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Abstract

Neodymium-doped bioactive wollastonite-tricalcium phosphate (W-TCP:Nd) coatings were
fabricated by combining dip coating and laser floating zone (LFZ) techniques to investigate the
dependence of optical emission on polarization. Structural and spectroscopic analyses were
performed on both longitudinal and transversal sections of the coating to study the effects of
directional solidification on luminescence and vibrational behavior. Micro-Raman spectroscopy
revealed that the coating exhibited sharp, well-defined peaks compared to the W-TCP:Nd glass,
confirming its glass-ceramic nature. New Raman modes appeared in the longitudinal section,
accompanied by red and blue shifts in some bands relative to the transversal section, suggesting the
presence of anisotropic stress and orientation-dependent crystal growth. Optical emission
measurements showed that while the “Fsp—*li12 transition near 1060 nm was nearly polarization
independent, the *Fsn—*op transition around 870-900 nm exhibited strong polarization dependence
with notable Stark splitting. The relative intensity and spectral position of the Stark components
varied systematically with the rotation of the emission polarization. These findings demonstrate that
directional solidification by using LFZ processing technique induces optical anisotropy in the coating,
with potential applications for polarization-sensitive biophotonic and diagnostic purposes.

Keywords: optical properties; luminescence; rare-earth-doped materials; laser floating zone;
directionally solidified ceramic eutectics; bioceramics

1. Introduction

Bioceramics play a fundamental role in modern medicine due to their excellent biocompatibility,
durability, and ability to interact positively with biological tissues. They are widely used in
applications such as bone grafts, dental implants, and joint replacements, where their similarity to
natural bone structure promotes healing and tissue integration [1]. Unlike traditional materials,
bioceramics can be engineered to be bioinert, bioactive, or even biodegradable, depending on the
medical need, resulting in highly versatile. Their resistance to wear and corrosion also ensures long-
term performance in the body, improving patients” quality of life and reducing the need for repeated
surgeries [2]. Therefore, bioceramics are becoming increasingly important in regenerative medicine
and drug delivery systems due to their potential applications in healthcare.

Both wollastonite (W) and tricalcium phosphate (TCP) are two important types of bioceramics
that have gained significant attention in biomedical therapies because of their excellent bioactivity
and ability to support bone regeneration [3]. Tricalcium phosphate promotes strong bonding with
natural bone by forming a hydroxyapatite layer on its surface when in contact with body fluids,
enhancing osteoconductivity. Wollastonite, on the other hand, is highly biocompatible and
biodegradable, gradually dissolving in the body while stimulating new bone growth, making it ideal
for bone grafts and scaffolds [3-5]. When used individually or in composites, these bioceramics not
only provide structural support but also actively participate in the healing process, accelerating bone
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repair and reducing recovery time. Their combined properties are essential in the development of
advanced biomaterials for orthopedic and dental implants [6].

Adding rare-earth ions to bioceramics like wollastonite and tricalcium phosphate can
significantly enhance their biological and functional properties, making them more effective for
medical purposes [7-9]. Rare-earth ions such as cerium, europium, or gadolinium can improve
bioactivity by stimulating cell proliferation, differentiation, and bone tissue formation [10-12]. Some
of these ions also introduce antibacterial properties, helping to reduce the risk of post-surgical
infections [13,14]. Additionally, certain rare-earth ions provide luminescent or magnetic
characteristics. The study of luminescence in bioceramics allows combining structural and
therapeutic functions with advanced diagnostic capabilities. By incorporating luminescent elements
into bioceramics enables, under specific light excitation, real-time tracking of implants and
monitoring of their integration with bone tissue without invasive procedures, which is especially
valuable for bioimaging [15-18]. Luminescence can also provide insights into the material’s
microstructural properties, which directly affect its biological performance. In particular, the
assessment of the optical polarization of luminescence in bioceramics provides information of the
symmetry, orientation, and local environment of luminescent ions within the ceramic matrix [19,20].
By analyzing polarization, it is possible to determine how crystal structures, defects, and ion
substitutions influence light emission, which in turn affects the efficiency and stability of luminescent
properties. This knowledge is particularly valuable for designing bioceramics with controlled optical
responses.

In this work, Neodymium doped wollastonite—tricalcium phosphate (W-TCP:Nd) coatings were
fabricated on the surface of calcium zirconate-calcium stabilized zirconia (CZO-CSZ) eutectic
substrates by combining dip coating and laser floating zone (LFZ) techniques. The study aims to
investigate the relationship between the microstructural anisotropy induced by directional
solidification and the polarization dependence of the optical emission of Nd* ions. Microstructural
and compositional analyses were performed by field emission scanning electron microscopy
(FESEM) and energy-dispersive X-ray spectroscopy (EDS), while micro-Raman spectroscopy was
employed to assess the degree of crystallinity and possible orientation effects. Optical emission
spectroscopy under controlled excitation and detection polarization was used to examine the
behavior of the “Fs2—4lop transition and “Fs2—4li1. transitions of Nd® ions. The correlation between
vibrational and optical features allowed determining the origin of the observed anisotropy,
demonstrating that the LFZ technique enables control over the optical polarization response of
bioceramic coatings for potential use in photonic and biomedical therapies.

