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Abstract 

The structure and optical properties of new gallophosphate glasses in the pseudo-binary system 

xGa2O3 – (100-x) NaPO3 (x = 0 to 30 mol%), have been investigated. The effect of the 

progressive addition of Ga2O3 on the local glass structure has been evaluated using Raman and 

infrared spectroscopies, and 
71

Ga and 
31

P magic angle spinning nuclear magnetic resonance 

(MAS NMR) spectroscopy. 
71

Ga MAS NMR spectra collected at ultrahigh magnetic field (21.1 

T) and fast spinning rates (60 kHz) permit the quantification of gallium in 4-, 5- and 6-fold 

coordination as a function of the Ga2O3 concentration. At low concentrations of Ga2O3, high-

coordinate gallium coordinates to oxygens associated with the phosphate chains, increasing the 

dimensionality and strengthening the glassy network. At moderate Ga loadings, tetrahedral Ga is 

incorporated into the phosphate chains, introducing additional branching sites which further 

enhances network connectivity. Higher Ga2O3 content results in the formation of Ga-O-Ga bonds, 

thereby inhibiting glass formation. 
31

P MAS NMR and Raman and infrared spectroscopies 

provide complementary information about the distribution and connectivity of the phosphate 

groups within the glass network, supporting a structural model which is correlated with the 
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measured optical and thermal properties of the Ga2O3-NaPO3 glasses as a function of the Ga2O3 

concentration. 
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Progressive addition of Ga2O3 to a 

vitreous NaPO3 network results in the 

continuous replacement of 6-fold by 

4-fold coordinated Ga3+, as clearly 

quantified by NMR and vibrational 

spectroscopies and correlated with 

the physical properties of the glasses. 
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1- Introduction 

Phosphate glassy materials have been intensively studied for optical and biomedical 

applications over the past several decades.
1-3

 In particular, aluminophosphate glasses have 

attracted special interest for optical applications such as lasers, owing to their high rare-earth ion 

solubility and excellent physical-chemical properties with respect to well-known silicate 

glasses.
4,5

 Phosphate glasses generally possess low melting, softening and glass transition 

temperatures, facilitating their fabrication and shaping and large-scale manufacturing has been 

successfully implemented.
5
 However, the main disadvantage usually encountered with 

phosphate-based glasses is their limited chemical durability, which may restrict practical 

applications. The addition of Al2O3 to form aluminophosphates improves their chemical 

durability
6
 and has become the foundation of many useful glassy materials.  

In the relentless drive toward device miniaturization, the replacement of gallium for aluminum 

is a key strategy by which glass refractive indices may be increased, allowing for higher 

numerical apertures and strong confinement of light in waveguide mode for integrated 

optoelectronics while maintaining high rare-earth (RE) solubilities.
7,8

 A high concentration of 

well dispersed RE ions in glass is essential for designing shorter optical components in 

waveguides for photonic applications.
9
 Arai et al. have demonstrated that the incorporation of 

aluminum into silica increases the rare-earth ion solubility
10

 and gallium has been used similarly 

to enhance RE solubility in chalcogenide glasses.
11

 The replacement of Al
3+

 by the larger Ga
3+

 

may open up the network to better accommodate rare-earth ions. Moreover, the glass-forming 

region in gallophosphates is wider than in aluminophosphates, approaching the crystalline GaPO4 

composition. It is also expected that the incorporation of Ga2O3 into phosphate glasses will 

enhance their chemical durability,
12

 improving the performance of devices developed from such 

glasses. Thanks to the high solubility of silver ions in gallium phosphate glasses, photochemistry 

can also be exploited for micro- and nano-structuring.
12,13

 The higher hyperpolarizability of Ga
3+

 

with respect to Al
3+

 also increases the possibility of accessing non-linear optical properties such 

as the Kerr effect or second-order non-linearity, while maintaining an absorption edge far into the 

UV region.
14

  

Despite the many potential advantages of gallophosphate glasses in optical applications, few 

studies have been conducted on Ga2O3-based phosphate glasses (see below). Our examination of 

the structure of gallophosphate glasses by ultrahigh-field NMR is a critical first step to realizing 
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the promise of these new materials. The correlation of optical properties with the structural 

characteristics of the glass is basic information fundamental to developing applications which 

exploit the aforementioned properties of gallium. In this work, we begin with an investigation of 

the base gallophosphate glasses because the use of NMR is generally incompatible with highly 

paramagnetic systems.  

The local structure of phosphate glasses has been widely investigated and it is well established 

that phosphorus ions occupy tetrahedral sites, leading to four configurations commonly labeled 

Q
0
 (i.e., PO4

3-
) to Q

3 
(i.e., PØ3O), where the index 0 to 3 represents the number of bridging 

oxygen (Ø) between two phosphorus ions and “O” is used to denote a non-bridging oxygen.
15

 

Glasses belonging to the pseudo-binary Ga2O3-P2O5 have been characterized by vibrational 

spectroscopy (Raman and Fourier-transform IR), suggesting that Ga
3+

 is mainly found in fourfold 

coordination.
16

 For Ga2O3 content lower than 30 mol%, these glasses may be considered 

metaphosphates, close to Ga(PO3)3 and composed of phosphate chains interconnected by GaO6 

octahedra. For higher Ga2O3 content up to 40 mol%, which is the limit of glass-forming domain 

by melt-quench methods, gallophosphate glasses can be considered as pyrophosphates close to 

Ga4(P2O7)3, consisting of pyro-, ortho- and polyphosphate groups linked through GaO4.
16

  

Structural studies on glasses belonging to the pseudo-ternary Ga2O3-Na2O-P2O5 system have 

reported gallium ions in four-, six- and possibly five-coordination, with octahedral Ga 

predominating.
17,18

 This conclusion is supported by analogy to aluminophosphate glasses, where 

27
Al magic-angle-spinning (MAS) NMR spectroscopy has revealed appreciable amounts of these 

three coordination environments in sodium aluminophosphate glasses.
19

 In that work, Brow et al. 

discussed their respective structural roles with reference to the bulk glass properties, suggesting 

that the common designations of glass “former” and “modifier” are of limited usefulness in these 

systems.  

