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Abstract

We report the successful growth of undoped and neodymium doped CaTa;O¢
single crystal fibres by the laser heated pedestal growth (LHPG) technique, as
well as the fibres’ structural and spectroscopic characterizations. The 700 um
diameter and 3 cm length fibres present high optical quality and excellent
transparency, and x-ray diffraction measurements indicate that they crystallize
in the cubic structure (Pm3). The extensive transmission window of the host
crystal fibres enables the study of rare-earth ion emission in the near-infrared
region with several technological applications. Neodymium doped fibres
(0.5-2.5 mol%) were characterized by ground and excited state absorptions,
luminescence and lifetime measurements. Stimulated emissions were measured
at 1.06 um (*Fs3/2 — *I;1)» transition) and around 1.34 um (*Fs2 — *Ij3)2).
Because CaTa;Og:Nd>* fibres can be grown with excellent optical quality at
low cost and in processes that are much faster than those usually used to grow
bulk crystals, they might become an interesting material for the construction of
compact optical devices such as diode pumped miniature lasers.

1. Introduction

Nowadays, solid state materials presenting emissions in the near infrared spectral region
(1-3 pum), are highly desirable for the construction of optical and electro-optical devices
such as detectors, amplifiers, laser active media, etc, with applications in the scientific,
military, industrial and medical fields [1-5]. Consequently, there is an enormous interest
in the development and improvement of new and efficient materials, and among them the rare-
earth ion doped crystals play a major role. In particular, neodymium doped crystals that can be
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used as laser active media around 1.06 and 1.34 um are probably the most studied ones. The
emission at 1.06 um finds applications in optical spectroscopy and dentistry (for the removal
of cariotic tissue for instance), and the one at 1.34 pum is studied due to the possibility of
application in amplifiers for telecommunications [4, 5].

Although several crystal compositions have been studied for the last forty years, most
of the spectroscopic investigations and laser experiments reported in the literature are carried
out in large bulk crystals, obtained by expensive and sophisticated techniques such as the
Czochralski method [6, 7]. More recently however, the demand for compactness of optical
devices has raised much attention for the preparation and characterization of single crystal
fibres [8—12], which give perspective for the construction of low cost and mass producible
devices, such as miniature lasers. One of the interesting features of these lasers are the fact
that, since their cavity length can be made sufficiently short, single mode oscillation can be
achieved, assuring single-frequency output, and it is much easier to stabilize a short cavity to
minimize thermal and mechanical perturbations [13].

A technique that has been successfully used for the growth of high optical quality
single crystal fibres of various compositions is the laser heated pedestal growth (LHPG)
technique [8, 14]. This is a modified floating zone technique in which the molten zone
is supported by the surface tension between a source rod and the crystalline material. In
the process, the tip of the source rod is melted by the incidence of a high power CO, laser
(10.6 um), and a seed is put into contact with the melt. The seed and source rods are then raised
to allow a new source into the focus of the laser, while single crystal material above the focus
cools and solidifies. Such an experimental arrangement makes LHPG very advantageous when
compared to other conventional growth methods such as Czochralski, because it eliminates
the need for crucibles, which can be quite expensive for high melting point materials and also
increases the chance of contamination. Another advantage is that single crystal fibres can be
grown by LHPG in processes that are up to 60 times faster than large bulk crystals.

By employing LHPG, our group has succeeded in growing several single crystal fibre
compositions, which are normally very difficult to obtain by other techniques [12, 15—
17]. Most recently we have grown fibres of CaB,O¢ oxide compounds where B = Nb or
Ta [16, 17]. Despite the excellent optical quality with which such crystal fibres can be
obtained, and the broad range of optical applications they could serve when doped with
active ions such as neodymium, these oxides are traditionally studied as dielectric ceramics
with applications in resonators at microwave frequencies (a few GHz), useful in mobile and
satellite communications, in cellular phones and global positioning systems [18, 19]. Hence,
there are very few reports on the growth and characterization of AB,Og crystals [20, 21].
CaTa, Og is a polymorphic oxide that exists in three different structural modifications depending
on the temperature at which it is prepared. For high temperature synthesis, two structural
modifications were identified: a tetragonal (o) phase stable from 1450 to 1650°C, and a
cubic (a;) phase stable from 1650 °C to the melting point [22].

