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Amorphous materials with non-periodic structures are commonly evaluated based on their chemical
composition, which is not always the best parameter to evaluate physical properties, and an
alternative parameter more suitable for performance evaluation must be considered. Herein, we
quantified various structural and physical properties of Ce-doped strontium borate glasses and
studied their correlations by principal component analysis. We found that the density-driven molar
volume is suitable for the evaluation of structural data, while chemical composition is better for the
evaluation of optical and luminescent data. Furthermore, the borate-rich glasses exhibited a stronger
luminescence due to Ce**, indicating a higher fraction of BO;, ring and larger cavity. Moreover, the
internal quantum efficiency was found to originate from the local coordination states of the Ce3*
centres, independent of composition or molar volume. The comparison of numerical data of the matrix
is useful not only for ensuring the homogenous doping of amorphous materials by activators, but also
for determining the origin of physical properties.

Glass is generally considered macroscopically homogenous, and its physical properties are generally evaluated
based on the chemical composition. In addition to chemical composition, other parameters can also be used
to quantify the properties of glasses. Optical basicity, which is based on the acid-base behaviour of oxygen as
defined by Duffy and Ingram'?, is one of the parameters that are used to classify glasses'~. The optical basicity
of glass is another notation of glass composition for binary oxide glasses because the theoretical optical basicity
of glass is the summation of the basicity of each oxide multiplied by the molar fraction of the constituent oxides.
Besides, as a mechanical parameter, the molar volume (Vy), which is calculated from the density and chemical
composition of glass, is sometimes used to evaluate the physical properties of glasses. Contrary to common
belief, the relationship between chemical composition and density is not always linear. A change in the network
structure of glass gives rise to compositional nonlinearity, which is different from the expected behaviour>®.
Therefore, the compositional dependence of physical and structural parameters needs to be studied in detail.
Optical and luminescent properties are the most common research subjects of glasses. Among the various
types of glasses, activator-doped glass has attracted significant attention not only for practical applications,
but also for understanding fundamental scientific concepts in this field’-*°. Since the luminescent intensity of
conventional glass or defect-containing glass is not high, activators such as rare earth cations are often doped
for phosphor applications. Ce is one of the important activators owing to its short decay constant (several tens
of nanoseconds) and high internal quantum efficiency due to the parity-allowed 5d-4f transition'!~*¢. Because
Ce cations oxidize in air during sample preparation'”', Ce**-containing materials are preferably synthesized in
an inert atmosphere. For glass preparation by the conventional melt quenching method under inert conditions,
the chemical compositions suitable for the host glass are limited due to the restrictions on synthesis conditions
since the maximum temperature attainable for synthesis in a silica tube furnace is approximately 1100 °C'%. One
of the candidate host glasses for the preparation of Ce-containing glass by the melt quenching method in an inert
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Figure 1. Thermal properties of Ce:SBOx glasses. (a) DTA curves of Ce:SBOx glasses and the glass transition
temperature (T,), crystallization onset temperature (T,), and crystallization peak temperature (T,). (b)
Variations in Tg, T,, and T,asa function of B,0; fraction.

atmosphere is borate-based glass*>?. Although borate glasses have low chemical durability compared with silicate
glasses?’, the low melting process, i.e., a low fabrication energy is fascinating from the viewpoint of industrial
application. We have recently reported that alkaline earth cations affect the luminescent properties of Ce-doped
40RO-60B,0; glasses (RO =alkaline earth oxide)*. Additionally, we examined the luminescent properties of
Ce-doped 255rO-75B,0; glass®, which is the stoichiometric chemical composition of SrB¢O,, crystals®. Based
on these previous studies, it is expected that Ce-doped strontium borate glass can be used to investigate the
relationship between the chemical composition of host glasses and the luminescent properties of Ce®*.

In this study, we investigated the relationship between the structural and physical parameters of Ce-doped
borate glasses, focusing on the theoretical optical basicity and V), as the variables. Since the optimum concentra-
tion of Ce®* is reported as 0.1 mol%**, we used a 0.1Ce-(100-x)SrO-xB,0; glass (denoted as Ce:SBOx). Recently,
we demonstrated that a combination of several measurements is important to determine a reliable structure®.
We used principal component analysis (PCA) for the numerical examination of various structural and optical
data. Although numerical analysis is often used to survey big data, we believe that this method can be used to
study glasses with random networks. Additionally, we evaluated the validity of using numerical analysis based on
experimental datasets, such as structural, mechanical, optical, and luminescent properties, for examining glasses.

