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Graphical abstract 

 
Highlights 

 Synthesis of YbPO4  nano- nanoparticles and nano-cylinders within optical fiber preforms using a 

sol-gel process. 

 Structural analyses confirm that tetragonal YbPO4 nanocrystals had grown in the matrix. 

 The nanoparticles evolve to form nano-cylinders after drawing. 

 These nano-cylinders are all aligned parallel to the rod-drawing direction. 

 These glass ceramics exhibit a structured absorption spectra around 980 nm, which 

corroborates the Yb3+crystalline environment. 
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Abstract 

This paper describes the first synthesis of YbPO4 nano-cylinders and nanoparticles within 

optical fiber preforms. To obtain YbPO4-doped silica monoliths, phosphosilicate powders, 

previously prepared by a sol–gel method, were impregnated with a solution containing an 

ytterbium salt. Then, they were compressed into cylinders and sintered at high temperature. 

These doped monoliths were densified under controlled atmosphere and then drawn at high 

temperature into 1.6 mm diameter-rods. The composition, structural and optical properties of 

these monoliths and rods were investigated using Electron Probe Micro-Analysis, 

Transmission Electron Microscopy (TEM), Raman spectroscopy and IR absorption 

measurements. The size of the YbPO4 nanoparticles within the monoliths were found to be in 

the range of 8-15 nm and 13-25 nm, depending on the Yb-doping amount. Upon drawing the 

most concentrated Yb-doped monoliths into rods, the nanoparticles evolve to form nano-

cylinders with a mean diameter around 40 nm and a length of about 400 nm. Similar behavior 

was observed for the less concentrated Yb-doped monoliths, once drawn into rods but a lower 

number of nano-cylinders were found in this case. Structural analysis, based on Raman 

spectroscopy and TEM experiments, shows that all these nano-objects have a tetragonal 

xenotime structure (I41/amd). Moreover, it was found that the nano-cylinders were all aligned 

parallel to the drawing direction. These SiO2-P2O5:YbPO4 glass ceramics exhibit a structured 

absorption spectra around 980 nm, which corroborates the Yb3+crystalline environment.  

Keywords: A. nanostructures, A. optical materials, B. sol-gel chemistry, C. Raman 

spectroscopy, C. transmission electron microscopy (TEM) 

 

1. Introduction 

In recent years, glass-ceramics containing lanthanide orthophosphates (LnPO4; Ln 

=lanthanide) nano-objects have attracted considerable attention, far beyond the materials 



science and condensed-matter communities, due to their potential applications in different 

fields. These materials present interesting properties such as excellent ultraviolet (UV) 

transparency, high refractive index (~1.8), high thermal stability, very low solubility in water 

and high solubility of rare-earth elements [1,2]. These properties are the root of increasing 

interest in lanthanide orthophosphates for a wide range of applications such as phosphors 

[1,3-4], proton-conducting solid oxide fuel cells (SOFCs) [5], catalysts [6] or for their 

intriguing magnetic properties and phase transitions at low temperatures [7-8]. 

In the past few years, several kinds of LnPO4 nano-objects, such as core-shell nano-

composites [9], microspheres [3] or hollow microspheres [4], nanorods [10] have been 

obtained using various solution synthesis routes, among which hydrothermal synthesis [4,9], 

chemical precipitation method [10], sol-gel method [1,6], spray pyrolysis procedure [3] can be 

mainly cited. The obtained nano-objects were thereafter used in solution or collected and 

heat-treated at different temperatures to use them in the various applications mentioned above.     

Recently, an important research effort has been deployed throughout the world to develop 

methods for the preparation and the design of optical fiber preforms or optical fibers doped 

with oxide nanostructures [11-20]. The main aim of this research is to achieve the next 

generation of efficient optical fiber amplifiers and lasers as well as their hardening against 

ionizing radiations for space applications [16, 17]. One of these methods, developed by Draka 

company (France) [11-14] and Naval research Laboratory (Washington DC, USA) [15], is 

based on the synthesis of Al2O3:Er3+ or AlPO4:Yb3+/Er3+ nanoparticles (NP) by co-

precipitation approach. These nanoparticles were incorporated into the silica preforms 

prepared by MCVD (Modified Chemical Vapour Deposition), which were then drawn into 

fibers. Under the condition of identical opto-geometrical parameters, it was shown that the 

NP-based fibers always outperform their standard counterparts in terms of amplification 

factor [11-14], laser efficiency [15,18] or resistance to ionizing radiation [16,17]. The second 



approach, proposed by LPMC (Nice, France) [19-20], is also based on MCVD synthesis, 

except that the authors use the thermal treatments inherent to MCVD process to generate NP 

through the phase separation mechanism. In this way, the NP are generated in-situ within the 

material during the sintering treatment after alkaline-earth ions (Mg, Ca and Sr) have been 

incorporated into the fiber preform core. Hence, the two approaches rely on the conventional 

MCVD process and on the solution doping technique. 