2. Materials and Methods

Both dip coating and laser floating zone (LFZ) techniques were combined to manufacture the
Neodymium doped W-TCP coating. In the first place, a ceramic solution was prepared with Ethanol
(44.49 wt%), Beycostat C213 (0.42 wt%), Polyvinyl Butyral, PVB, (12.72 wt%), and 42.37 wt% of a
powder mixture including Wollastonite (Aldrich, 99%) and Tricalcium Phosphate (Carlo Erba
Reagenti, Italy, Analytical Grade) in the eutectic composition, 80-20 mol% respectively, and 1wt%
N20s (Aldrich, 99%).

Rods of CZO-CSZ eutectic composite used as the core and previously prepared by the LFZ
technique were dipped and withdrawn at a constant rate in the ceramic solution allowing the control
of the layer thickness, and subsequently sintered at 1200 °C. Finally, directional solidification was
carried out by means of the LFZ technique. The fundamentals of this technique can be consulted
elsewhere [21,22]. Laser power and growth rate were suitably adjusted to induce surface cladding
avoiding the alloying with the core [23]. Specifically, the growth rate was set at 100 mm/h which
assured the fabrication of a glass-ceramic coating [24]. Samples were cut and polished to be prepared
for microstructural and optical characterization. After polishing, samples were annealed at 750°C for
12 h to relieve the stress which may be induced during the preparation process.
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Morphology and semiquantitative composition characterization in the samples were performed
both in transversal and longitudinal sections by means of Field Emission Electron Microscopy
(FESEM, model Carl Zeiss MERLIN) with Energy Dispersive X-ray Spectroscopy (EDS) detector.

Luminescence characterization was carried out at room temperature by using a home-made
microscope pumping the sample at 800 nm by a single mode fibre coupled diode. The backscattered
light was delivered to a Spectrometer (SR303i-B, Andor, Belfast, Northern Ireland) equipped with a
thermoelectric-cooled CCD detector (Newton 920, Andor, Belfast, Northern Ireland). Two polarizers
were placed in the optical setup to determine the optical properties as a function of the polarization.
The first polarizer, Pex, was placed to set the laser excitation source as parallel (|l) or perpendicular
(1) to the growth direction for which the samples were manufactured. The second polarizer, Pem,
was placed to analyse the luminescence as a function of the rotation angle with respect the excitation
laser source from 00 to 90 degrees, clockwise, so that the stablished convention in this work was to
denote parallel to the excitation source as Pem 00 and perpendicular as Pem 90.

Micro-Raman characterization was performed by using a confocal microscope coupled to a
WITec Alpha 300 system. A cw laser with emission at 488 nm was used to excite the sample.

3. Results

3.1. Microstructural Characterization

A detailed study of the microstructural characterization of the coating fabrication can be found
in a previous publication [23]. As a summary, the CZO-CSZ eutectic composite was firstly produced
in cylindrical shape by the LFZ technique at a growth rate of 200 mm/h. This eutectic composite was
made up of two cubic phases, solidified in lamellar distribution. Next, the W-TCP:Nd coating was
manufactured in two stages. The first one was the use of the dip coating technique to adhere the
ceramic solution to the core. For this purpose, the CZO-CSZ rod was dipped and withdrawn 10 times
at a constant rate of 3 mm/s and then it was sintered at 1200 °C for 12 h to densify and improve the
adherence. Next, a COz laser was focused onto the coating and pulled down to induce both the melt
and directional solidification. In this bioceramic eutectic composite the growth rate can be adjusted
to produce crystals, glass-ceramic or glasses [24]. For this study, the growth rate was set at 100 mm/h
which induces the formation of a glass-ceramic sample.

Figure 1 shows SEM micrographs of the longitudinal (a) and cross-section views (b) of the W-
TCP:Nd coating cladded to the CZO-CSZ core. The clear contrast represents the CZO-CSZ core
whereas the W-TCP:Nd coating is represented by the dark contrast. Both micrographs showed a clean
interface confirming that the low laser power used to melt the coating minimized the dilution of the
bioceramic to the eutectic core. Table 1 shows the semiquantitative compositional analysis performed
on the layer confirming a composition close to the theoretical, also included in the table.