Results

Figure 1a shows the differential thermal analysis (DTA) curves of the Ce:SBOx glasses. To obtain homogeneous
glasses under inert melting at 1100 °C, we selected compositions of x=60, 65, 70, and 75 (mol%) as the B,O;
fraction. The glass transition temperature (T,) and crystallization onset temperature (T) were determined by
the extrapolation of the DTA curves, whereas the crystallization peak temperature (T,,) was determined as the
temperature of the exothermic peak (crystallization peak). Figure 1b shows the T, T, and T as a function of
B,0; fraction. With increasing B,O; fraction, the T, decreased, whereas the T, and T, increased. The thermal
stability against crystallisation of glasses is often assessed from the difference between T, and T,”. The DTA
results revealed that the Ce:SBO75 glass is the most thermally stable against crystallite precipitation among all
the Ce:SBO glasses in this study.

The elastic modulus, a physical property of bulk matrices, is related to the glass network®. In this study, the
longitudinal elastic modulus (c,;), which was calculated from Brillouin scattering measurements, was used for
the evaluation of Ce:SBOx glasses. Figure 2a shows the Brillouin spectra of the Ce:SBOx glasses. To determine
the Brillouin shift (vy), data fitting was performed using the Lorentzian functions shown in Eq. (1).
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(1)

where I(v) and v are the intensities of the Brillouin spectrum and frequency, respectively. A, B, and C are the
fitting parameters.

Figure 2b shows the v and ¢, values of the Ce:SBOx glasses as a function of Vy,. As can be seen, both vz and
¢ decreased with increasing V), with the Ce:SBO75 glass exhibiting the lowest elastic modulus among all the
Ce:SBO glasses in this study. Figures S1(a) and S1(b) show the dependences of v, and ¢, on the B,O; fraction
and V), respectively. The coeflicient of determination (R?) obtained by the linear fitting of ¢,, indicates that Vy;
is a more suitable function than B,0;. The V), is considered to be related to free volume, that is, the cavity of
the glass matrix. The cavity size was determined by positron annihilation spectroscopy (PAS)*'-**. Although
the cavity sizes of several glass systems have been reported, the correlation between the cavity size determined
by PAS and structure is mostly unknown?®***. In the case of insulators, the decay curve of positronium can be
deconvoluted into three components. The first component is attributed to the lifetime of para-positronium,
which has a theoretical value of 125 ps. The second component is the lifetime of positron annihilated without
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Figure 2. Dynamic structure factors of Ce:SBOx glasses. (a) Brillouin spectra of Ce:SBOx glasses. (b) vy and ¢,
values of Ce:SBOx glasses as a function of molar volume (V)). (c) Positron decay curves of Ce:SBOx glasses. (d)
Cavity diameter of Ce:SBOx glasses as a function of Vy.

the formation of positronium, which also includes positron decay due to interaction with the Kapton film. The
third component is the reflected lifetime of ortho-positronium, which is used to evaluate the free volume (cavi-
ties) of the matrix®!. The decay constant of the third component of positronium correlates with the free volume
of the matrix. Figure 2c shows the decay curves, whose intensities are normalized using the maximum intensity
of the Ce:SBOx glasses. The cavity size can be calculated from the decay constant of the third component®. Fig-
ure 2d shows the cavity diameter as a function of the V), of the Ce:SBOx glasses. The cavity diameter increased
with increasing V), which agrees well with the trend of elastic moduli. Thus, we assume that the large cavity of
strontium borate glasses is one of the origins of their low elastic modulus.