Solid-state NMR is particularly applicable to the study of short-range order (SRO) in oxide 

glasses, probing the local structural environments about spin-active nuclei such as 
27

Al, 
31

P, 
23

Na 

and 
17

O to obtain coordination numbers and, in favorable cases, next-nearest neighbor 

connectivity.
20-22

 Nevertheless, despite the chemical similarities between gallium and aluminum, 

probing 
71

Ga or 
69

Ga by NMR in disordered materials remains more challenging than studying 

27
Al due to its large quadrupolar interaction (Q = 0.11x10

-28
 m

2
), which can result in broad and 

featureless spectra.
17,23,24

 A game-changer for solid-state 
71

Ga NMR is the availability of 
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ultrahigh-field magnets of 21.1 T (i.e., 900 MHz 
1
H frequency) combined with ultrafast magic-

angle-spinning probes capable of rotation rates up to 65 kHz. Together, these offer new 

possibilities for the direct observation of structurally informative 
71

Ga MAS NMR spectra.
25

 

In this work, gallophosphate glasses with compositions x(Ga2O3) – (100-x)NaPO3 (x = 0 to 30 

mol%) are studied to evaluate the role adopted by Ga2O3 in the sodium metaphosphate glass 

network. The local structure is characterized using vibrational spectroscopy (Raman and 

infrared), 
71

Ga and 
31

P MAS NMR. The 
71

Ga MAS NMR spectra of the glasses were recorded at 

ultrahigh magnetic field (21.1 T), enabling unprecedented resolution of different Ga coordination 

environments in an oxide glass. Physicochemical properties such as density, the glass transition 

and crystallization temperatures, UV-Vis cut-off wavelength and linear refractive indices are also 

investigated and discussed with respect to the structural evolution of the glassy network as a 

function of gallium oxide content.  

 

2- Experimental methods 

2.1- Glass preparation 

Glasses with nominal composition (Ga2O3)x - (NaPO3)100-x (x = 0, 5, 10, 15, 20, 25, 27.5, 30) 

were prepared by the traditional melt-casting technique from commercial sodium 

hexametaphosphate (Sigma-Aldrich, analytical grade) and gallium oxide (Sigma-Aldrich, 

99.99%). Glass samples are denoted as Gax with x representing the content of gallium oxide in 

the glass (in mol%). The weighed and mixed raw materials were melted and fined in platinum 

crucibles in air for 30 minutes at temperatures ranging from 1000°C to 1400°C depending on the 

amount of gallium oxide. The melts were poured into stainless steel molds preheated to 40°C 

below the glass transition temperature, annealed for 6 hours at the same temperature and finally 

cooled slowly to room temperature. All glasses were colourless, transparent and bubble-free. The 

glass samples were cut and polished on both parallel faces for optical characterization. 

 

2.2- Structural characterization 

Elemental analysis was performed on the prepared samples using Inductively Coupled Plasma 

Optical Emission Spectroscopy (ICP-OES 720ES, Varian). The reported relative elemental 

quantities are averaged values from three measurements. The glass transition temperature, Tg, and 

crystallization onset temperature, Tx, were determined by differential scanning calorimetry (DSC) 
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using a Netzsch DSC Pegasus 404F3 apparatus on glass pieces sealed in Al pans at a heating rate 

of 10˚C/min and with a precision of ± 2˚C. The density, ρ, was determined at room temperature 

by the Archimedes method with an Alfa-Mirage MD-300S densimeter using deionized water as 

immersion liquid. The measurement precision is estimated to be ±0.01 g/cm
3
. UV-visible 

transmission spectra were recorded on a Cary 50 (Varian) spectrophotometer. Linear refractive 

index was measured by employing the M-lines prism coupling technique (Metricon 2010) at 532, 

633, 972, 1308 and 1538 nm wavelengths with an accuracy of ± 0.002. 

Raman spectra were recorded using a LABRAM 800HR Raman spectrometer (Horiba Jobin 

Yvon) and the 532 nm line of an Argon ion laser (Melle Griot). No interaction between the 

material and the focused laser beam was observed. 

The IR spectra were recorded on a Bruker Vertex 70v spectrometer equipped with DTGS 

detectors and two beam splitters (KBr or mylar multilayer). A total of 200 scans was averaged 

with a resolution of 4 cm
-1

. Reflectance experiments were performed using an external reflection 

attachment (Graesby, Specac) at an incident angle of 12
o
. Absorbance spectra were calculated 

from the reflectance spectra by the Kramers-Kronig analysis.
26,27

 

71
Ga MAS NMR spectra of ground glass samples were collected on a Bruker Avance II 900, 

using at 21.1 T magnet with a 1.3 mm Bruker MAS probe. Single-pulse experiments were 

performed using a small tip angle of 15˚ (νrf = 123 kHz) to ensure quantitative excitation, while 

the samples were spun at the magic angle at 60 kHz. Spectra are composed of 5 to 10 thousand 

co-added transients collected with an optimized recycle delay of 5 seconds (7 – 14 hour 

collection times). Spectral lineshapes were fit using DMfit2011
28

 employing the “CZsimple” 

model,
29

 a simplified version of the Czjzek distribution which accounts for distributions in the 

chemical shift and quadrupolar parameters.  

31
P MAS NMR spectra were collected on a Varian 

UNITY
Inova 600 with a 14.1 T Oxford 

magnet and a 3.2 mm Chemagnetics MAS probe.  Single-pulse experiments were performed with 

a 90
o
 pulse at a spinning rate of 12 kHz.  Spectra are composed of 16 co-added transients with an 

optimized recycle delay of 100 seconds. All the experiments were performed at room 

temperature. 

 

3- Results 

3.1- Physical-chemical properties 
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The glass compositions measured by ICP-OES are reported in Table 1 along with the batch 

compositions and the Ga2O3/P2O5 and Na2O/P2O5 ratios. No significant phosphate (P2O5) losses 

during glass preparation are observed. However, some deviation from the nominal composition is 

evident by comparing the theoretical and experimental and Ga2O3/P2O5 ratios when increasing 

the Ga2O3 content in the glass. This may be attributed to the increase in temperature from 1000 to 

1400˚C required to achieve complete glass melting with higher Ga2O3 loading and may lead to 

metaphosphate evaporation. For a better understanding of the structure-property relations, only 

the measured compositions will be considered in the text, i.e., the samples constituting the glass 

series are denoted: Ga0, Ga5, Ga12, Ga15, Ga22, Ga25, Ga29 and Ga32. 

