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Abstract
The main objective of this paper is to focus on the use of new techniques to
specifically characterize BaTiO3 nonlinear nano-crystals as a test case. We
use the second harmonic generation (SHG) of an IR YAG:Nd pump laser and
detection of the Yb3+ ion pairs to investigate effect of doping and synthesis
route (sol–gel between 700 and 1200 ◦C) on both crystallite sizes (25–60 nm)
and different phase symmetries (tetragonal, cubic, hexagonal) in Yb3+-doped
BaTiO3. In nano-crystals, a higher intensity of SHG was observed in the
acentric tetragonal phase, whereas the isotropic cubic phase was detected by
the absence of a SHG signal. Cooperative emission, indicating the presence
of Yb3+ ion pairs, was easily detected in the cubic phase and not seen in the
ferroelectric tetragonal structure.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Barium titanate (BaTiO3) is a very well known ferroelectric perovskite material, not only for
bulk crystals [1] but also for nano-crystals [2–4]. Depending on the temperature, five phases
appear in bulky samples: rhombohedral, orthorhombic, tetragonal, cubic and hexagonal [5, 6].
The tetragonal phase of BaTiO3, an excellent ferroelectric material, is most widely used for
applications to nonlinear optics such as holographic memory storage, self-pumped conjugate
mirrors and laser resonators [7–9].

The effect of grain size on the properties of BaTiO3 phases is strong and manifests itself
in changes of all properties: phase transition temperatures, crystal structure and nonlinear
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properties [10]. The ferroelectric tetragonal phase is stable at room temperature, more precisely
between 273 and 393 K. The first results on size effects were obtained by Anliker et al [11] in
1954. Particles in the size range 30 nm–2.3 μm were produced by ball milling. The appearance
of a phase transition at the Curie temperature, TC, was used as a criterion for the critical
size (100–200 nm) by Yamamoto et al [12]. In 1993, BaTiO3 powders with particle sizes
between 30 and 150 nm were grown by Saegusa et al [13], and the phase transition at TC was
detected by DSC measurements for crystallite sizes around 90 nm. Recent data on BaTiO3

powders were published by Frey and Payne [14] who reported that at 1200 ◦C the samples were
characterized by a grain size of 0.4 μm. In previous works, we also reported on the doping
ion concentrations of europium and neodymium and the effects on the properties of BaTiO3

nano-crystals [15, 16].
Nonlinear optical materials have a great number of applications in the performance of

functions such as frequency conversion, light modulation, optical switching, optical memory
storage and optical second harmonic generation (SHG), and can be used as electro-optic phase
modulators to generate optical parametric frequency conversion and amplitude modulation.

In this work we report on the synthesis of Yb3+-doped BaTiO3 nano-crystals and the
characterization of phase transformation behaviour by using not only classical methods such
as x-ray diffraction and Raman spectroscopy but also unusual methods such as the Yb3+
spectroscopic probe, the SHG detected only in the tetragonal phase and the cooperative effect
seen with Yb3+ pairs only in the cubic phase. Two parameters play an important role: synthesis
temperature and rare earth doping ion content.

Moreover, in order to carry out a comparative study with nano-crystals, single crystals
of Yb3+-doped BaTiO3 grown using the laser heated pedestal growth (LHPG) technique
were investigated. Indeed, substituting barium with gadolinium [17] or neodymium [18]
in Ba2NaNb5O15 (BNN) reduces the thermal expansion and changes the structure between
orthorhombic and tetragonal phases.

Our main objective is to focus on the use of new techniques to specifically characterize
the effect of doping and synthesis route on both crystallite size and phase symmetry, using
Yb3+-doped BaTiO3 nonlinear nano-crystals as a test case.