The cavity of borate glasses is related to the borate network structure consisting of three-coordinated boron
(BOsy,) and four-coordinated boron (BO,,). On the other hand, oxygens connected to boron cations are classified
into non-bridging and bridging oxygens in the matrix®>>*°. The shift in the binding energy of oxygen in the X-ray
photoelectron spectroscopy (XPS) profile suggests the oxygen state, thus distinguishing between bridging and
non-bridging oxygens. The O 1s XPS spectra can be discussed based on the optical basicity proposed by Duffy
and Ingram!. The optical basicity of the host glasses can be calculated using the reported values'=. Since the
optical basicities (A) of SrO and B,0; are 1.10 and 0.42, respectively®, the A of the 40SrO-60B,0; glass (0.692) is
the highest, while that of the 255rO-75B,0; glass is the lowest (0.59). Here, we present a previously reported XPS
result of binary strontium borate glasses®”. Figure 3a shows the O 1s XPS spectra of (100-y)SrO-yB,0;, glasses,
whose chemical compositions were confirmed by inductively coupled plasma-atomic emission spectrometry.
The binding energy of the oxygen continuously shifted without any remarkable spectral change. However, it is
difficult to deconvolute these peaks into more than two components without a subjective viewpoint. Therefore,
we assume that all the oxygens in these glasses are bridging oxygens. Figure 3b shows the O 1s binding energies
(error bars: £0.2 eV) of (100-y)SrO-yB,0; glasses as a function of theoretical optical basicity®’. The coloured
region corresponds to the present chemical compositions. Considering the previous results, all the oxygens in
the present glasses are considered bridging oxygens. To examine the BO bonding, that is, the main glass network,
"B magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy was performed. Figure 3¢
shows the "B MAS NMR spectra of the glasses, with the peak area normalized using the number of B cations.
The broad non-symmetric peak at around 15 ppm corresponds to BOs,, and the BO;), units are further classi-
fied into BOsy, ring and BO;, non-ring structures. The sharp peak at around 0 ppm is attributed to BO,,,***!. In
the BOy, unit, other cations (Sr or Ce in this study) are located near the B cation to compensate for the negative
charge. Hence, compared with BO;,, BO,, has a more packed structure, which affects the density of glasses.
Further, we estimated the BO,,, ratio in each glass by peak deconvolution. Figure 3d shows the BO,, ratio and
fraction as a function of V). As shown in Table S2, the V), is linearly correlated with the ratio and fraction of
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Figure 3. Static structure factors of Ce:SBOx glasses. (a) O 1s XPS spectra of (100-y)SrO-yB,0, glasses”. (b)
O 1s binding energy of (100-y)SrO-yB,0; glasses as a function of theoretical optical basicity*”. The coloured
region indicates the present glass compositions. (c) ''B MAS NMR spectra of Ce:SBOx glasses. The dashed lines
indicate ring BO;,, non-ring BOs),, and BO,, after peak deconvolution. (d) Ring BO;,, non-ring BOs,,, and
BO,,, ratio and their fractions as a function of B,O; fraction. The BO,,, fractions were calculated from the B,0O5
fraction and BO,,), ratio.

each unit. The ratio and fraction of the BO;, ring increased with increasing V), suggesting that the increase in
Vu leads to the formation of BOs, ring. Considering the cavity diameter determined by PAS, it is reasonable
that the glass with a higher BO;, ring fraction has a lower elastic modulus®.

We examined the local change in coordination by Sr K-edge X-ray absorption fine structure (XAFS) spec-
troscopy. Figure 4a shows the Sr K-edge XAFS spectra of the Ce:SBO glasses and the SrO reference. Although
the glasses exhibited similar spectra, a slight difference was observed. Figure 4b shows the extended X-ray
absorption fine structure (EXAFS) spectra k* y (k) of Ce:SBO60 and Ce:SBO75 glasses and their fitting curves
(the other results are shown in Fig. S2). The fitting was performed in the k range of 3-12 A, and the fitting
parameters are summarized in Table S3. For fitting, the Debye—-Waller factor was fixed because the binary glass
systems are similar. Figure 4c shows the Fourier transform of the EXAFS spectra of the glasses and the fitting
curves. The fitting was performed in the R range of 1.5-2.6 A (the other results are shown in Fig. $3). Since the
crystalline structure of SrB¢O,, has not been reported, we used SrB,O; (stoichiometric chemical composition:
33.35r0-66.6B,0;)** as a reference. From the fitting curve, we calculated the average coordination number of Sr
cations and the Sr-O distance for each glass. The results are summarized in Fig. 4d, in which the coordination
number and Sr-O distance are plotted as a function of SrO fraction. The data are consistent with our expecta-
tion, that is, the Ce:SBO75 glass with a high V) exhibited a long Sr-O distance and a high coordination number.
Although both the Sr-O distance and coordination number increased with increasing Vy,, the increase in Sr-O
distance with V), is non-linear, similar to vz and cavity diameter. These structural and physical parameters will
be used for PCA in the discussion session.