The densities measured for the gallophosphate glass samples are shown in Figure 1a.  The 

values increase with increasing Ga2O3 concentration in the glasses, as expected. Subtle 

undulations in the data imply different compositional regions. Upon the initial addition of 5 

mol% Ga2O3 the density increases rapidly with respect to the pure sodium phosphate glass, after 

which the increase is slightly less pronounced. Above 25 mol% smaller increases are observed, 

suggesting saturation-like evolution.  

Figure 1b shows the effect of Ga2O3 content on the glass transition temperature (Tg), the 

crystallization onset temperature (Tx) and the evolution of the thermal stability against 

crystallization (∆T=Tx-Tg). Tg increases from 295°C for the Ga2O3-free glass sample up to 460°C 

for Ga32. Two linear regions with similar slopes can be identified in the Tg data: from 0 to 15 

mol% and from 22 to 32 mol%, with an offset between these lines. An alternate way to view the 

data is in terms of three compositional regions: a rise from 0 to 12 mol% followed by a plateau 

from 12 to 22 mol%, and finally another rise from 22 to 32 mol%. This latter perspective is 

reminiscent of subtle trends in the density data. Tx follows roughly the same pattern as a function 

of Ga2O3 concentration, implying little variation in ∆T, which ranges between 50 to 80˚C across 

the full range of Ga2O3 loading. 

Figure 2a presents the absorption coefficient spectra of the Ga2O3-NaPO3 glasses in the UV-

visible range. For an absorption coefficient α = 10 cm
-1

, which is a commonly used value to 

define the glass cut-off wavelength (in the Urbach regime), the corresponding wavelengths fall 

within a small range between 284 and 291 nm and do not evolve with the Ga2O3 content, 

indicating that Ga has no significant influence on the optical band gap. One can however notice 

the presence of an absorption band near 250 nm which is more prominent for the glasses with 
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lower concentration of gallium oxide. This absorption band may be attributed to the presence of 

contaminants such as transition-metal ions present in the sodium hexametaphosphate starting 

material. Trace transition metal impurities in glasses are known to strongly absorb in the UV 

range.
30
 

The refractive indices measured on the glass samples at five wavelengths are presented in 

Figure 2b as a function of Ga2O3 concentration, where the same increasing trend in refractive 

index at each wavelength is evident. This increase is related to the addition of comparatively 

heavy Ga
3+

 ions in the glass network. A slight inflection can be observed between 15 and 25 

mol% Ga2O3, reminiscent of the behaviour noted in the evolution of characteristic temperatures 

and density as a function of Ga2O3 content.  

  

3.2- Glass structure 

Phosphate-based glasses comprise a short-range ordered network of tetrahedral PO4 units. 

These structural units can be thought of as having one doubly bonded oxygen while the 

remaining three oxygens are either covalently bonded to another tetrahedron (“bridging 

oxygens”, Ø) or coordinated through electrostatic effects to an adjacent cation. The variation in 

these units may be described by the Q
j
 nomenclature, where j = 3, 2, 1 or 0 and represents the 

number of singly bonded oxygens that form covalent bonds to other phosphorus ions, as depicted 

in Figure 3.
15

 The progressive addition of a modifier, e.g. sodium oxide, to the phosphate glass 

results in network depolymerization, converting Q
3
 units (PØ3O) into Q

2
 units (PØ2O2

-
) when 0 < 

Na/P ≤ 1 or O/P = 3. At Na/P = 1, the resulting network consists, to a first approximation, of one-

dimensional polymerized chains of Q
2
 units. In the 1 ≤ Na/P ≤ 2 or O/P = 3.5 range, Q

1
 units 

(PØO3
2-

) replace Q
2
 units, terminating the Q

2
 chains and resulting in shorter molecular fragments. 

The network is further depolymerized when isolated Q
0
 replace Q

1
 units at O/P ≥ 4 or 2 ≤ Na/P ≤ 

3.  

As gallium is a group 13 element directly below aluminum in the periodic table, it has been 

found that the local structure of gallium in oxide glasses often behaves analogously to that of 

aluminum.
31,32

 Both aluminum and gallium oxides are considered to be intermediate glass 

formers, meaning they cannot form a glass on their own, but can act as a modifiers or glass 

formers in the presence of other glass-forming elements, adopting coordination numbers of 
[j]

Ga, 

where j = 4, 5, 6. High-coordinate gallium species (
[6]

Ga and 
[5]

Ga) are considered to function 
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loosely as glass modifiers that are likely charge-compensated by a combination of bridging and 

non-bridging oxygens between phosphorus or gallium, as shown in Figure 3, whereas 
[4]

Ga is in 

nominally tetrahedral coordination which is usually favorable for glass-forming.
32,33

  

As the samples studied here are primarily ternary glasses, a more elaborate classification 

scheme must be used to define longer-range connectivity: ��
� , where n represents the number of 

phosphorus next-nearest neighbors and m represents the number of gallium next-nearest 

neighbors. Note that this scheme does not specify whether adjacent gallium ions are covalently 

bound or interacting principally through electrostatic forces, as expected for high-coordinate Ga. 

 

3.2.1- Vibrational spectroscopy 

Figures 4a and 4b show the Raman and infrared spectra recorded for the gallophosphate 

glasses. The vibrational spectrum of “Ga0” (i.e., NaPO3 glass) has been described in the 

literature.
34,35

 In the Raman spectrum, the main bands centered near 1150 and 690 cm
-1

 have been 

assigned respectively to Q
2
 (PØ2O2) symmetric stretching vibrations associated with terminal 

oxygen species and symmetric P-O-P bond stretching vibrations with phosphorus atoms in Q
2
 

tetrahedra.
12,16-18

 According to Velli et al., the band at about 1270 cm
-1

 in the IR spectrum can be 

attributed to Q
2
 and Q

3
 units. A band can be observed near 1150 cm

-1
 and assigned to Q

2
, but also 

a band at 1100 cm
-1

 to the asymmetric stretching mode of end groups of Q
1 

(ØPO3) units. 

Vibrations around 1010 cm
-1

 correspond to P-O-P asymmetric vibrations, and finally, the band at 

880 cm
-1

 to asymmetric vibration of P-O-P chains with Q
2
 units.

35
 

The gradual addition of Ga2O3 into the NaPO3 glassy network results in numerous spectral 

changes. In the high wavenumber range of the infrared spectra, the band around 1270 cm
-1

 for 

Ga0 shifts to 1200 cm
-1

 and then to 1150 cm
-1

 with the progressive introduction of gallium oxide. 