In this paper, we report, for the first time to our best knowledge, the synthesis of YbPO4 

nanoparticles and nano-cylinders within optical fiber preforms using a sol-gel process. The 

structural and optical properties of the obtained samples have been studied using Raman 

spectroscopy, high-resolution transmission electron microscopy (HRTEM) and absorption 

spectroscopy. 

 

2. Experimental 

 Porous phosphosilicate powder was obtained from xerogels prepared using the already 

reported sol-gel process [21]. Sets of this powder were then post-doped by impregnation using 

ytterbium nitrate in ethanol solution at different concentrations. Then, the powders were dried 

at 120°C. The doped powdered samples were mechanically compressed to get cylindrical 

rods. After that, they were submitted to dehydration under chlorine/oxygen atmosphere and 

densification at 1200 °C for two hours under helium atmosphere, as described elsewhere [22]. 

The obtained glass rods have diameters of about 12 mm. Eventually, the obtained doped glass 

rods were drawn into 1.6 mm-diameter canes at about 2000°C. The feed rate and draw speed 

were 8mm/min and 0.28m/min respectively.  No further heat-treatment was performed on 

these canes. 



 Electron Probe Micro-Analysis (EPMA) was performed on cut and polished slices of 

preforms or canes using a CAMECA SX 100 microprobe. 

 Transmission electron microscopy (TEM) images were recorded with a FEI Tecnaï 

G220 microscope operating at 200 kV. To this purpose, several microscope grids were 

prepared following two different procedures, depending on the need to observe NP 

orientation. If such observation is not needed or for a preliminary experiment, pieces of the 

samples were simply grinded into fine powder and deposited onto a 200 mesh copper grid 

covered by a carbon membrane. In the case of the determination of nano-cylinders orientation, 

a cut slice of the rod was first mechanically polished down to a thickness of ca.30 µm. The 

sample was then glued on a hollow grid and then put in a low-angle ion milling system (PIPS, 

Gatan) to reach electron transparency. In both cases, the grid was finally metallized using a 

sputtered carbon film.  

 The polarized micro-Raman spectra were obtained in a confocal configuration using a 

triple-grating spectrometer (Jobin Yvon T64000) and the 514.5 nm line of an Ar+ laser as the 

excitation source with a power level of 50 mW (measured at the sample). All Raman spectra 

were recorded at room temperature in the wavenumber range 10–1500 cm−1 with a spectral 

resolution of 1 cm-1. A 10 objective was used for all micro-Raman experiments, focusing the 

laser to a spot of 2.5 µm in diameter.  

 Prior to the optical measurements, 1 mm-thick pieces from the monoliths were cut and 

polished to obtain optical quality. NIR absorption spectra were obtained at room temperature 

using a Cary 5000 double-beam spectrophotometer (Agilent Technologies) in the range 800–

1100 nm with a spectral resolution of 0.02 nm. 

 

3. Results and discussion 



Before proceeding further, EPMA was performed in order to control ytterbium and 

phosphorus concentration profiles into monoliths and rods (not shown). In both cases, the 

phosphorus and ytterbium radial concentrations were found homogenous. The phosphorus 

concentration was 2.00  0.10 wt% whereas the ytterbium concentration depended on the 

initial concentration of the doping solution. We have studied samples with two different Yb 

contents: one having a concentration of 0.30  0.05 wt% (called SiP0.3) and the other 

characterized by a concentration of 1.50  0.15 wt% (called SiP1.5). 

3.1 Optical absorption 

Absorption spectra of the SiP0.3 and SiP1.5 monoliths are shown in Fig. 1, 

corresponding to the2F7/2
2F5/2 of Yb3+ ions. 