2. Experimental techniques

2.1. Synthesis of the BaTiO3 nano-crystals

Details of the preparation of BaTiO3 nano-crystals were described by Hreniak et al [19].
Barium acetate, titanium butoxide and ytterbium oxide were used as starting materials. Acetyl
acetone and acetic acid were selected as solvents of titanium butoxide and barium acetate,
respectively. Ytterbium chloride was obtained by reacting stoichiometric amounts of ytterbium
oxide with hydrochloric acid. Dissolved barium acetate was added dropwise to titanium
butoxide solution with stirring. The obtained solutions were vigorously stirred at 50 ◦C for
about 2 h. The ytterbium salt was dissolved in a small amount of water and added slowly to
the obtained transparent yellow sol with different molar ratios of Yb3+ versus BaTiO3. The
obtained sol was heated at approximately 100 ◦C for 24 h to form barium titanate gel. The
samples of crushed gels were heated above 700 ◦C to form Yb3+-doped BaTiO3 nano-crystal
powders. The small particles of BaTiO3, grown by the sol–gel method, were characterized from
Scherrer’s equation from the x-ray line-widths in the size range of 25–65 nm with sintering
temperature (700–1200 ◦C). The same procedure was used for samples prepared with different
contents of Yb3+ ions.
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2.2. Synthesis of the BaTiO3 single crystals

Single crystal fibres were grown by the LHPG technique. The greatest advantage of this
technique is the absence of a crucible, which ensures no contamination or stress [20, 21].
The ceramic feed rods were prepared from a stoichiometric mixture of the starting powders
BaCO3 and TiO2. The Yb3+ ion content in BaTiO3 was 0, 1, 2, 3, 4, 5 and 8 at.%. The
ceramic pellet, annealed three times at 1200 ◦C over 15 h, was then shaped into rectangular
rods. The laser beam was focused on the top of the source rod to create a small molten zone
where the seed rod was immersed. The growth rates were 40–50 and 10–20 mm h−1 for the
seed and the feed rod, respectively. During crystal growth, the fibres cracked perpendicularly
to the growth direction. In particular, cracking occurred easily once the crystal diameter was
above 0.8 mm. The obtained undoped BaTiO3 fibres crystallized in the hexagonal phase as
expected [6]. Incorporation of ytterbium helped to obtain rather good quality, transparent
homogeneous fibres with a yellowish colour.

2.3. Apparatus

Several characterizations were performed on the grown Yb3+-doped BaTiO3. Identification of
the grown bulky fibre crystals and nano-crystals was performed by powder x-ray diffraction
(XRD) with Ni-filtered Cu Kα radiation, using silicon powder (99.99% purity) as an internal
standard. The experimental set-up for Raman spectroscopy comprised a Dilor XY micro-
Raman system with 500 nm local lengths, an Olympus microscope (50×) and a charge coupled
device (CCD) detector. Excitation was provided by the 514 nm line of an argon laser.

The excitation of the Yb3+ ion luminescence was performed by a frequency-doubled
Nd:YAG laser (10 ns, 10 Hz) pumping a Quantel two-amplified-stage dye laser containing a
mixture of DCM and LDS 698 and followed by a hydrogen Raman cell shifter to generate a
beam in the 920–980 nm range. Detection of the near infrared luminescence was with a Jobin-
Yvon JYHRS1 monochromator equipped with a 1 μm blazed grating. The signal was detected
by Coast germanium and sent in a Stanford boxcar averager SRS 250. The decay kinetics
was recorded with a digital Lecroy LT 342 oscilloscope. Time-resolved photoluminescence
in the visible range was performed, using an intensified CCD camera coupled with an Oriel
monochromator with a 400 grooves/mm grating associated with a Stanford delay generator.

3. Results and discussion

3.1. Average size and SEM micrographs

Figure 1 illustrates the evolution of the average size of BaTiO3 nano-crystal powders with
heat treatment. Clearly, the grain size increased with increasing temperature. Figure 2 shows
SEM photomicrographs of three of the heat treatment conditions; particularly 800, 1000 and
1200 ◦C. They were recorded for grain size determination for samples undergoing the transition
as revealed by XRD. The samples were characterized with grain sizes of 33, 65 and 110 nm,
respectively. No effect on particle size was observed when the Yb3+ rare earth concentration
was increased.