These changes result from the modification of the environment of the non-bridging oxygen of the 

Q
2
 units and are directly related to the decrease in sodium, which act as modifier for the glassy 

network, and the appearance of gallium polyhedra acting as charge compensators.
36

 In the Raman 

spectra of Ga12, a large shoulder appears close to 1230 cm
-1

 and shifts down to 1200 cm
-1

 in the 

spectra of the Ga2O3-rich compositions. This band was assigned to the stretching motions of the 

two non-bridging oxygens bonded to phosphorus in Q
2
 tetrahedra.

15
 

In the Raman spectra, the band observed at 1270 cm
-1

 for Ga0 and Ga5 can be attributed to the 

stretching mode of P=O bonds in Q
3
 tetrahedra.

37
 This band is no longer visible after 20% Ga2O3 
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has been introduced. In the spectral range between 800 and 1150 cm
-1 

the addition of Ga2O3 into 

the glass network results in the appearance of a doublet at 1050 and 1100 cm
-1 

in the Raman 

spectra of Ga5 and Ga12. The band at 1050 cm
-1

 can be ascribed to the symmetric vibration of Q
1
 

species
12 

while the band at 1100 cm
-1

 is attributed to the symmetric vibration of Q
2
 species

12
 but 

also to the asymmetric vibrations of Q
1
 species.

15
 For Ga15, the band at 1050 cm

-1
 becomes 

dominant and for the Ga15 to Ga32 samples, this vibration shifts up to nearly 1000 cm
-1

 when the 

Ga2O3 content is increased. Regarding the infrared spectra, the band around 1100 cm
-1

, attributed 

by Velli et al. to the asymmetric stretching mode of Q
1
 end groups, decreases progressively as 

gallium oxide is introduced and is no longer visible above 20% of Ga2O3.
35

 The band between 

900 cm
-1

 and 1000 cm
-1 

is related to P-O-P bonds. One can observe that the band around 880 cm
-1

 

attributed to long chains shifts to the high wavenumber range and is no longer visible in Ga29. In 

the Raman spectra, the 920 cm
-1

 band can be attributed the asymmetric vibrations of P-O-P 

bonding.
12,15,17,18

 This vibration is not visible above 20 mol% of Ga2O3. For high gallium oxide 

loading (Ga29 and Ga32) the two main bands in this spectral range are located around 1010 cm
-1

 

and 1050 cm
-1

 and correspond to the vibrations respectively of P-O-P bonds and end groups of Q
1
 

units.  

Regarding the vibrations below 800 cm
-1

 in the Raman spectra, the bands at 750 cm
-1

 and 350 

cm
-1

 were assigned to the symmetric stretching of the P-O-P bond with phosphorus atoms in 

tetrahedral Q
1
 units and to the vibration of GaO6 octahedra, respectively.

16,38,39 
The vibration at 

750 cm
-1

, attributed to the presence of Q
1
 units, increases when Ga2O3 is incorporated into the 

matrix up to a maximum intensity of 15 mol% and then rapidly decreases in Ga20 and Ga22. For 

more than 15 mol% Ga2O3, the band attributed to P-O-P vibrations in long phosphate chains at 

690 cm
-1

 has almost vanished. The Raman and IR spectra of Ga32, Ga29 and Ga25 appear to be 

very similar, except for the slight shifts indicating a stabilization of the quantity of Q
2
 and Q

1
 

units. 

Several groups have attributed vibration at 640 cm
-1

 in the Raman spectra to vibrational modes 

of GaO4 tetrahedra.
17,18,38-40

 In figure 4a, this band can be seen to appear in the Ga15 spectrum 

and seems to split into two bands with further addition of Ga2O3. Fukunaga et al have assigned 

the Raman peak at 500 cm
-1

 to a bending mode of GaO4;
40

 this peak grows with Ga loading, 

consistent with 
71

Ga MAS NMR data indicating increasing four-coordinate gallium (vide infra).  

In the infrared spectrum, bands between 640 cm
-1

 and 660 cm
-1

 have been associated with 
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vibrational modes of GaO4 tetrahedra. Vibrations of six-coordinate Ga
3+

 ions are reported by 

Miyaji et al. between 500 cm
-1

 and 600 cm
-1 41

. According to figure 4b, a shoulder at around 590 

cm
-1

 can be observed in the infrared spectrum for the sample Ga5, Ga12 and Ga15 and vanishes 

at the highest Ga2O3 content. Assignment in this spectral range is not obvious, although Pickup at 

al reported in gallium phosphate glass that vibration around 590 cm
-1

 could be attributed to O-P-

O deformation modes.
42

 

 

3.2.2- 
71
Ga MAS NMR spectroscopy 

The 
71

Ga MAS NMR spectra of the glass samples are presented in Figure 5. Each spectrum 

shows the presence of three broad and overlapped resonances, with composition-dependent 

intensities. At 5 mol% Ga2O3, the main peak is centered around -40 ppm, with two smaller peaks 

at about 20 and 100 ppm. Based on previous 
71

Ga NMR measurements of four- and six-

coordinate gallium
43,44

 and the correlation between 
27

Al and 
71

Ga documented by Bradley
45

 and 

Massiot,
46 

the highest frequency peak can be assigned to 
[4]

Ga, the lowest frequency peak to 
[6]

Ga, 

and the peak in the middle to 
[5]

Ga. With the continuous addition of Ga2O3, the peak intensity of 

[4]
Ga increases while that of 

[6]
Ga decreases. The 

[5]
Ga peak intensity remains relatively constant 

with Ga2O3 additions, relative to the total 
71

Ga NMR signal. Above 25 mol% Ga2O3, only minor 

spectral changes are observed. 

The Czjzek distribution function was used to reproduce peak shapes under the dual effects of 

electric-field gradient and chemical shift distributions (Figure 6a). By determining the area under 

each peak, the fraction of each Ga SRO unit in the glass was estimated with respect to the total 

71
Ga NMR signal (Figure 6b). The number of 

[6]
Ga decreases rapidly from 79 to 11% of the total 

Ga with increasing Ga2O3 content, until Ga2O3  > 25 mol%. The inverse trend is observed for 

[4]
Ga, its concentration increasing from 5 to 68% over the same compositional range. The number 

of 
[5]

Ga SRO units changes more gradually, varying from 16%  at 5 mol% Ga2O3 to 27% at 15 

mol% Ga2O3. These trends are essentially arrested at Ga2O3 contents higher than 25 mol%, where 

all three structural units undergo small changes.  