 

These spectra, which are similar in shape each other, are very different from those 

usually obtained in pure silica glass or phosphate glass [23-26], even in phosphosilicate 

optical fiber [27]. Many components are clearly observed in these absorbance spectra, which 

can be explained through the Stark splitting of the sub-levels due to the crystal-field in a 

crystalline environment of ytterbium ions [28-30]. The maximum Yb3+-related absorptions at 

975 nm (zero-phonon line) present an attenuation level of 124 and 680 dB.m-1 for the SiP0.3 

and SiP1.5 monoliths, respectively. At this wavelength, the absorption cross section, deduced 

from this measurements and using the ytterbium concentration obtained from EPMA, is 

estimated to be (1.30  0.15) x 10-20 cm2. This value is close to the one reported for Yb-doped 

phosphosilicate glasses (1.4  0.1) x 10-20 cm2 [31]. 

3.2 Raman spectroscopy 



In order to be able to identify the crystalline phase, polarized micro-Raman investigations 

were performed. Raman spectrum obtained in the VV configuration (Vertical-Vertical 

polarization, also called polarized configuration) of the SiP1.5 monolith is presented in Fig. 2.  

This spectrum is characteristic of vitreous phosphosilicate glasses. In the low-wavenumber 

region, the band appearing around 60 cm-1and called the Boson peak is one of the universal 

characteristics of glasses.  According to the ‘‘non-continuous random structure” model of 

Duval et al [32], this band can be interpreted as reflecting the acoustic vibration of cohesive 

domains. The band around 430 cm-1 is attributed to the bending modes (Si-O-Si) of the 

polymerized structure of amorphous silicate. The sharp bands D1 and D2 peaking at ~490 and 

~604 cm-1, known as defect modes, have been associated to symmetric breathing vibrations of 

oxygen atoms in four- and three-membered silica rings, respectively [33]. The asymmetric 

band situated around 800 cm-1 is assigned to a complex vibration involving substantial silicon 

motion in addition to a bending movement of oxygen in a vitreous network [34-36]. The high-

frequency region is dominated by an intense band at 1327 cm-1 which is attributed to the 

symmetric stretching vibration of P=O bonds whereas shoulders localized at 720 cm-1 and 

1130 cm-1 are assigned to the O=P-O bending mode and P-O-P stretching mode, respectively. 

These last three bands are characteristic of vibrations involving phosphorus motion in a 

phosphosilicate glass network [37, 38]. As they cannot be observed in crystalline phase, these 

bands attest the presence of phosphorous atoms in the amorphous matrix. However, several 

peaks (indexed by asterisks) appear in the Raman spectrum: they are localized at 1003 cm-1, 

1023 cm-1 and 1064 cm-1, which could not be attributed to the vitreous matrix. Since the (Si-

O-Si) band is strongly polarized, its contribution can be eliminated from spectra recorded in 

the HV configuration (Horizontal-Vertical polarization, also called depolarized configuration) 

in order to intensify the crystalline peaks. Fig. 3 exhibits the Raman spectrum of the same 



sample SiP1.5 in the HV configuration. In addition, Raman spectra of undoped 

phosphosilicate and Suprasil F300 (Heraeus) are presented for comparison. 

In this depolarized configuration, we could observe a set of eight peaks only for the SiP1.5 

monolith. These peaks are assigned to Raman modes of YbPO4 crystals. Indeed, ytterbium 

orthophosphate, in the same way as several other lanthanide phosphates RPO4 (R = Tb, Dy, 

Ho, Er, Tm and Lu) and as xenotime (YPO4), crystallizes in the tetragonal zircon structure. 

The crystal belongs to space group 19

4hD  (
14I amd ). The primitive cell contains two YbPO4 

formula units, i.e. 12 atoms. Group theory predicts twelve Raman active modes for the zircon 

structure of YbPO4 with A1g, B1g, B2g and (doubly degenerated) Eg symmetries, corresponding 

to the following Raman (polarizability) tensor components [39]: 

g g

g g

xx xx

A yy B yy

zz

xy xz

B yx E yz

zx zy

   
   

     
   
   

   
   

    
   
   

1 1

2

 

Seven of these modes (2A1g + 2B1g + 1B2g + 2Eg) are usually labeled as internal modes due to 

normal vibrations of oxygen atoms in the (PO4)
3- units, four modes (2B1g + 2Eg) are referred 

to external modes arising from translations of (PO4)
3- and Yb3+ ions. Finally, one mode (Eg) is 

the rotation mode of the whole (PO4)
3- units [39]. According to polarized Raman 

measurements on single-oriented YbPO4 crystals [40, 41], the wavenumber values of the 

observed Raman modes  , their symmetry and character assignments are given in Table 1. 