Figure 1. Scanning Electron micrographs of the W-TCP:Nd coating (dark contrast) cladded on the CZO-CSZ
eutectic rod (clear contrast). Figure 1 (a) shows a detailed view of the coatings in longitudinal section and Figure

1 (b), the transversal section.
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Table 1. Composition of the Neodymium doped W-TCP eutectic coating.

at. % (o) Ca P Si Nd
Coating mean 59.28 23.50 7.40 9.77 0.05
composition
Theoretical 60.60 21.21 6.06 12.12

3.2. Optical Characterization

The most important emission bands for the Nd* ions are those obtained by exciting the sample
in resonance with the “lop—*Fs»2Hoz2 absorption band. The laser transition  corresponding to the
4Fsp—4ui2 transition is commonly studied because of its potential applications in the field of infrared
optical amplification [25,26]. In addition, the features of the fluorescence spectra for this laser
transition have also been studied for the evaluation of the local structure surrounding the Nd* ions
and the covalency of the Nd-O bond in glass matrixes [27]. Nevertheless, the 4f electrons of Nd3* are
strongly shielded by the outer 5s,5p orbitals, so the energies of the “Fs2 and ‘I, levels are barely
perturbed by the crystal field, resulting that the emission wavelength placed at around 1060 nm is
considered as host-insensitive emission line [26]. Furthermore, this transition is relatively isotropic
with little dependence on polarization, as shown in Figure 2, in which the steady-state emission in
the longitudinal section of the W-TCP:Nd coating for polarizations parallel (Pem00) and
perpendicular (Pem90) to the excitation source showed similar characteristics. The same behavior
was observed for the transversal section of the coating and for perpendicular excitation.
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Figure 2. Normalized fluorescence spectra of the *Fs2—*li121aser transition measured at room temperature for

the longitudinal section of the W-TCP:Nd coating by exciting the sample in parallel polarization.

On the contrary, the emission band placed at 870 nm corresponding to the *Fs2—*lo.2 transition
can suffer strong Stark splitting due to the crystal field and is strongly dependent on both the
symmetry and the host matrix [26]. Consequently, the features of the Stark sublevels are host
sensitive. In addition, the transition probabilities depend on the orientation of the light’s electric field
vector, resulting that both the intensity and the spectral position of the Stark sublevels are
polarization dependent. This behavior was observed in the emission properties of the coating in both
longitudinal and transversal sections for both excitation configurations. As an example, Figure 3
shows the emission spectra of the longitudinal section for emission polarization placed at 0, 30, 60
and 90 degrees to the excitation laser source, which in this case was parallel. It was observed that the
emission intensity showed at least four main components, with the band located at 882 nm showing
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the maximum intensity. Furthermore, the rotation in the polarization gave rise to a decrease in the
intensity of the emission spectra so that it was maximal for the parallel polarization whereas it
decreased as the polarization was rotated, reaching the minimum for the perpendicular polarization.
In addition, the features of the Stark components also changed with polarization, as can be observed
in the normalized emission spectra shown in Figure 4 for both longitudinal (left) and transversal
section (right) of the coating. For comparison purposes, normalization was performed accounting for
the maximal intensity reached for the band placed at 882 nm. It was observed that as the emission
polarization was rotated from parallel to perpendicular the intensity of the bands placed at around
865 nm and 915 nm decreased whereas the intensity of the band placed around 898 nm increased.
Moreover, a shift to shorter wavelengths was observed in the peak position for the component placed
ataround 898 nm, changing from 898.24 nm to 892.33 nm for parallel and perpendicular, respectively.
The position of these peaks was pointed out with an arrow in the Figures. This shift was also observed
in the other two components at 915 nm and 865 nm but in these cases, it was lower than 1 nm. The
same behavior was observed for perpendicular excitation.
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W-TCP:Nd

Pem 00
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Figure 3. Emission spectra of the longitudinal section of the coating for emission polarization placed at 0, 30, 60

and 90 degrees to the excitation laser source.
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Figure 4. Normalized mission spectra of the longitudinal (left) and transversal section (right) of the coating for

emission polarization placed at 0, 30, 60 and 90 degrees to the excitation laser source.

Finally, a comparison of the emission spectra for both longitudinal and transversal sections of
the W-TCP:Nd coating and a W-TCP:Nd glass sample was performed. As an example, Figure 5 shows
the normalized emission spectra for the parallel polarization for the 3 samples. It can be observed
that the crystalline nature of the coating was clearly revealed, since the splitting of the Stark
components resulted in a more complex emission spectrum. Furthermore, by comparing the glass

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.1437.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 October 2025 d0i:10.20944/preprints202510.1437.v1

6 of 9

and the coating a 3 nm shift in the peak position of the highest intensity component was observed.
Moreover, there was also a spectral shift when compared the longitudinal and transversal sections
for which the maximum intensity component was placed at 881.6 nm and 882.0 nm, respectively. The
inset in Figure 5 shows these spectral shifts in more detail. In addition, it was found significant
spectral differences in the Stark components of both sections. The same characteristics were observed
for the other polarization configurations as for the emission as for the excitation polarization.