Another way to visualize the data is to plot the fraction of Ga polyhedra with respect to the 

total number of gallium and phosphorus polyhedra (Figure 6c). As such, it may be observed that 

[6]
Ga appears to oscillate about 4 – 9% of the total SRO units in the glass, with three regimes 

corresponding roughly to 0 – 12, 12 – 25, and 25 - 32 mol% Ga2O3 reminiscent of the regions 
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detected in the Tg data (Figure 1b). 
[4]

Ga content follows similar compositional ranges, with the 

strongest increase corresponding to the decrease in 
[6]

Ga.
 [5]

Ga increases steadily from near zero 

to 7%. This behaviour may be indicative of its role as a transition structure between four- and six-

fold coordinate gallium, as postulated for 
[5]

Al and 
[5]

Si.
47-49

 

In addition to the changing concentration profile of each structural unit, changes in their 

isotropic chemical shift can give information about the evolution of the glass network structure. 

Figure 6d shows that the isotropic chemical shift, δiso, obtained by Czjzek fitting, of all Ga 

polyhedra is relatively constant until approximately 20 mol% Ga2O3. At 22 mol% Ga2O3, δiso 

(
[4]

Ga) shifts to a higher frequency and remains constant with increasing Ga2O3. The δiso values of 

[5]
Ga and 

[6]
Ga also shift to higher frequencies with increasing Ga2O3 above 25 mol% Ga2O3. 

Since the chemical shift of 
71

Ga appears relatively insensitive to the effect of P next-nearest-

neighbors (NNN), this small but distinct change in δiso may signal the introduction of Ga NNN in 

high-energy Ga-O-Ga linkages.  

 

3.2.3- 
31
P MAS NMR spectroscopy 

The 
31

P MAS NMR spectra can be seen in Figure 7. Because of significant spectral overlap in 

the peaks comprising most of these spectra and the multiple factors which can influence peak 

positions, they are best interpreted in the context of the unambiguous 
71

Ga MAS NMR results. In 

the binary sodium phosphate glass (i.e., 0 mol% Ga2O3), the spectrum has peaks at 2 ppm and -17 

ppm, which are readily identified from previous work on sodium phosphate glasses as Q
1
 and Q

2
, 

respectively.
15

 This binary glass has a one-dimensional network made up of P-O-P ‘chains’ of Q
2
 

units terminated by Q
1
. With the addition of Ga2O3, a new peak is observed at -7 ppm, which can 

be attributed to chain phosphorus modified by 
[6]

Ga in the second coordination shell, Q
2
1(6), 

where the “1(6)” subscript indicates that phosphorus is near one 
[6]

Ga. Based on the logic of bond 

valence,
19

 high-coordinate gallium is expected to coordinate to oxygen in the phosphate chain 

(bridging, non-bridging and doubly bonded) without any appreciable depolymerization. Hence, 

interaction with 
[5/6]

Ga appears to increase the chemical shift of Q
2
 by about 10-12 ppm. Since 

each 
[5/6]

Ga is expected to interact with about three phosphorus atoms on at least two separate 

chains (see Figure 8), the chemical shifts of three P atoms will be modified by the addition of 

each Ga. At 5 mol% Ga2O3, the 10 Ga atoms added will influence about 30 P, which corresponds 

to about 32% of the P in the glass, in good agreement with the intensity of the peak at -7 ppm.  
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At 12 mol% Ga2O3, almost all of the added Ga is in five- and six-fold coordination according 

to the 
71

Ga MAS NMR, permitting the assumption that no appreciable phosphate 

depolymerization is occuring but that 
[5/6]

Ga link adjacent chains via electrostatic interactions 

with the chain oxygens. By the logic articulated above, the chemical shifts of about 85% of the P 

in the glass would be affected by the presence of high-coordinate Ga, consistent with the relative 

fitted intensities of the peaks at -7 and -20 ppm.  

In the glass with 15 mol% Ga2O3, a significant fraction of the added gallium is present as four-

coordinate species. Since Ga-O-Ga are likely to be energetically disfavored 
32

, 
[4]

Ga are expected 

to insert into the phosphate chains, initially forming Q
1

1(4) units. Based on the 
31

P chemical shift 

scheme inferred from aluminophosphate glasses on the basis of 
27

Al-
31

P double-resonance NMR 

experiments,
50-52

 it appears that Q
2

1(5/6) and Q
1
1(4) are likely to have similar chemical shifts. A 

mass-balance calculation based on the assumption that all of the Ga is in high coordination leads 

to the conclusion that about 105% of the phosphorus will be shifted by interaction with 
[5/6]

Ga, 

implying that these “sites” are saturated and confirming that some Ga must begin to enter the 

chains as 
[4]

Ga. Essentially no evidence of Q
2

0 remains in the 
31

P spectrum (-20 ppm), with the 

bulk of the intensity concentrated in a broad peak around -7 ppm, which likely represents Q
2
 in 

close proximity to any form of Ga. There is a hint of intensity to high frequency of the Q
1
 

terminal phosphate units which may indicate that even these phosphorus units have Ga NNN.  

The decrease in absolute 
[6]

Ga between 12-25 mol% Ga2O3 (Figure 6c) can be attributed to the 

corresponding decrease in phosphorus content, thereby depriving the high-coordinate Ga of 

bonding sites and forcing the added Ga to replace P in the chains. Correspondingly, in the glass 

with 22 mol% Ga2O3, most of the Ga is tetrahedral because there are no more bridging or non-

bridging chain oxygens to accommodate high-coordinate Ga. This results in further high-

frequency 
31

P NMR shifts since there are essentially no P atoms which are not in close proximity 

to Ga either by bridging within chains (
[4]

Ga) or by electrostatic interactions between chains 

(
[5/6]

Ga). The spectrum likely contains contributions from multiple species which resonate at 

roughly the same frequencies, including Q
2

1(5/6), Q
1

1(4), Q
0
1(4), Q

1
1(5/6) and possibly even Q

1
1(4) 

with additional 
[5/6]

Ga coordinated to the oxygens, thereby producing the broad undifferentiated 

31
P MAS NMR peakshape in Figure 7.  

The 
31

P MAS NMR spectra of samples containing 25-32 mol% Ga2O3 consist of a single 

broad peak around 0 ppm, implying that all of the P is highly influenced by nearby Ga. Various 
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species such as Q
0

2(4) and Q
1

1(4), likely further coordinated by 
[5/6]

Ga, contribute to this composite 

signal.  The observation that these three spectra are practically indistinguishable despite increased 

Ga loading suggests that the phosphorus environments are “saturated” with Ga and no further 

local changes are possible about P above 25 mol% Ga2O3.  