In this work we present the successful LHPG growth of undoped and neodymium (Nd3*)
doped CaTa,Og single crystal fibres, along with a throughout spectroscopic characterization
in the near infrared region, with the purpose of investigating their potential use in compact
optical devices, such as near-infrared laser active media.

2. Experimental details

Undoped and Nd** doped (0.5-2.5 mol%) CaTa,Og single crystal fibres were grown from
pedestal rods (source and seed), using the LHPG equipment described elsewhere [14]. The
pedestal rods were obtained by mixing stoichiometric amounts of the precursors CaCOj; (Riedel
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de Hiden 99%), Nd, O3 (Merk 99.9%) and Ta,Os (TEP 99.99%) with an organic ligand [14, 16].
The homogeneous mixtures were molded into cylindrical pedestal shapes with 1.0 mm diameter
and 50 mm length, using a cold extrusion device. The green rods obtained were dried in air,
and then used as seed and source in the growth process. Further details of fibres growth are
given in [16].

X-ray diffraction patterns were measured in a Rigaku Rotaflex diffractometer model
RU200B for the as-grown milled doped or undoped CaTa;Og fibres using Cu Ko radiation.
Raman scattering spectra were collected for undoped samples, using as an excitation source
an Ar* laser (514.5 nm). The signal was filtered by a 0.85 m double monochromator and
collected by a photomultiplier. Transmission spectra were measured longitudinallyina0.27 cm
length undoped fibre, in the spectral range of 4000—400 cm~!, using a Nicolet Magna IR850
spectrophotometer equipped with a DTGS detector and a KBr beamsplitter.

The room temperature absorption spectra of doped samples were measured in the range
650-920 nm, using the same Nicolet spectrophotometer equipped with a Si detector and a
quartz beamsplitter. The luminescence measurements were done at 7 = 300 K, in the range
of 820 nm to 1.45 um, using as an excitation source a diode laser at 808 nm. The signals
were modulated by a chopper, filtered by a 0.3 m monochromator, collected by an InGaAs
detector and amplified by a lock-in system. Excited state lifetime values were obtained from
luminescence decay curves in time, which were measured with excitation at 800 nm by an
optical parametric oscillator (OPO) system pumped by a YAG:Nd>* laser.

Excited state absorption (ESA) measurements were done using a pump-—probe
experimental set up as described in [23]. The samples were pumped by a 14 Hz modulated
Ti:sapphire laser at 808 nm and the probe radiation was provided by a broadband tungsten lamp
modulated at 600 Hz. The signal was filtered by a 0.3 m monochromator and collected by a
Ge detector. By taking the normalized difference in transmitted intensities /, of the pumped
crystal sample and I, of the unpumped sample, one can relate to the ground state absorption
(GSA), the stimulated emission (SE) and the excited state absorption cross sections (oGsa, OSE
and ogga respectively), the following way:

L)~ L)

AT, =nL |:O'GSA()») + Z <Z—;> (USE,i - UESA,i):| ) (1)

where 7. is the overall excited population, ¢ is the amplification factor of the lock-in and L is
the sample thickness, n; / n. is the ratio of populations in level i and the total density of excited
ions. That way, the spectrum described by equation (1) is a combination of GSA, SE and ESA
processes and its calibration in cross section units is done in regions where only ground state
absorption or stimulated emission (and not ESA) are expected.