1.0 . 1 . 1 . ! 1.00
1 W-TCP:Nd 098
Pem 00
0.8 1 0.96- \
:@ — QGlass 8§76 878 | 880 862 ) 884
5 Longitudinal Weveleran (om)
o 067 Transversal L
< .
-+ *Fyp — Yoy
£ 0.4 I R
g Aex: 800 nm
S
< 02 .
0.0 - : , ;
825 850 875 900 925 950

Wavelength (nm)

Figure 5. Normalized emission spectra in parallel polarization for the longitudinal and transversal section of the

W-TCP:Nd coating and W-TCP glass. The inset shows in detail the position of the highest intensity components.

3.3. Micro-Raman Characterization

To study the crystalline nature of the coating p-Raman characterization was carried out and
compared to the W-TC:Nd glass. In addition, aiming at clarifying the findings previously described
in the luminescence properties of the longitudinal and transversal sections of the coating, Raman
characterization was also performed in these sections. Figure 6 shows Raman spectra of the glass and
both coating sections in the wavenumber region 300-1200 cm. The position of peaks and bands is
shown in Table 2. Firstly, it can be observed that the glass sample showed a simple Raman spectra
made up of few broad bands, characteristics of an amorphous silicate structure. The bands, centred
at around 430 cm?, 623 cm?, 863 cm?, and 950 cm”, are broad and relatively low in intensity,
consistent with disordered glassy materials lacking long-range order. Coating spectra showed
narrow bands with higher relative intensity at similar positions to the glass but also some new sharp
peaks and broad bands, suggesting higher degree of structural ordering or differences in bonding
environments, possibly due to orientation effects and/or the presence of crystalline phases within the
coating.

Table 2. Raman frequency modes for the W-TCP:Nd eutectic glass and both longitudinal and transversal section
of the W-TCP:Nd coating.

Sample Frequency (cm?)
Glass 430, 623, 863, 950
Coating: Longitudinal 415.8,585.0, 638.8, 846.4, 891.4, 951.9, 972.7, 1050.2,
1097.5
Coating: Transversal 472.5, 553.8, 578.8, 629.3, 847 .4, 881.6, 953.2, 985 .4,

1052.9, 1082
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Figure 6. Raman spectra of the W-TCP:Nd coating and W-TCP:Nd eutectic glass.

A more detailed comparison of the main bands of both coating sections, depicted in Figure 7,
showed clear spectral differences. The longitudinal section showed peaks with strong intensity at
415.2 cm™ and 639.5 cm, pointed out by an arrow in Figure 7. The first one was not present in the
transversal section, and the second one suffered a decrease in intensity and a red shift to lower
wavenumber in the transversal section. This decrease was accompanied by an increase in the
intensity of the peak placed at 578.8 cm, resulting in higher relative intensity and red shift when
compared to the longitudinal section, together with the appearance of a small broad band centered
at around 552.2 cml. A red shift was also produced in the position of the band placed at 891.4 cm-1.
On the contrary, the peak position of the band placed at 972.7 cm™ in the longitudinal spectrum
showed a slight blue shift to higher wavenumber when compared to the transversal one. The new or
enhanced bands appeared and the opposing shifts in the peak positions suggest different
crystallographic orientations and anisotropic stress along the growth direction induced during the
directional solidification process.
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Figure 7. Comparison of Raman spectra of the longitudinal and transversal sections of the W-TCP:Nd coating.
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5. Conclusions

- Neodymium doped bioactive W-TCP coatings were successfully produced by the combined
use of dip coating and LFZ techniques, resulting in homogeneous and well-adhered glass-ceramic
layers on the CZO-CSZ eutectic core.

- Raman spectra revealed new vibrational modes and distinct peak shifts between longitudinal
and transversal sections. The longitudinal section exhibited sharper and more intense peaks, while
the transversal section showed broader features and red-shifted bands, indicating anisotropic stress
and crystallographic orientation along the growth direction.

- The *F3p—*4I92 transition presented Stark splitting and strong polarization dependence in both
emission intensity and spectral position, whereas the *Fs»—4I112 transition remained nearly isotropic.

- The optical anisotropy observed in the luminescence is directly correlated with the
microstructural anisotropy induced by the directional solidification process, confirming the role of
the LEZ technique in controlling orientation and optical response.

- The Nd-doped W-TCP coating combines bioactive ceramic behavior with controlled optical
anisotropy, making it a promising candidate for multifunctional biophotonic devices, including
optical tracking, sensing, and diagnostic platforms.
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