 

4- Discussion 

4.1- Glass structure 

In accordance with previous work,
53

 the vibrational and NMR spectroscopic results indicate 

that the glass network begins as a binary sodium phosphate glass, composed of chains of ��
� units 

with ��
� units terminating the chains. Like aluminum, it may be assumed that gallium will avoid 

Ga-O-Ga connections if possible, particularly in the four-coordinated units where the negative 

charge accumulation at the interconnecting oxygen is disfavored by bond valence arguments 
32

. 

Hence, the addition of 5-12 mol% Ga2O3 introduces high-coordinate gallium which interacts with 

phosphate chain oxygens, effectively increasing the dimensionality of the network by cross-

linking the chains without appreciable depolymerization. As 
[6]

Ga and 
[5]

Ga make up 

approximately 95% of the gallium SRO units, bond valence dictates that these units are integrated 

into the network through weak electrostatic interactions as exemplified in Figure 8.  This 

connectivity pattern is consistent with that found in the monoclinic form of Al(PO3)3 
54

 and is 

further supported by the work of Zhang et al., which showed that in sodium aluminophosphate 

glasses with P/Al ≥ 4, all aluminum species interact equally with phosphorus, implying a high 

degree of Al proximity to phosphorus irrespective of Al coordination number.
52

 The lack of ��
� 

units in the vibrational and NMR spectra supports that the network is fully interconnected by the 

presence of gallium structural units.  

At 15 mol% Ga2O3 the available “cross-linking” sites in the phosphate chains are saturated by 

high-coordinate Ga and the excess Ga must begin to replace chain phosphorus to avoid the 

formation of Ga-O-Ga bonds. This is reflected in the 
71

Ga NMR data by a sharp increase in the 

fraction of four-coordinate Ga (Figure 6b). The decrease in the number of six-coordinate Ga 

(Figure 6c) is a consequence of the decrease in overall phosphorus content resulting in fewer 

cross-linking sites. A similar observation was made for the aluminum coordination number in 

aluminophosphate glasses by Brow,
6
 who noted that the abrupt increase in 

[4]
Al occurs at the 

transition from the metaphosphate (O/P = 3.0) to pyrophosphate (O/P = 3.5) region. Indeed, the 
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71
Ga NMR data shown in Figure 6b lead to a speciation plot which is remarkably similar to that 

presented by Bencoe et al.,
51

 underscoring the close connection between the respective roles of 

Ga and Al in phosphate glasses. 

At 22 mol%, where the P/Ga ratio is 1.78, 
[4]

Ga makes up the majority of the Ga structural 

units at 52%. Phosphate chains have been converted to gallophosphate chains with charge 

ordering. This is supported by the observation of further deshielding of the 
31

P NMR peaks,
19

 all 

of which are influenced by the proximity of Ga in the next-nearest neighbor positions. Local 

charge balance may be effected by two possible mechanisms. Strict P/Ga alternation, where 

phosphorus tetrahedra are surrounded by four bridging oxygens to form a cationic centre, may in 

principle satisfy the requirements of charge balance. In crystalline gallophosphates, 

aluminophosphates and borophosphates, such phosphorus species are found in characteristic 

shielding ranges to significantly higher frequency than the peaks observed here. Such three-

dimensional ordering tends to produce clustering and renders the glasses prone to crystallization, 

which is not observed in these samples. More likely is that sodium cations displaced from NBOs 

by high-coordinate Ga associate with anionic 
[4]

Ga, leaving phosphorus species neutral. Making 

the common assumption that 
[4]

Ga do not bear nonbridging oxygens, the incorporation of Ga into 

the phosphate chains in this way further increases the interconnectivity of adjacent chains by the 

formation of four 
[4]

Ga-O-P linkages (see Figure 8). This analysis suggests that the vibrations 

observed in Raman and infrared spectroscopy around 1000 cm
-1

 correspond to vibrations 

involving P-O-
[4]

Ga bonds. 

For Ga2O3 contents greater than 25 mol%, the P/Ga ratio is 1.4 or less and the phosphorus 

environments are saturated by Ga NNN of variable coordination numbers, again following the 

observation of Brow et al. that transitioning from the pyrophosphate (O/P = 3.5) to 

orthophosphate (O/P = 4.0) region induces distinct structural changes.
6
 Increasing the Ga2O3 

content has no apparent influence on the 
31

P NMR or vibrational spectra, indicating that the glass 

network consists of highly interconnected phosphate and gallate units. In particular, the IR and 

Raman spectral regions above 900 cm
-1

 do not evolve with increasing Ga, confirming that the 

maximum number of P-O-Ga bonds have been formed.  The 
71

Ga NMR spectra, however, reveal 

subtle changes in the peak positions (Figure 6d) which suggest that the excess added gallium 

forms Ga-O-Ga bonds. The apparent invariance of 
71

Ga
 
NMR peak positions from 5 – 22 mol% 

Ga2O3 indicates that 
71

Ga NMR chemical shifts are not very sensitive to the number of P NNN. 
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The small but significant shifts observed above 22 mol% may be interpreted as signifying the 

onset of other bonding partners. Moreover, the concentrations of 
[5]

Ga and 
[6]

Ga show a small 

increase at the expense of 
[4]

Ga, (Figure 6b) suggesting the quantity of 
[4]

Ga is being limited by 

the phosphorus content. As all P-O-Ga bond requirements suggested by the 
31

P data are being 

filled by 
[4]

Ga, the high-coordinate gallate units must have primarily 
[6/5]

Ga-O-
[6/5]

Ga bonds. The 

distinct Ga speciation behaviour in these compositions (Figure 6c) further supports the notion that 

all Ga species are increasing despite no further evolution of the phosphate network. Finally, the 

dissociation of gallium from the phosphate network and sequential formation of Ga-O-Ga bonds 

is likely related to the limit of glass-forming ability of these materials by melt-quench methods. 