3.2. Structural characterization by x-ray diffraction

Figures 3(a) and (b) show x-ray diffraction spectra of BaTiO3 powders prepared at different
temperatures doped with 1% Yb3+ and those prepared at 900 ◦C doped with different contents
of Yb3+, respectively. Patterns were compared to the reference standard cards for the tetragonal
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Figure 1. Average size of 1% Yb3+-doped BaTiO3 samples representing the room temperature
cubic–tetragonal structural transition with increasing processing temperature.

Figure 2. SEM photomicrographs illustrating grain growth with increasing heat treatment
temperature for sintered sol–gel specimens: (a) 800 ◦C (33 nm) and (b) 1000 ◦C (50 nm).

and cubic structures of BaTiO3.3 The x-ray diffractograms of samples prepared at 1200 ◦C
show two distinct peaks around 2θ ≈ 45.11◦ and 2θ ≈ 45.47◦ with (200 plane) and (002 plane)
reflections. The same peaks appear in samples prepared at 900 ◦C, with a concentration of
4 at.% at Yb3+. These peaks represent the gradual splitting of the (200 plane) reflection
situated at 2θ ≈ 45.44◦, observed in 1% Yb3+-doped BaTiO3 samples prepared at 700 ◦C.
Higher temperatures (1200 ◦C) are necessary to develop the net c-axis cell elongation normally
associated with the ferroelectric transition and forming the tetragonal phase. A slight long-
range lattice distortion appeared in specimens prepared at 1000 ◦C. Up to this temperature,
the tetragonal phase was detected beside the cubic phase. Identical results were reported by
Tsunkewa et al [22]. Takeuchi et al [23] looked closely at the peak positions in 2θ ≈ 45.11◦,
2θ ≈ 45.44◦ and proposed the coexistence of cubic surface layers and tetragonal grain cores.

3 JCPDS powder diffraction file card nos 31-0174 and 05-626, respectively. International Centre for Diffraction Data,
Newtome Square, PA, USA, 1967.

4



J. Phys.: Condens. Matter 19 (2007) 096204 J Amami et al

Figure 3. XRD patterns of (a) 1% Yb3+-doped BaTiO3 nano-crystals heated at different
temperatures, (b) BaTiO3 nano-crystals prepared at 900 ◦C and doped with different concentrations
of Yb3+ and (c) single crystal fibres of BaTiO3 doped with different concentrations of Yb3+. The
scales of (a), (b) and (c) are not the same.
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The cubic phase was also detected beside the tetragonal phase in the grown powders having
a Yb3+ concentration of between 2 and 3 mol% Yb2O3. These phases occur in approximately
the same proportions. From the concentration of 5 at.% Yb3+, the Yb2Ti2O7 compound appears
as a secondary phase. This ytterbium stoichiometric pyrochlore has four characteristic peaks at
2θ = 30.9◦, 35.8◦, 51.5◦ and 61.2◦.4 A certain amount of BaCO3 was present in the samples
and was stable up to at least 800 ◦C or when the concentration was less than 3 at.% at Yb3+.
This is represented by two high intensity peaks situated at 2θ = 24◦ and 34◦ and two other
weak intensity peaks at 42◦ and 47◦ [24, 25]. The presence of carbonates results from a reaction
of the powder with atmospheric carbon dioxide during the conversion process. According to
Wang [24] the BaCO3 could also result from the slow heating rate. This result has already been
reported for chemically prepared BaTiO3 [26, 27].