Next, we examined the optical and luminescent properties of the activator in the strontium borate glasses.
Since the valence state of activators is an important factor for the improvement of luminescence, we determined
the valence state of Ce cations by X-ray absorption near edge structure (XANES) spectroscopy. Figure 5a depicts
the Ce Lyj;-edge XANES spectra of the Ce:SBO glasses and the references (Ce(OCOCH;);-H,O and CeO, for
Ce** and Ce*, respectively). Although the spectral shape is similar to that of Ce(OCOCHj;);-H,0, the spectra
indicate the presence of a small amount of Ce**. After peak deconvolution using the reference spectra, the Ce**/
(Ce** +Ce*") ratio was estimated. The Ce**/(Ce** + Ce**) ratios are 88 +2% (x="75), 85+3% (x=70), 87 +2%
(x=65), and 83 3% (x=60). Although there is no linear relationship between the Ce**/(Ce** + Ce**) ratio
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Figure 4. Sr K-edge XAFS analysis of Ce:SBOx glasses. (a) Sr K-edge XAFS spectra of Ce:SBOx glasses and SrO
reference. (b) EXAFS spectra k* x (k) of Ce:SBO60 and Ce:SBO75 glasses and their fitting curves. (c) Fourier
transform of EXAFS spectra of Ce:SBO60 and Ce:SBO75 glasses and their fitting curves. (d) Coordination
number of Sr cation and Sr-O distance as a function of SrO fraction.

and the optical basicity, the Ce**/(Ce** + Ce**) ratio roughly decreased with increasing optical basicity, which
is consistent with previous reports'~. Despite melting in an inert atmosphere using a reducing agent, a Ce**/
(Ce** +Ce*) ratio of 100% cannot be achieved®. The Ce**/(Ce** + Ce**) ratio of the prepared glass is higher
than that previously reported?®. This is attributed to the different preparation processes, that is, calcination was
performed before melting in the previous study®. Considering the Ce**/(Ce** + Ce*") ratio, we assume that
Ce**, whose oxidation is restricted during the present melting, affects the luminescence and optical absorption
properties of Ce:SBOx glasses.

Figure 5b shows the optical absorption spectra of the Ce:SBOx glasses with different B,O; fractions. The
absorption spectra of the Ce-free SBOx glasses are shown for comparison. Considering the previous results
for the optical properties of SrO-B,0; glasses?, the complex absorption bands in the UV region are attributed
to the 4f~5d and 4f-6s transitions'>'**. No absorption band corresponding to O-Ce** charge transfer'”*>*
was observed in these spectra, which indicates that Ce* is the main valence state of the Ce cation. The optical
absorption edge due to the lowest 4f~5d transition of Ce** in B,O;-rich glasses is higher than that in B,O5-poor
glasses. Since the 4f-5d transition is affected by the local coordination field, the absorption shift is considered
to reflect the surrounding local basicity of the Ce*" cation.

These absorption bands were analysed in detail by peak deconvolution performed using Gaussian functions
with the six absorptions due to five individual 4f-5d bands and a 4f-6s band, with a full width at half maximum
(FWHM) of 5000 cm™, as shown in Fig. 5¢ and S4. As shown in Fig. S4, the lowest band shifted depending on
the B,O; fraction, while the position of the highest band was almost unchanged. Here, we focus on the energy
difference between the highest and lowest excitation bands, as indicated by the arrows in Fig. 5c. Figure 5d shows
the energy difference between the lowest and highest 4f-5d bands. There is a good correlation between optical
basicity and energy difference with a R? of 0.994 obtained by linear fitting. The higher correlation is consistent
with the findings of previous studies on the theoretical examination of correlation between luminescence and
optical basicity of glasses*?.