3. Results

The single crystal fibres of CaTa,Og (doped or undoped) were successfully grown by LHPG
with lengths up to 3 cm and typical diameters of 700 £ 11 wm. The fibres are all transparent
and free of cracks and striations and their shape is cylindrical without any sign of faceting.
The undoped samples are colourless but the doped ones present a slight blue colour. X-ray
diffraction patterns and their refinements indicate that the fibres were grown with the cubic
structure belonging to the Pm3 space group [24], and no secondary phases were detected.
Figure 1 presents a photograph of a low doped (0.5 mol%) fibre.

The transmission spectrum of a 0.27 cm long undoped fibre is presented in figure 2(a).
The weak absorption bands in this spectrum around 3.5 um correspond to atmospheric CO,
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Figure 1. Photograph of a low doped (0.5 mol%) CaTa,Og:Nd>* single crystal fibre grown by
LHPG. The scale is in millimetres.

(This figure is in colour only in the electronic version)
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Figure 2. (a) Infrared transmission spectrum of an undoped 0.27 cm long CaTa,Og single crystal
fibre; (b) Raman scattering spectrum of the same undoped fibre obtained with excitation from an
Ar* laser at 514.5 nm.

vibration modes. Figure 2(b) shows the Raman scattering spectrum of this same undoped fibre,
and the peak values of the bands are indicated.

The room temperature ground state absorption spectrum of a 1.5 mol% Nd** doped fibre is
presented in figure 3. The spectrum contains the typical bands of Nd** and the corresponding
transitions are indicated. The inset shows the linear dependence of 808 nm band integrated
intensities with Nd** concentration. Figure 4 displays the luminescence spectrum of the same
1.5 mol% doped fibre, which also contains the typical emission bands of Nd** at 890 nm, 1.06
and 1.34 um. The corresponding transitions from level *F, are indicated in the partial energy
levels diagram, and the dependence of the integrated 1.06 ;m emission band as a function of
Nd3* concentration is also shown in the inset. The average 4Fs /2 lifetime values were taken
as those corresponding to a decrease of 1/e in luminescence intensity, and for the 0.5 mol%
doped sample it is 200 ws.

Figure 5 brings the gain-ESA (osg — ogsa) spectrum of a 0.5 mol% doped fibre and the
transitions corresponding to the bands are indicated in the partial energy levels diagram. In
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Figure 3. Room temperature ground state absorption spectrum of a 1.5 mol% Nd** doped CaTa, Og
single crystal fibre. The inset presents the curve of integrated intensity of the 808 nm absorption
band as a function of increasing Nd>* concentration and its linear fit.
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Figure 4. Room temperature luminescence spectrum of a 1.5 mol% Nd** doped CaTa,Og single
crystal fibre, obtained with excitation from a diode laser at 808 nm. The insets present the partial
energy levels diagram indicating the corresponding transitions, and the 1.06 ;zm integrated emission
band dependence on Nd>* concentration.

the range of 950 nm to 1.45 um no ground state absorption bands are observed, therefore only
stimulated emissions and excited state absorptions from the 1F, /2 state are observed.

4. Discussions

Once again the laser heated pedestal growth technique has proven to be an advantageous
technique for the growth of high melting point crystals. The excellent optical quality of the
CaTa,Og crystal fibres, as shown in the photograph of figure 1, is confirmed by its transmission
profile in figure 2(a). The transmission window extends up to 6.0 um, and over 70% of
the transmission is observed up to 4.5 um. This is an important characteristic of the host
crystal lattice, since it allows the study of the most important rare earth ions emissions in the
near-infrared spectral region without interference of the host crystal. Also, the absence of
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Figure 5. Gain-ESA spectrum of a 0.5 mol% Nd>* doped CaTa,Og single crystal fibre. The
transitions from level *F3 /2 are indicated in the partial energy levels diagram.

significant absorption around 3 um due to OH™ vibrations, as indicated by the arrow, suggests
that CaTa,Og crystal fibres might also become an interesting host for Er** ions, with emission
at 2.8 um, of great interest for facial plastic surgery [25].