Figure 3(c) shows powder XRD patterns of the grown single crystals of Yb3+-doped
BaTiO3 recorded at room temperature. We observed a change between hexagonal (space group
P63/mmc) and tetragonal (space group P4mm) phases occurring at a doping level between
3 and 4 at.% Yb3+. As seen in XRD of the nano-powders, from the concentration of 5 at.%
Yb3+, the Yb2Ti2O7 pyrochlore appeared as a secondary phase. Barium titanate crystallized
in the hexagonal structure for a lower concentration of Yb3+ (less than 1% at Yb2O3). This
phase can be seen by one high intensity peak situated at 2θ = 26.24◦. Two peaks appear at
44.97◦ and 45.37◦, indicating the coexistence of tetragonal and hexagonal phases when 2 at.%
at Yb3+ were added. Clearly, the room temperature lattice parameter contracted when either
the heat treatment temperature or the Yb3+ rare earth doping was increased, before any global
symmetry change.

Based on the XRD, the BaTiO3 ferroelectric tetragonal structure was stabilized. This was
made by heating nano-powders at a higher temperature (1200 ◦C) or by substituting Ba2+ with
about 4 at.% Yb3+ in nano-crystals and single crystals.

3.3. Raman spectroscopy

In both the paraelectric and ferroelectric phases, BaTiO3 has one molecule (five atoms) per unit
cell and so there are 12 optical modes. The optical modes in the paraelectric phase transform
according to triply degenerate irreducible representations 3F1u + 1F2u of the Oh point group.
The F2u mode is silent and the F1u modes are only infrared active and so there is no Raman
activity in the paraelectric BaTiO3 phase with perfect cubic symmetry [28].

Figures 4(a) and (b) show spectra for the samples of Yb3+-doped BaTiO3 nano-powders
prepared at different sintering temperatures or Yb3+ doped with different ion contents,
respectively. All these spectra are similar. However, contrary to XRD, Raman spectroscopy
does not provide a direct structural determination.

The presence of Raman modes of high intensity in the paraelectric phase implies that this
phase does not have perfect cubic symmetry but has some disorder which breaks the symmetry
and permits Raman activity. As for the pseudo-cubic structure, this phase is also present for
undoped barium titanate nano-powders [14]. Indeed, Raman spectroscopy is more sensitive to
changes in atomic positions. All the spectra exhibit four distinct bands at 720, 515, 305 and
265 cm−1, respectively, which are characteristic of the tetragonal phase of BaTiO3 [29–31].
Referring to Perry and Hall [28], all of the peaks observed for single crystals in the tetragonal
phase also appeared in the orthorhombic phase. Subtle differences in the Raman spectra
between the two phases relate to features in the 180–185 cm−1 range for powder samples.

4 JCPDS powder diffraction file card no. 17-0454. International Centre for Diffraction Data, Newtome Square, PA,
USA, 1967.
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Figure 4. Raman spectra of (a) 1% Yb3+-doped BaTiO3 nano-crystals heated at different
temperatures, (b) BaTiO3 nano-crystals prepared at 900 ◦C and doped with different concentrations
of Yb3+ and (c) single crystal fibres of BaTiO3 doped with different concentrations of Yb3+.
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A common fact in all of the Raman spectra is the presence of a peak at 1062 cm−1. This
peak whose frequency remains constant with increasing temperature is related to the carbonate
ions [32]. Such a carbonate phase Raman band was not completely eliminated until the
calcination temperature was raised above 1200 ◦C. We also observed a feature at 818 cm−1

which corresponded to amorphous BaTiO3 with a distorted molecular structure [33].
Studies of the Yb3+ rare earth effect and the temperature effect by Raman spectroscopy

did not show any phase transition change in Yb3+-doped BaTiO3 nano-powders. Therefore,
the Raman study of the single crystals was an important factor in determining the difference
between tetragonal and hexagonal structures in figure 4(c). The spectrum of 1% Yb3+-doped
BaTiO3 revealed the presence of one distinct peak situated at 640 cm−1. This peak was never
observed in the other BaTiO3 structures and is characteristic of the hexagonal phase [30].
Raman spectroscopy was not a powerful enough technique to easily distinguish between
different phase transitions of BaTiO3. Therefore, the second harmonic generation (SHG) and
Yb3+ cooperative emission were used as structural probes for different phase transitions in both
BaTiO3 nano-powders and in single crystals.