The photoluminescence (PL) and photoluminescence excitation (PLE) spectra of the glasses at room tempera-
ture (RT) are shown in Fig. 6a. The optical absorption bands and the PLE bands overlap well, which suggests that
Ce’" is the main valence state giving rise to the excitation band for the emission (Fig. S5). Additionally, the PLE
peak was located at the tail of the absorption spectrum. The PL-PLE contour plot of the Ce:SBO75 glass is shown
in Fig. 6b. Both the PLE and PL peaks blue-shifted with increasing B,O; fraction (Fig. S6), suggesting that both
excitation and emission are affected by the local coordination field. However, the Stokes shift, which is the energy
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Figure 5. Absorption spectra of Ce:SBOx glasses. (a) Ce Ly;-edge XANES spectra of Ce:SBOx glasses. The
references Ce(OCOCH3);-H,0 and CeO, are used for Ce*" and Ce**, respectively. (b) Optical absorption spectra
of Ce:SBOx glasses (solid lines) and non-doped SBOx glasses (dashed lines). (c) Optical absorption spectrum of
Ce in the Ce:SBO75 glass, which is obtained by subtracting the absorption spectrum of non-doped SBO75 glass.
The spectrum can be deconvoluted into six excitation bands (dashed lines). (d) Energy difference between the
highest and lowest 4f—5d transition bands as a function of theoretical basicity.

difference between the two peaks, is almost constant independent of the B,O; fraction. Furthermore, the overlap-
ping areas of the PL and PLE bands changed (Fig. 6¢), as estimated from Fig. 6a. This suggests that the overlapping
peak area increased with increasing optical basicity although the Stokes shift was almost constant. Therefore, we
focused on the broadening of the PL and PLE bands. Figure 6d shows the PL spectra of the glasses with the energy
shift toward higher wavenumbers for normalization of the bandwidth. The result suggests that the energy distribu-
tion of the emission bands becomes narrower with increasing B,0O; fraction (the emission band of the Ce:SBO75
glass is the narrowest). The inset shows the width at full maximum of these bands as a function of optical basicity.
The bandwidths exhibit a behaviour similar to that the PL-PLE overlapping peak area. Additionally, the PLE bands
broadened, as shown in Fig. §7. Thus, the chemical composition, that is, the network structure of glass affects not
only the peak energy, but also the bandwidth. It is noteworthy that the band distribution is the narrowest for the
Ce:SBO75 glass having the lowest V). This is attributed to the narrowing of the spatial distribution of Ce in the
SBO?75 glass, which is the stoichiometric chemical composition of the SrB;O,, crystal. In the SrB4O, host crystal,
the Ce cations are assumed to be located at the Sr sites. Since there is no precise data on the crystal structure of
SrB¢O,, the coordination number of Ce** cations in the matrix remains unclear. The relationship between the Sr
coordination number and the emission properties of Ce®" is discussed in the next section.

The PL decay curves of the Ce:SBOx glasses with excitation energies of 35,700 cm™ are shown in Fig. 7a. As
can be seen, the decay curves slightly deviate from linearity, especially the decay curve of Ce:SBO60, and the
decay constants decreased with decreasing B,O; fraction. Considering the Ce**/(Ce** + Ce*") ratio and the exci-
tation light source (29.4x 10° cm™), it is expected that the absorption properties of Ce*" and the oxidised Ce**
species affect the luminescence decay profiles. Because there is a larger energy overlap of excitation and absorp-
tion, which is the origin of the energy migration of the activators, a non-exponential decay curve is observed
in the Ce:SBO60 glass. The 7,,. decay constants of Ce** in the glasses were obtained by fitting with two decay
components. Figure 7b shows the 7,,, decay constants and the internal quantum efficiency (QE) of the Ce:SBOx
glasses as a function of optical basicity. The 7,/ decay constants and the QE suggest that the Ce:SBO75 glass
exhibit the best performance among all the glasses despite the similar Ce** concentration. The R? obtained by
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Figure 6. Photoluminescence properties of Ce:SBOx glasses I. (a) PL and PLE spectra of Ce:SBOx glasses at
RT. The two arrows indicate the excitation and emission energies, respectively. (b) PL-PLE contour plots of
Ce:SBO75 glass. The dashed lines indicate the peak excitation and emission energies. (¢) Areas of overlapping
excitation and emission bands as a function of B,O; fraction. (d) Normalized PL spectra of the glasses with the
energy shift toward higher wavenumbers. Inset shows the PL bandwidth at full maximum.
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Figure 7. Photoluminescence properties of Ce:SBOx glasses II. (a) PL decay curves of Ce:SBOx glasses
measured at an excitation energy of 35,700 cm™. (b) Decay constant 1, and QY of Ce:SBOx glasses as a