Considering that gallium and aluminum are considered intermediate glass formers, their 

separation from the gallophosphate network would be expected to decrease the ability of the 

network to form a glass, progressively weakening the network until it can no longer be formed 

using standard preparation methods. However, aluminophosphate glasses with Al contents as 

high as P/Al = 0.5 have been prepared by sol-gel techniques.
52

 

 

4.2- Structure-property relations 

The structural development of gallophosphate glasses proposed on the basis of these 

spectroscopic results illuminates some of the properties measured as a function of gallium 

content. The Tg and Tx data shown in Figure 1b can be viewed as having three distinct regions 

which correlate with the structural regimes identified above. Up to 12 mol% Ga2O3, the addition 

of high-coordinate Ga effectively cross-links the nominally one-dimensional phosphate chains, 

progressively replacing P-O
-
Na

+
 by the stronger P-O-

[5/6]
Ga bonds, thereby increasing the 

network connectivity and consequently Tg and Tx, similar to that reported for sodium 

aluminophosphate glasses.
55

 Between 12 to 25 mol% Ga2O3, the increases in Tg and Tx are 

smaller, reflecting the fact that the added gallium is predominantly being incorporated into the 

phosphate chains which has little impact on the dimensionality. Within this composition range, 

the principal modification to the glass structure is the shortening of the phosphate chains and the 

introduction of gallium in tetrahedral sites. The small increase in Tg observed over this 

compositional region is likely due to the increased network connectivity conferred upon the glass 

by the coordination of these gallium cations to four network formers via bridging oxygens and 

also the decrease of the sodium content. Above 25 mol% Ga2O3, the sharp increase in Tg and Tx 
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may be partly related to the decrease in the number of Na-O ionic bonds due to the continuous 

decrease of the sodium concentration in the glass skeleton formed by alternating GaO4 and PO4 

tetrahedra as well as to the continual formation of P-O-
[6]

Ga. This evolution can be compared to 

the first region in Figure 1b up to 12 mol% Ga2O3. Brow at al. have reported similar Tg behaviour 

in Al2O3-NaPO3 glasses
6
 however the density and refractive index profiles they report first 

increase and then decrease with increasing Al2O3 content. This different behaviour can be 

explained by the smaller size of Al
3+ 

vis-à-vis Ga
3+ 

with respect to the other constituents in the 

glass and illustrates the influence of density on the glass linear refractive index, since it is related 

to the volume fraction of the polarisable cations.  

The increases in density and refractive indices with Ga2O3 concentration are a result of the 

higher molar mass, larger atomic radius and higher average coordination number of Ga
3+

 relative 

to the other ions in the system. Subtle features in these curves may possibly be related to the 

different structural roles played by gallium with increased loading. After the addition of 15 to 20 

mol% Ga2O3, a change of slope can be observed with a much smaller increase of the density and 

the refractive indices as a function of Ga2O3 loading. This effect is likely related to the formation 

of a less dense gallophosphate network comprising alternating PO4 and GaO4 units with the 

presence of the excess of gallium cations in octahedral sites. 

The spectral invariance of the uv-visible absorption coefficients (Figure 2a) with Ga2O3 

concentration - except for the absorption band at 250 nm attributed to the presence of transition-

metal impurities - suggests that the optical band gap is not governed by the Ga2O3 content, the 

band gap of which is close to that of NaPO3 (Eg ≈ 5 eV 
56,57

), but by the relative content of 

bridging and non-bridging oxygens,
58

 precluding an unambiguous interpretation. Similar complex 

behaviour of the optical band gap has been reported in sodium aluminophosphate glasses.
59

 

 

5- Conclusions 

In this work, the structure and properties of glasses belonging to the pseudo-binary (Ga2O3)x - 

(NaPO3)100-x system with x varying from 0 to 32 mol% were investigated. As expected, an 

increase in Ga2O3 concentration results in an increase in glass density, linear refractive index and 

glass transition temperature. In contrast, no significant change in the glass short wavelength cut-

off, i.e. the glass optical band gap, is observed. The complementarity of vibrational and 

multinuclear MAS NMR spectroscopies supports a structural model for glass formation which 
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features three distinct roles for the gallium cations. At low loadings the gallium enters the 

network almost entirely as 
[5/6]

Ga coordinated to oxygens located on different phosphate chains, 

serving to increase the dimensionality and strengthen the network. Once the available 

coordination sites are saturated, excess gallium replaces phosphorus within the chains in a 

charge-ordered fashion, adopting four-coordinate geometry and introducing additional branching 

to the chains. Only when Ga-O-Ga bonds cannot be avoided do they begin to form, signaling the 

end of the glass-forming region. These distinct structural regimes correlate with specific features 

in the glass-transition temperatures, revealing diverse roles for gallium in influencing the glass 

properties. Correlations with other properties are less well defined, but exhibit patterns which 

suggest that the coordination environment of gallium is a key factor in determining the physical 

properties. While there is a substantial degree of congruence between the structural and property 

characteristics of gallo- and aluminophosphate glasses, key differences hint at specific 

advantages of gallium that may be profitably harnessed in optical applications. Hence, this study 

shows that while the integration of a heavy ion like gallium results in predictable increases in key 

properties, a closer examination of its specific structural role in the network is required to fully 

understand the details of its impact on the properties. This work opens the door to further studies 

on rare-earth doped gallophosphate glasses and their potential use in high-performance 

miniaturized optical devices.  
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Table captions 

 

Table 1.  Comparison between experimental and theoretical elemental compositions of the 

Ga2O3-NaPO3 glasses 

 

Table 2.  Proposed Raman and infrared band assignments for the gallophosphate glasses 
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Table 1. Comparison between experimental and theoretical elemental compositions of the 

Ga2O3-NaPO3 glasses 

 

Sample 

label  

Ga2O3 (mol%) Na2O (mol%) P2O5 (mol%) Ga2O3/P2O5 Na2O/P2O5 

Theo. 
Expt. 

(±0.2) 
Theo.  

Expt.  

(±0.2) 
Theo. 

Expt.  

(±0.2) 
Theo. 

Expt.   

(±0.02) 
Theo. 

Expt.  