3.4. Characterization by Y b3+ probe IR emission properties

Single Yb3+ ions have only two stark-split energy manifolds, the ground state 2F7/2 and the
excited state 2F5/2 at around 10 000 cm−1. Stark levels are distributed in the two manifolds and
labelled from 1 to 4 in the ground state and from 5 to 7 in the excited state from the lowest
to the highest energy as can be seen in the inset of figure 5(a). An important parameter is the
position of the resonant zero-phonon line mentioned as 1 ↔ 5 in figure 5(a).

3.4.1. Sintering temperature dependence. The emission spectra of the samples of BaTiO3

prepared at different temperatures and doped with different Yb3+ contents are plotted in
figure 5. These spectra, recorded at 12 K under nonselective excitation around 960 nm, were
completely different and clearly show two distinct structures which were assigned to cubic
and tetragonal phases by analogy with x-ray spectra. Several bands corresponding to both the
electronic and vibronic transitions complicated the total assignment of Yb3+ energy levels in
BaTiO3.

• The resonant electronic transition, the so-called zero-phonon line (5 → 1), was clearly
detected at 981 nm in the samples prepared at 700 ◦C with the cubic phase and shifted to
977 nm for those sintered at 1200 ◦C corresponding to the ferroelectric tetragonal phase.

• Three other peaks at higher energy, situated around 985, 993 and 998 nm, belonged to the
cubic structure. These peaks disappeared in the samples prepared at higher temperature
(1200 ◦C).

In order to assign the vibronic contribution and zero-phonon electronic transition, we reported
Raman spectra (R) investigated at room temperature and emission spectra (E) recorded at 12 K
in figure 6. The two spectra were adjusted to the same energy scales, the origin being taken at
the zero-line energy position.

For the samples prepared at a higher temperature (1200 ◦C) and crystallizing in the
tetragonal structure we observed two intense peaks in the emission spectrum situated at 1006
and 1029 nm and coinciding with the tetragonal Raman lines at 305 and 720 cm−1 respectively.
These peaks have a broad structure and can mask the presence of vibronic activity. This
phase was characterized by two other peaks situated at 1014 and 1020 nm. Formation of the
ferroelectric structure was seen from 900 ◦C with the appearance of the characteristic weak peak
at 977 nm. The peaks around 1029 and 1042 nm were observed in both cubic and tetragonal
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Figure 5. IR emission spectra, recorded at 12 K, of (a) 1% Yb3+-doped BaTiO3 nano-crystals
heated at different temperatures and (b) BaTiO3 nano-crystals prepared at 900 ◦C and doped with
different concentrations of Yb3+.

structures but with different proportions. The peak situated at 1042 nm was dominant in the
paraelectric cubic phase and the peak situated at 1029 nm was dominant in the ferroelectric
tetragonal structure.
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Figure 6. Interpretation of vibronic transitions in tetragonal Yb3+-doped BaTiO3 nano-crystals
with the help of the IR emission spectrum and the Raman spectrum.

3.4.2. Yb3+ concentration dependence. The assignment of pure electronic transitions of
Yb3+ ions is relatively difficult. This is due to the strong interaction of Yb3+ ions with the
lattice vibrations. These effects can give rise to strong vibronic bands or to the deformation
or splitting of electronic lines in the case of resonant coupling which significantly complicates
the spectra [34]. Figure 5(b) shows the emission spectra of BaTiO3 prepared at 900 ◦C and
doped with different concentrations of Yb3+ ions. The samples doped with 2 and 3 mol%
Yb2O3 crystallizing in the cubic phase exhibited the same spectra. The zero-phonon line seen
by the 5 → 1 transition was situated at about 982 nm. When 3 at.% at Yb3+ was added,
the intensity of this peak decreased and the resonant electronic transition appeared at about
978 nm, indicating the formation of the tetragonal phase with few traces of cubic structure.
Consequently, BaTiO3 had a single ferroelectric tetragonal phase at 4% Yb3+ with the zero-
phonon emission peak situated at 977 nm. At 10 mol% in Yb2O3, the emission spectrum was
different due to the second phase of Yb2Ti2O7 pyrochlore which is characterized by the zero-
phonon peak at 982 nm indicating coexistence with the cubic phase. The same result was found
above in the x-ray diffraction part.