The formation of the stable cubic phase for all CaTa,Og fibres, as confirmed by the x-
ray diffraction patterns, is attributed to the high cooling rate (~1000°C min~') associated
with the experiments. The crystalline parameters obtained from Rietveld refinements of the
patterns are a = b = ¢ = (7.757 £ 0.002). This is also in accordance with the Raman
spectrum presented in figure 2(b) that is considerably different from the one reported for the
orthorhombic phase [26], when it comes to width and positions of bands. To the best of our
knowledge, there are no reports of the Raman spectrum for the cubic phase, hence we have
no means of attributing the bands to the vibration modes of the structure. However, we have
found that from 100 to 450 cm ™!, some of the bands positions coincide with those of O—Ta—-O
bending vibrations of monoclinic Ta,Os [27], and the bands at 167, 270, 243 and 650 cm™!
are also present in the spectrum of the orthorhombic phase, although with narrower linewidth.
One reason for the apparent line broadening of Raman bands could be due to the fact that, since
the fibres are rapidly cooled from the melt, there could be a significant amount of tensions in
the metastable cubic structure, even though the fibres are not very fragile. As to the maximum
phonon energy of CaTa, Oy fibres (856 cm™!), it is comparable to those of well known laser
crystals such as YAG:Nd>* [28].

The inhomogeneous line broadening can also be verified in the absorption spectrum
presented in figure 3. The full width at half maximum (FWHM) of the band at around
808 nm is 13 nm in contrast to 0.9 nm for the crystal of YAG:Nd**. Consequently, the
apparent disadvantage of a smaller peak absorption cross section estimated for CaTa,Og:Nd>*
(1.5 x1072% cm?) in comparison to YAG:Nd** (7.0 x 1072° cm?) [29] can be fully compensated
for by the wider absorption of CaTa,0¢:Nd**, depending on the desired application. When it
comes to diode pumping at around 800 nm, for instance, the broadening is an advantageous
characteristic, since it relaxes the need for temperature control of the diode laser to achieve
best tuning conditions. Table 1 presents spectroscopic parameters of CaTayOg:Nd3* crystal
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Table 1. Spectroscopic parameters of CaTa,Og:Nd>* single crystal fibres in comparison to those
of well known neodymium doped bulk laser crystals.

Nd** doped  Aemis Oemis FWHMcpis  0aps® FWHM.ps  Trad
crystals (um) (1072 ¢cm?)  (nm) (10720 ¢m?) (nm) (us)
CaTa,Og 1.068 3.0 45 1.5 (802 nm) 13 200
Y3Als01, 1064 35 5.0 7.0 (808 nm) 0.9 230
[29-31]

LiNbO;3 1.085 (m) 27 () 2.6 () 8.7 (813 nm) (r) 4.0 () 108
[32, 33] 1.093 (o) 7.5 (o) 6.4 (o) 6.7 (808 nm) () 11 (o)

4 Corresponds to maximum peak cross section of e 2 —> 2Hy /2 4Fs /2 transition band.

fibres in comparison to the well known Nd** doped YAG and LiNbOs crystals [29-33].

Still, another interesting aspect of the absorption spectra is that the intensities of the bands
have a linear dependence with Nd3* concentration, as can be seen in the inset of figure 3 for the
band around 808 nm. This indicates that CaTa;Og host fibres can efficiently incorporate up to
2.5 mol% Nd**, which is a fairly high doping concentration (2.0 x 10%° ions cm~?), without
compromising the optical quality of the fibres.

The luminescence spectrum in figure 4 shows the emission bands at around 900 nm
(*F3/2 — *lg), transition), 1.06 um (*Fs /2 — *1;;» transition), and 1.34 um (*F3 2 — *1;32).
The *F; 52— s /2 transition band is out of the measured spectral range. The bands at around
1.06 and 1.34 um have FWHMs of 45 and 55 nm, respectively. These linewidths are also
considerably larger than those of other bulk laser crystals as can be seen in table 1 for the band
around 1.06 um. The estimated peak emission cross section for this band is 3.0 x 1072° cm?,
in contrast to 35 x 1072% ¢cm? for the YAG:Nd** crystal, however, similarly to the absorption
spectrum, the low cross section of CaTa;Og:Nd** can be compensated for by its broader
emission. In that sense, the fibres could find applications, for instance, as an active medium
for compact pulsed or tunable lasers around 1.06 um and other wavelengths.