 

 



 

 

 

It should be noticed that not all expected Raman-active modes are observed in our 

experimental spectra. Vibration bands associated with the translation modes, normally present 

below 300 cm-1, do not appear in both VV and HV polarized Raman spectra. Indeed, the low-

frequency Boson peak of the glass matrix, which is not sensitive to polarization effect, 

probably hides the translational vibrations of ytterbium orthophosphate crystals. Moreover, 

according to the tensor component of the A1g species, this Raman mode is totally symmetric 

and consequently very sensitive to polarization effect. From the intensities of the Raman band 

at 1003 cm-1 recorded in both polarizations, the depolarization ratio IHV/IVV has been 

calculated and is equal to 0.07, closed to zero as expected. It must be mentioned first that 

Raman spectra recorded in HV and VV polarizations did not depend on the orientation of the 

sample under the incident laser beam. On the other hand, similar spectra were acquired in the 

case of the SiP0.3 monolith, except that those spectra exhibit crystal peaks with lower 

intensities.  

 Raman spectroscopic investigations were also conducted on the millimeter-sized rods 

drawn at 2000°C, doped with 0.3 wt% and 1.5 wt% ytterbium ions. The observed spectra 

were initially found similar to those associated with monoliths. However, the presence of the 

crystal vibration bands and/or their intensities was highly dependent on the sample 

orientation. These results led us to hypothesize the presence of oriented crystals within the 

rods along their drawing direction. In order to confirm our hypothesis, polarized Raman 

spectra were recorded by controlling the orientation of the millimeter-sized rod and the laser 

beam polarization. Since YbPO4 crystallizes in the tetragonal phase, we will first assume that 



the c axis of the crystallites will be defined along the drawing axis so that a and b axes will 

define the basal plane. Thereafter, the scattering configuration will be indicated by adopting 

the Porto’s notation [42], namely ki(eies)ks where ki and ks are the propagation directions of 

incident and scattered beams, respectively, while ei  and es designate the corresponding electric 

field unit vectors. Hence, the next notations x, y and z will coincide with the crystallographic 

axes a, b and c. Since the micro-polarized Raman measurements were performed in 

backscattering geometry (180°), it allowed us to record spectra in the following three 

polarizations: 𝑦̅(𝑥𝑥)𝑦, 𝑦̅(𝑧𝑧)𝑦 and 𝑦̅(𝑥𝑧)𝑦 (with 𝑦̅ = −𝑦), where the crystal modes (A1g + 

B1g), A1g and Eg are respectively expected.  

Fig. 4 exhibits the micro-polarized 𝑦̅(𝑥𝑥)𝑦 and 𝑦̅(𝑧𝑧)𝑦 Raman spectra of the SiP1.5 

millimeter-sized rod.  

 

Both spectra are similar to the one in Fig. 2, mainly characteristic of vitreous phosphosilicate 

glasses, since the selected polarizations in Fig. 4 are equivalent to the VV configuration used 

for the monolith analyzes. However, in the 𝑦̅(𝑧𝑧)𝑦 Raman spectrum, only a strong and sharp 

peak at 1003 cm-1can be observed, corresponding to the A1gsymmetry mode of the YbPO4 

crystal, as expected from the tensor components. This is in accordance with our assumption 

that the polarization directions of the incident and scattered light are parallel to millimeter-

sized rod axis, i.e. to the c axis of the crystals. It should be noticed that the second A1g mode, 

which should appear at 486 cm-1, could not be observed due to the overlapping with the 

vibration band associated with the D1 vibration mode of the silica glass network. On the 

contrary, in the 𝑦̅(𝑥𝑥)𝑦 configuration, both incident and scattered polarizations are 

perpendicular to the drawing axis of the millimeter-sized rod, i.e. perpendicular to the c 

crystal axis. As expected, both A1g and B1g symmetry modes are observed in the 



corresponding Raman spectrum. In the 𝑦̅(𝑥𝑧)𝑦 configuration, only the Eg symmetry mode is 

expected to appear, according to the tensor components.  