function of Ay,

the linear fitting of the decay constant was 0.999. Although the energy transfer, that is, concentration quenching
between the cations is considered to be related to the interatomic distance, the R? obtained by linear fitting of
the decay constant with the V) [Fig. S8(b)] is lower than that in Fig. 7b. Furthermore, the 7, constants change
linearly depending on the optical basicity, while the QEs exhibit a nonlinear dependence on optical basicity.
This suggests a small deviation in the local coordination state of the Ce cations, such as the valence state, the
coordination number, and homogeneity of spatial dispersion. This is discussed in detail in the next section.
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ID Parameters Ce:SBO60 | Ce:SBO65 | Ce:SBO70 | Ce:SBO75
1 Theoretical basicity of host, Ay, 0.692 0.658 0.624 0.590
2 Vi (cm*/mol) 25.50 26.18 27.11 28.36
3 Fraction of B atom, f; (atom%) 31.6 329 34.1 40.0
4 Fraction of Sr atom, f;, (atom%) 10.5 8.9 7.3 5.9

5 T, (°C) 634 636 631 618

6 vy (GHz) 37.06 36.95 36.06 34.48
7 ¢;; (GPa) 120.3 116.1 106.9 93.94
8 Cavity diameter, ¢ (nm) 0.341 0.343 0.347 0.366
9 BO;, ring ratio, 7, (%) 49.5 52.1 56.1 62.2
10 | BO, ratio, rgo, (%) 413 40.2 36.7 304
11 Coordination number of Sr, CNg, 6.34 6.29 6.56 7.13
12 ?S)ircgr};liili){"f(eAreEnce between the lowest and highest 4f-5d absorption bands 13.18 12.87 12.65 12.40
13 PL-PLE overlapping peak area, op;, 1.28 1.25 1.14 1.00
14 PL decay constant, 7 (ns) 34.53 35.12 35.79 36.35
15 Quantum efficiency, QY (%) 60 69 72 72

Table 1. Physical parameters of Ce:SBOx glasses.

Discussion

Glasses are generally analysed based on their chemical composition. However, chemical composition is not always
the best parameter to evaluate the physical properties of glasses. In case the physical property values of glass
change nonlinearly with the chemical composition, an alternative parameter that scientifically correlates to the
data needs to be used. In this study, we used the optical basicity (i.e. B,O; fraction) and Vy; of Ce:SBOx glasses
to examine the structural, optical, and luminescent properties. It should be noted that the B,O; fraction reflects
only the cationic ratio in glass, not the glass network. Therefore, we think that density-driven analysis is suitable
for the examination of glass, especially for the structure and mechanical properties. Since the physical values
change depending on the origin or a combination of origins, we evaluated the correlations by linear fitting. As
shown in the results section, some parameters exhibit nonlinear dependence on the chemical composition. For
these parameters, the V), was found to be better than the chemical composition (optical basicity) for evaluation.
For most data exhibiting nonlinear compositional dependence, an inflection point can be observed between the
SBO65 and SBO70 glasses. To explain these nonlinearities, we assume that the glassy states of strontium borate
glass were changed by crossing the borderline of the SrB,O, (33.3Sr0-66.6B,0;) phase*?, and that such nonlin-
earity originates from the structural changes of glass network, i.e., the difference in connection of borate units.

Here, we discuss the origin of the cavity determined by PAS. The boroxol ring structure has been reported
for B,O; glasses based on diffraction analysis*>*, The cavity in the boroxol ring should be smaller than 2.75 A%,
which is smaller than that calculated in this study (3.4-3.7 A). Besides, since the first sharp diffraction peak
(Qrspp) appears at ~ 1.55 A~145, the periodicity (21/Qggpp) is approximately 4 A. Therefore, the cavity detected by
positronium is considered to be outside the boroxol ring and might exist between the ring structures. Since the
cavity is almost inversely proportional to v, the two data points should be related to each other.