3.5. Second harmonic generation (SHG) signal and cooperative fluorescence in Yb3+-doped
BaTiO3

The capability of generating the second harmonic and the Yb3+ cooperative fluorescence for
both nano-powders and single crystals of Yb3+-doped BaTiO3 is shown in figure 7.

3.5.1. Second harmonic generation (SHG) in BaTiO3. Crystals capable of generating the
second harmonic must have a unit cell with no centre of inversion, and this requirement is met
by few phases of BaTiO3. Measurements of the second harmonic generation (SHG) signal
intensity provide information related to the magnitude of acentric distortions for ultra-fine
materials. That is, the nonlinear optical behaviour of tetragonal BaTiO3 varies with the grain
size [14].

In figure 7(a) we can see SHG of either a 938 or 976 nm IR excitation pump laser
recorded at room temperature for all samples of Yb3+-doped BaTiO3. The agreement of the
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Figure 7. SHG signal, up-conversion emission spectrum of rare earth impurities under Yb3+
pumping in the IR and visible cooperative emission spectrum of Yb3+ ion pairs at room temperature
of (a) 1% Yb3+-doped BaTiO3 nano-crystals heated at different temperatures, (b) BaTiO3 nano-
crystals prepared at 900 ◦C and doped with different concentrations of Yb3+ and (c) single crystal
fibres of BaTiO3 doped with different concentrations of Yb3+.
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two SHG signals in the visible at half-wavelength of the two IR excitation wavelengths (469
and 488 nm, respectively) favours the real probe of the nonlinear effect in nano-crystal powders.
A significant enhancement in the intensity of the SHG signal was observed in samples heated
at higher temperatures (>1000 ◦C) and in those doped at 4% in Yb2O3. All these samples
crystallized in the anisotropic tetragonal structure. Such an increase in the SHG signal intensity
was due to phase transition from the isotropic cubic phase to the tetragonal one which is
characterized by a lower symmetry.

The pyrochlore ytterbium oxide described by the chemical formula Yb2Ti2O7 has a face-
centred cubic crystal structure with a strong crystal field in the isotropic space group Fd3m.
Therefore, Yb2Ti2O7 was detected by the absence of the SHG signal.

All the single crystals, except the sample doped with 1% Yb3+ crystallizing in the
hexagonal structure, presented a high intensity SHG signal at half-wavelength (488 nm) of the
IR laser excitation (976 nm). Concerning the 1% Yb3+-doped BaTiO3 single crystal sample
crystallizing in the hexagonal phase, only a very weak intensity SHG signal was observed. In
the literature, Filippetti and Hill reported [35] that the BaTiO3 hexagonal phase displays both
magnetic and ferroelectric properties.

3.5.2. Cooperative emission of Yb3+ pair ions. Cooperative emission is a simultaneous
radiative relaxation of excited Yb3+ pair ions. The signature is given as the convolution of
the IR emission spectrum of Yb3+ isolated ions. The signal can be seen around 500 nm as in
other Yb3+-doped oxides we have already studied [36].