 

Actually, in Fig. 5 showing the Raman spectrum in this configuration, the three sharp peaks at 

298 cm-1, 578 cm-1 and 1022 cm-1 are assigned to this Eg symmetry mode. However, three less 

intense additional peaks appear in the spectrum, corresponding to the A1g and B1g modes. This 

partial mixing of the tensor components can originate from the depolarization of the laser 

radiation inside the crystal, which could give rise to a substantial spillover of forbidden 

modes. These symmetry modes thus appear together with the expected ones. This effect has 

been already observed, even in the case of pure lanthanide orthophosphate monocrystals [43-

45]. Once again, it should be mentioned that similar results have been found in the case of a 

0.3 wt% Yb3+-doped rod (SiP0.3).   

 In summary, from this micro-polarized Raman spectroscopy study, it can be argued 

that ytterbium orthophosphate crystallites are presents within the phosphor-silicate matrices. 

While in the case of bulk monoliths, crystals are formed in random directions, their c-axis is 

mainly oriented along the rod-drawing direction in millimeter-sized rods. 

3.3 Structure and morphology of the crystals 

 In order to confirm the presence of crystallites within monoliths and rods as well as to 

identify the morphology of these particles, TEM analysis was performed. As shown in Fig. 6a 

and Fig. 6b, SiP0.3 and SiP1.5 monoliths exhibit several particles with sizes in the ranges 8-

15 nm and 13-25 nm, respectively. In the case of the SiP0.3 sample, it should be noticed that 

the particles density is weaker, due to the lower concentration of ytterbium. Fig. 6c displays a 

typical TEM micrograph of a nanocrystal in high-resolution (HRTEM) within the SiP1.5 

monolith.  



 

 

These nanoparticles show inter-reticular spacing of (3.48  0.10) Å, which is in good 

agreement with the distance between the (200) planes of the tetragonal phase of YbPO4 

(JCPDS 00-45-0530). Energy dispersion X-ray (EDX) analysis was carried out in scanning 

mode (STEM mode) with a 6 nm-diameter probe beam. Fig. 7 shows the corresponding EDX 

spectra taken inside (Fig. 7a) the nanocrystal of Fig. 6c and far (Fig. 7b) from this particle. 

 

The peaks assigned to copper are ascribable to the microscope grid, the detected carbon 

element obviously comes from the grid membrane and from the sputtered conductive film. 

Silicon and oxygen are coming from the matrix. The EDX spectrum of the particle (Fig. 7a) 

contains peaks assigned to phosphorus and ytterbium whereas no trace of this latter element 

(Yb) was detected far from the particle (Fig. 7b). These results confirm the presence of 

YbPO4 nanocrystals into monoliths and the chemical composition of the phosphosilicate glass 

matrix. It should be stressed that EDX spectra have been taken in STEM mode with a 6 nm-diameter 

probe beam and also with a probe volume which is difficult to control. Furthermore, as the sample 

thickness depends on the probe location, a quantitative analysis would have been hazardous. However, 

the presence of the phosphorous peak, even outside of any nanocrystal, shows that some phosphorous 

atoms remain in the matrix. 

 Fig. 8 exhibits typical TEM and HRTEM micrographs of nanocrystals within the 

SiP1.5 millimeter-sized rod. Unlike what is found in monoliths, nano-cylinder-shaped 

particles can be observed with lengths in the range 40-400 nm and mean diameters in the 

range 20-60 nm. It should be noticed that monocrytalline nanocrystals were mainly observed 

in several HRTEM micrographs. 



 

 

 

 

These cylinders are mainly oriented in the rod-drawing direction, symbolized by a double 

arrow. The HRTEM image shows inter-reticular spacing of  (4.54  0.08) Å, which is in good 

agreement with the distance between the (101) planes of YbPO4 in tetragonal phase. EDX 

analyses performed on a nano-cylinder and far from any particles (Fig. 9) confirm the 

chemical compositions of both the YbPO4 nano-cylinders and the phosphosilicate glass 

matrix. In the same way, analyses carried out on the SiP0.3 millimeter-sized rod yielded the 

same results, except a lower nano-cylinders density observed within this sample.  

