we noticed that the spectra of the substituted LN
with RE differ from that of the LN. It can be observed
that the substitution of Li by RE determines a broad-
ening and a merging of the bands in the mentioned
ranges, going from La to Er, from the RE with big-
ger radius to the RE with the smaller radius. The fre-
quency of the band at 178 cm−1 (E(TO2)) in unsubsti-
tuted LN as well as the bands at 274 cm−1 (A1(TO2)),

332 cm−1 (A1(TO3)) and 367 cm−1 (E(TO6)) regis-
trate an increase in the phonon damping in the sam-
ples substituted by RE, while the bands A1(TO1) and
E(TO1) exhibit the same behaviour versus substitution,
in agreement with previous observations in similar
systems[22]; the bands A1(TO1), which represents
the vibration of Nb in antiphase with the oxygen plane
along the trigonal axis and E(TO1), which represents
the deformation of the BO6 (NbO6) in the (x, y) plane
remain almost unaffected by substitution. In our case,
A1(TO2) and A1(TO3) are the modes which are most
affected by the substitution, as the bands are shifted
from their fundamental frequency in LN, from 274
to 270 cm−1 and from 332 to 328 cm−1; the low-
est band can be seen in the case of Pr substitution,
where the mode was observed at 270 cm−1. Since the
most significant change in frequency exhibits the mode
A1(TO2) which exhibits a substantial amount of Li
movement and A1(TO3) which is the rotation of whole
oxygen octahedra along the trigonal axis (motion of
oxygen anions only), RE ions are on the A sites, is in
agreement with the results published by Mouras et al.
[22] and Zhang et al.[23]. The decrease in frequency
of E(TO2) from 178 cm−1 in LN to 176 cm−1 in Sm
substituted LN, shows that the RE occupy also the B
lattice sites, especially in the case of Pr. The Raman
spectrum obtained for Er substituted LN is different
from the other spectra. We used the 514.5 nm excita-
tion line to record both the lattice vibration spectrum
and the fluorescence spectrum in the same wavenum-
ber range for LN substituted with Er. There is an
overlap between the lattice vibration and the fluores-
cence spectra, a partial mixing of the two spectra oc-
curs. This requires 488 nm line as preferred excitation
wavelength in accordance with Zhang et al.[24]; as
the modes reported here were overlapped, a study us-
ing various excitation wavelengths especially for Er3+
case is very informative. Such kind of work is ongo-
ing. Fig. 8 shows a total site selective contour plot
of Er3+ substituted LiNbO3 in the excitation wave-
length from 200 to 600 nm and emission wavelength
range 500–600 nm. A careful inspection of the spec-
trum reveals the presence of fluorescence centres. In
the “spectroscopy map” obtained from tri-dimensional
spectra (excitation, emission, intensity) recorded at
room temperature, intensity appears as contours (con-
stant), while the excitation and emission wavelengths
are thex, y axes. In agreement with other reported
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Fig. 8. Fluorescence map of the Er substituted LiNbO3.

results[25,26], from the map can be observed the cen-
tres in the emission spectra for each particular excita-
tion wavelength. More studies are needed in order to
determine the influence of RE on the properties and
structure of LN.

4. Conclusions

RE0.05Li0.95NbO3 (RE: La, Pr, Sm, Er) powders
were obtained at temperatures as low as 500◦C
without the presence of any secondary phases, us-
ing a simple environmentally friendly technique: PC
method. The method makes possible the synthesis
of very fine, homogeneous powders with particles in
nanoscale range. From the structural point of view,
XRD analysis for the RE substituted LN, has revealed
no other phases that LiNbO3, but shifting of the XRD
peaks with the RE ion substitution for Li suggests that
structural modification inside the LN is the same. The
Raman spectroscopy results allowed us to assign and
describe the vibrational modes in LN as well as to
analyse the evolution of the modes in RE substituted

LN. The A1(TO2), A1(TO3) and E(TO2) were the
modes which were most affected by the substitution,
as the bands were shifted from their fundamental fre-
quency in LN. Based on Raman spectroscopy results
we can conclude that RE3+ ions lie in Li+ sites. The
fluorescence centres in the emission spectra of Er
substituted LN for different excitation wavelengths
were shown. This basic research should be useful to
study and understand the substitution effect of RE
ions for Li, in powders of LN.
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