The highest intensity of the cooperative emission corresponds to the samples prepared at
the lowest temperature (700 ◦C) and to samples doped with less than 2 at.% Yb3+ in the cubic
structure. Indeed, this signal was not seen at temperatures above 1000 ◦C and for samples doped
with 3–4 at.% Yb3+. This can be explained by the disorder in the paraelectric cubic phase
which is associated with the position of the Ti atoms. Instead of occupying the centre positions
as in a perfect cubic perovskite structure, the Ti atoms are thought to be displaced along the
cube diagonals causing the disorder [37], and then pairs of Yb3+ are easily formed as clusters.
In the tetragonal phase, however, the symmetry is perfect and no structural distortion has been
reported in the literature. Therefore, Yb3+ ions are better substituted and placed in the structure.
Another explanation can be given: the absence of pairs in the tetragonal phase can be related
to the overlapping of the orbitals. In fact, in BaTiO3 there is a certain amount of hybridization
between d(Ti) and p(O) charge causing a fraction of d(Ti) states to be occupied. The d(Ti) has
two contributions coming from the t2g triplet and the eg doublet of orbitals and both eg and
t2g states are hybridized with the p(O)-type manifold. The breaking of cubic symmetry splits
the t2g orbitals into one singlet (dxy) and one doublet (dxz and dyz), and the eg orbital into
two singlets. So, there is an overlapping of orbitals by p–d hybridization in BaTiO3 [35]. A
higher intensity of pairs was observed in 10% Yb3+. This can be explained by considering that
in nano-crystal oxides the probability of forming ion pairs increases with increase in the rare
earth doping content.

In fact, ion pairs and even clusters are easily formed in the BaTiO3 lattice, replacing Ba2+
or Ti4+ sites. There were two stages of substitution of rare earth elements in BaTiO3. In
the first stage, Ti4+ ions located on the B site were replaced by rare earth elements. In the
second stage Ba2+ ions on the A site were also mainly replaced by rare earth elements [38].
Yb3+ ions (0.98 Å) most probably replaced Ba2+ (1.56 Å in radius) cations rather than Ti4+
(0.65 Å), whose radius seems too small. When Yb3+ was introduced to BaTiO3, three Ba2+
sites were substituted by two Yb3+ neighbours to keep electrical neutrality and so one vacancy
was created. The substitution of both Ti4+ and Ba2+ was also possible, but less probable. The
crystal chemistry of BaTiO3 could be altered to retain the local charge balance.

12
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Figure 7(c) shows the spectra of the cooperative fluorescence and the SHG signal of Yb3+-
doped BaTiO3 single crystals. All of them presented the same broad band around 503 nm
indicating the Yb3+ ion pairs. The fluorescence intensity decreased slightly with the Yb3+
concentration. Contrary to nano-crystals, the pairs in single crystals were observed in the
tetragonal phase. In fact, fibres grown by the LHPG technique were characterized by aggregates
which were able to alter the structure. In previous works on Yb3+-doped crystals, we showed
that the LHPG technique favoured the formation of pairs compared to crystals grown by the
Czochralski technique [39].

4. Conclusion

Nano-crystals of sol–gel powders of sizes ranging from 25–65 nm and single crystal fibres
of Yb3+-doped BaTiO3 grown by the LHPG technique, were synthesized. X-ray diffraction
and Raman spectroscopy were used as standard techniques to probe cubic, tetragonal and
hexagonal phases. In addition, Yb3+ IR emission spectroscopy under laser excitation, SHG
of the IR pumped laser and cooperative emission from Yb3+ ion pairs were used as unusual
optical methods to probe phase transitions. Data suggest that an enhanced stability exists for
the tetragonal structure when the grain size increases above 45 nm for temperatures greater than
1000 ◦C and when 3–4 at.% Yb3+ is added for both nano-crystals and single crystals of BaTiO3.
The centrosymmetric cubic samples did not exhibit any SHG. Cooperative emission, indicating
pairs of Yb3+ ions in nano-crystals, were easily detected in the cubic and hexagonal phases but
were not seen in the ferroelectric tetragonal structure. Consequently, our main objective was
to focus on the use of these new techniques to specifically characterize the effect of doping
and synthesis route on both crystallite sizes and phase symmetries using Yb3+-doped BaTiO3

nonlinear nano-crystals as a test case.
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