Vermillac et al have recently reported elongation and break-up of particles during the drawing 

process [46]. The authors have shown that, during the drawing process of a Ge-doped fiber 

containing LaF3:Tm3+ nanoparticles, the flow of the materials and viscous stresses may induce 

deformation of the particles into long threads. Moreover, particles having initial diameters 

between 140 and 200 nm inside the preform can break-up in fragments with diameters down 

to 60 nm inside the drawn fiber, which was presented as a strategy to obtain small particles 

within an optical fiber. In our study, we cannot explain the formation of nano-cylinders 

exactly by the same mechanism since nano-cylinders are larger than the initial particles within 

the preforms. Since the drawing temperature (2000°C) is higher than the melting temperature 

of such rare-earth orthophosphate crystals [47], the melting of some YbPO4 nanoparticles 

within the preforms is likely. Hence, the most probable mechanism after this melting is that 

liquid bubbles of YbPO4 coalesce to give large particles and since the drawing speed (0.28 

m/min) is slower than that used for drawing optical fiber (around 50m/min), the liquid matter 

is transformed into crystalline phase. The nano-rod shape of the resulting particles can be 



easily explained by viscous stress and flow alignment during the liquid stage, like in the case 

of LaF3 particles [46].  

 

Conclusion 

Absorbance, EPMA, TEM and polarized micro-Raman measurements have been carried out 

on phosphosilicate systems containing 2 wt% phosphorus and two different ytterbium 

concentrations (0.3 and 1.5 wt%). Investigations have been performed on monoliths and on 

their corresponding drawn-rods. Absorbance measurements have shown the presence of Yb3+ 

ions in crystalline environment. Structural analyses, based on polarized micro-Raman 

spectroscopy and TEM, have confirmed that tetragonal YbPO4 nanocrystals had grown in the 

matrix. These nanocrystals have no particular shape within the densified monoliths before 

drawing step, with sizes in the range 8-15 nm and 13-25 nm for the lower and higher Yb-

doping content, respectively. After the drawing of these monoliths into rods, the nanoparticles 

evolve to form nano-cylinders with length in the range 40-400 nm and a mean diameter in the 

range 20-60 nm. Moreover, these nano-cylinders are all aligned parallel to the rod-drawing 

direction. A better understanding of the nano-cylinders formation is necessary to tailor the 

size of these nano-objects within the rod. This step, which will lead us to achieve optical 

fibers with controlled YbPO4 nano-rods inside the core, will be the subject of a further study. 

However, the present results arevery promising for the development of nano-glass-ceramic 

optical fibers with aligned nano-cylinders. Incorporation of rare-earth ions inside nanocrystals 

in the fiber core is known to improve the resistance of the fiber to photodarkening under high 

power laser excitation. Furthermore, for a given volume of doping crystal, elongation and 

orientation along the fiber axis are desirable in order to reduce light scattering.  
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Fig. 1. Absorption spectra of SiP0.3 and SiP1.5 monoliths. 
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Fig. 2. VV micro-polarized Raman spectrum of the SiP1.5 monolith. 
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Fig. 3. HV micro-polarized Raman spectrum of SiP1.5 monolith (a), undoped phosphosilicate 

monolith (b) and Suprasil F300 (Heraeus). Inset: focus on the interesting part of the spectrum 

of SiP1.5 monolith.    
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Fig. 4. Micro polarized 𝑦̅(𝑥𝑥)𝑦 and 𝑦̅(𝑧𝑧)𝑦 Raman spectra of the SiP1.5 millimeter-sized rod. 
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Fig. 5. Micro-polarized 𝑦̅(𝑥𝑧)𝑦 Raman spectrum of the SiP1.5 millimeter-sized rod. 

 

 

Fig. 6. TEM micrographs of nano-crystals within the SiP0.3 (a) and SiP1.5 (b) monoliths. 

Typical HRTEM micrograph of a nano-crystal (c). 
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Fig. 7. EDX spectra taken in scanning mode (STEM): in the nanocrystal (a) and far from this 

particle (b). 

 

Fig. 8. TEM and HRTEM micrographs of nano-crystals within the SiP1.5 millimeter-sized 

rod. The rod-drawing direction is symbolized by a double arrow. 
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Fig. 9. Corresponding EDX spectra taken in scanning mode (STEM) of the nano-cylinder (a) 

and far from this particle (b). 

 

Table 1 Wavenumber assignments of the Raman actives modes of YbPO4. 

 / cm-1 Assignment Character 

298 Eg Rotational 

328 B2g Internal 

486 A1g Internal 

578 Eg Internal 

659 B1g Internal 

1003 A1g Internal 

1022 Eg Internal 

1061 B1g Internal 

 

 