The radiative lifetime value of 200 ys for excited state *F3 /2 1s assumed as that taken for
the least doped fibre (0.5 mol%) in which ion—ion interactions are less probable. This value
is of the same order of those for other laser crystals (see table 1). For a 2.5 mol% doped
CaTa,04:Nd** fibre, a decrease of 15% is observed in the lifetime value (170 us). Although
this decrease is not very critical to compromising the good energy storage capacity of level
*F3)2, it can be attributed to the activation of energy transfer processes among ions, such as
the cross relaxations 4F3/2, 419/2 — 41]5/2, 41]5/2 and 4F3/2, 419/2 — 4113/2, 41]5/2 followed by
non-radiative decay to the ground state *Iy >, and/or the energy migration *F3 2, *Ig/» — *I)2,
*Fj,, followed by non radiative losses in structural defects. Such energy transfer processes are
also evidenced by a discrete quenching of luminescence intensity as the doping concentration
is raised above ~1.5 mol%, as can be seen in the inset of figure 4 for the integrated intensity
of the band around 1.06 pm.

The gain-ESA spectrum presented in figure 5 is a good indicator of the potentiality of
CaTa,04:Nd** single crystal fibres. Since no ESA is expected at around 1.06 pm, and the
only metastable level is the i, /2, theratio n; /ne in equation (1) is 1 and therefore the calibration
of the spectrum was done by imposing equality of the stimulated emission cross-sections of the
1F, = T /2 transition to the (I, — I,)/I, spectrum. The stimulated emission cross section
was estimated by the Fuchtbauer—Lundenburg expression that relates the emission bandshapes
and radiative lifetime to the emission cross sections [34].

From the spectrum it can be noted that the maximum ESA cross section at around 1.0 um
is 0.45 x 1072° ¢cm?, and even if there is an overlap of this band (with smaller ogsa) with the
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stimulated emission at 1.06 pum, it is evident that the ESA loss at this wavelength is negligible
in comparison to the emission cross section of about 3.0 x 1072 cm?. Therefore the laser
emission around 1.06 um should not be compromised by ESA. However, at around 1.34 pm,
the situation is just the opposite, the laser transition lies very close to a strong ESA band and
taking bandwidths into consideration, the laser performance around this wavelength is strongly
compromised by SE/ESA overlap.

5. Conclusions

High optical quality undoped and neodymium doped (0.5-2.5 mol%) CaTa,Og single crystal
fibres, with 700 wm diameter and up to 3 cm length, were grown for the first time by the laser
heated pedestal growth technique. Analysis of x-ray diffraction and Raman scattering patterns
indicate that all the fibres crystallized in the metastable cubic structure. The transmission
window extends up to ~6 pm and the maximum phonon energy of 856 cm™~! is comparable to
those of well known bulk laser crystals. The absorption and emission peak cross sections are
lower than those reported for YAG:Nd>* and LiNbO3:Nd>* crystals but the spectral lines are
much larger in CaTa,04:Nd>* and the radiative lifetime of level *F3 /2 (200 ps) is comparable.
The strongest evidence of the potentiality of the single crystal fibres as laser active media
comes from the observation of stimulated emission around 1.06 um (osg = 3.0 x 1072° cm?),
which is not compromised by ESA transitions. However, the stimulated emission at 1.34 um
is prevented by a strong overlap with an ESA band. To the best of our knowledge, this is
the first report on the successful growth and spectroscopic characteristics of a CaTa,Og:Nd**
single crystal fibre, which is a novel material that can become an interesting candidate for the
construction of compact pulsed or tunable lasers.
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