 (±0.02) 

Ga0 0.0 0.0 50.0 51.6 50.0 48.4 0.00 0.00 1.00 1.07 

Ga5 5.0 5.3 47.5 49.2 47.5 45.5 0.11 0.12 1.00 1.08 

Ga12 10.0 12.1 45.0 45.0 45.0 42.9 0.22 0.28 1.00 1.05 

Ga15 15.0 15.5 42.5 42.4 42.5 42.1 0.35 0.37 1.00 1.01 

Ga22 20.0 21.6 40.0 39.5 40.0 38.9 0.50 0.56 1.00 1.02 

Ga25 25.0 25.4 37.5 38.9 37.5 35.7 0.67 0.71 1.00 1.09 

Ga29 27.5 29.3 36.3 36.8 36.3 33.9 0.76 0.86 1.00 1.09 

Ga32 30.0 31.8 35.0 35.6 35.0 32.6 0.86 0.98 1.00 1.09 
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Table 2. Proposed Raman and infrared bands assignment for the gallophosphate glasses 

 

Peak position Raman bands assignment 
Infrared bands 

assignment 
Ref. 

500 cm
-1 GaO4 bending  

40
 

~ 590 cm
-1
 

 

GaO6 vibration mode and 

O-P-O deformation mode 

41,42
 

~ 640 cm
-1
 GaO4 stretching vibrations 

vibrational mode of GaO4 

tetrahedra 

17,18,38-40
 

~ 690 cm
-1
 

P-O-P bonds sym. stretching vibrations 

with Q
2
 

 
15,18

 

~ 750 cm
-1
 

P-O-P bonds stretching vibrations with 

Q
1
 

 
15-18

 

~ 880 cm-1  
asym. vibrations of P-O-P 

chains with Q
2
 units 

35
 

~920 cm
-1
 

sym. PO4 stretching in Q
0
 vibrations + 

asym. P-O-P vibrations 

vibrations related to P-O-P 

bonds 

15,17,18,35
 

~1000-1050 

cm
-1
 

sym. vibrations of (ØPO3
2-

) Q
1 
species 

P-O-P asym. vibrations and 

sym. stretching mode of 

end groups (ØPO3
2-

) Q
1 

units 

15,18,35
 

~1100 cm
-1
 

(sym. PO2 stretch in Q
2
 ) + 

asym.  of (ØPO3
2-

) Q
1
vibrations 

asym. stretching mode of 

end groups (ØPO3
-
) Q

1
 

units 

12,35
 

~1150 cm
-1
 (PØ2O2

-
) Q

2
 symmetric stretch vibrations Q

2
 

15,18,35
 

1200-1230 

cm
-1
 

asym. PO2 stretch in  Q
2
 vibrations  

15
 

~1270 cm-1 (P=O) sym. Q
3
 stretching Q

2
 and Q

3
 units 

35,37
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Figure captions 

 

Figure 1.  (a) Density and (b) glass transition and crystallization onset temperatures of the 

Ga2O3-NaPO3 glasses as a function of Ga2O3 content. Lines are guides for the eye.  

 

Figure 2.  (a) Absorption coefficient spectra in the short-wavelength region and (b) linear 

refractive indices measured at 532, 633, 972, 1308 and 1538 nm of the Ga2O3-

NaPO3 glasses as a function of the Ga2O3 content. Lines are guides for the eye.  

 

Figure 3.  Schematic representations of the P and Ga short-range order structural units in 

sodium gallophosphate glasses 

 

Figure 4.  Normalized Raman spectra (a) and normalized infrared spectra (b) of the Ga2O3-

NaPO3 glass samples as a function of the Ga2O3 content. 

 

Figure 5.  
71

Ga MAS NMR spectra obtained at 21.1 T and 60 kHz spinning speed of Ga2O3-

NaPO3 glasses as a function of the Ga2O3 concentration  

 

Figure 6.  (a) Experimental and calculated 
71

Ga MAS NMR spectra of Ga22, with 

subspectral fits for 
[4]

Ga,
 [5]

Ga, 
[6]

Ga; (b) integrated NMR intensities of 
[4]

Ga, 
[5]

Ga 

and 
[6]

Ga; (c) 
[4]

Ga, 
[5]

Ga and 
[6]

Ga concentration with respect to total SRO units in 

the glass; (d) 
71

Ga isotropic chemical shift of 
[4]

Ga, 
[5]

Ga and 
[6]

Ga. All lines are 

spline fits intended as guides for the eye.  

 

Figure 7.  
31

P MAS NMR spectra of the Ga2O3-NaPO3 glasses as a function of Ga2O3 

concentration. 

 

Figure 8.  Schematic representations of the structural roles of 
[6]

Ga and 
[4]

Ga in Ga2O3-

NaPO3 glasses 
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Figure 1.  (a) Density and (b) glass transition and crystallization onset temperatures of the 

Ga2O3-NaPO3 glasses as a function of Ga2O3 content. Lines are guides for the eye.  

 

 

 

 

a 

b 

Page 29 of 37 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



30 

 

 

 

 

 

 

Figure 2.  (a) Absorption coefficient spectra in the short-wavelength region and (b) linear 

refractive indices measured at 532, 633, 972, 1308 and 1538 nm of the Ga2O3-

NaPO3 glasses as a function of the Ga2O3 content. Lines are guides for the eye.  
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Figure 3.  Schematic representations of the P and Ga short-range order structural units in 

sodium gallophosphate glasses 
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Figure 4.  Normalized Raman spectra (a) and normalized infrared spectra (b) of the Ga2O3-

NaPO3 glass samples as a function of the Ga2O3 content. 

 

a 

b 
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Figure 5.  
71

Ga MAS NMR spectra obtained at 21.1 T and 60 kHz spinning speed of Ga2O3-

NaPO3 glasses as a function of the Ga2O3 concentration  
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Figure 6.  (a) Experimental and calculated 
71

Ga MAS NMR spectra of Ga22, with 

subspectral fits for 
[4]

Ga,
 [5]

Ga, 
[6]

Ga; (b) integrated NMR intensities of 
[4]

Ga, 
[5]

Ga 

and 
[6]

Ga; (c) 
[4]

Ga, 
[5]

Ga and 
[6]

Ga concentration with respect to total SRO units in 

the glass; (d) 
71

Ga isotropic chemical shift of 
[4]

Ga, 
[5]

Ga and 
[6]

Ga. All lines are 

spline fits intended as guides for the eye.  

c 

d 
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Figure 7.  
31

P MAS NMR spectra of the Ga2O3-NaPO3 glasses as a function of Ga2O3 

concentration. 
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Figure 8.  Schematic representations of the structural roles of 
[6]

Ga and 
[4]

Ga in Ga2O3-

NaPO3 glasses 
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