We used PCA to determine the relationship between several numerical data. Although PCA is a mathemati-
cal analysis based on numerical datasets, the correlation factors can indicate indirect relationships. As shown
in Table 1, several numerical data are used with different units, properties, and structures at different distance
ranges, which are shown in Figs. 1, 2, 3, 4, 5, 6 and 7. The correlation matrices of these data obtained by PCA are
shown in Table 2. First, we compare the dependences of the parameters on the theoretical basicity of the host
(Ay) and V). Although the correlation factors appear similar, some differences exist. The correlation factors of
Ay, are mostly higher than those of V), for the optical and luminescent properties, while the correlation factors
of Vy are higher for the structural parameters such as the ratio of the BO;, ring, ,,,, and cavity diameter (¢).
Since the Ay, is a parameter of the average basicity of oxygen, the linear dependence of optical basicity proves
that the Ce cations are homogenously dispersed in the glass matrix. Moreover, the QYs of the Ce:SBOx glasses
have a smaller correlation than the other parameters, indicating that the efficiency is dominated by the local
coordination states of the Ce** cations, although precise data on the spatial distribution of all the cations are
unavailable. Considering CNg,, it is speculated that there is no clear relationship between the local coordination
of Ce** cations and the coordination of Sr sites. In other words, the Ce** cations are expected to be located not
only at the Sr site but also at the interstitial site in a random network. Even in SBO75 glass, which is the stoichio-
metric chemical composition of SrB4O,, crystal, it is expected that the Ce sites are not fixed in the glass network,
which is the origin of the wide emission and excitation spectra. Additionally, spatial diversity is considered the
cause of PL and PLE band broadening. Next, we focus on vy, which is a macroscopic property of glass and is
highly correlated with ¢;;, BO, ratio (rpo4), Sr coordination number (CNg,), and the PL-PLE overlapping peak
area (op; ). Additionally, the fractions of B atoms, fs, T,, and 7,;,, have relatively higher correlations. Although vy
and these parameters, except c,;, are not directly correlated, the correlation between the borate network and vy
seems natural. Although we cannot explain the origin of these high correlations, we confirmed that the structural
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Table 2. Correlation matrices of the data. Higher correlations (>0.99) are shown in boldface.

data depend on the density-driven parameter, which can provide information about the network structure. Based
on the results, the numerical data for different distance ranges are considered important for understanding the
complex glass network structure. We emphasize that the PCA-based numerical examination is an effective ana-
Iytical approach for glasses consisting of various network structures. Thus, the inferences drawn from the PCA
evaluation need to be carefully discussed. We expect that this experiment-based numerical analysis will become
an important analytical approach in the near future, especially for multicomponent glass systems.

Conclusion

We compared the dependences of the various properties of Ce-doped strontium borate glass on chemical compo-
sition and Vy; by PCA and found that the structural data are highly correlated with the density-driven Vy;, while
the optical data are correlated with the chemical composition, i.e., optical basicity. The cavity size determined
by PAS seems to be correlated with vg, which reflects network connectivity. The ratios of BO,;, and BO; ring
exhibit an almost inverse relationship, indicating a structural change from BO; ring to BO,,, with the addition of
Sr cations. Because of the outermost shell electrons, the optical and luminescent properties of Ce** are affected
by the chemical composition. The correlation of optical absorption bands and PL decay constants with optical
basicity suggests that Ce** is homogeneously dispersed in the matrix. Moreover, the quantum efficiency of the
Ce-doped glass exhibits a nonlinear dependence on composition and V). Numerical analysis by PCA supports
our traditional expectation and predicts an indirect correlation in the random network of glasses.

Methods

Preparation of Ce-doped strontium borate glasses. The starting chemicals for the Ce-doped stron-
tium borate glasses were SrCO; (99.9%), B,0; (99.9%), and Ce(OCOCH;);-H,0 (99.9%). Before using B,Os, we
measured the weight loss of B,O; during heating by DTA and weighed B,O; by accounting for the weight loss.
All chemicals were mixed and placed in Pt crucibles, which were then placed in a SiO, tammann tube furnace.
The tammann tube was vacuumed to less than —0.1 MPa, and then a high-purity Ar gas (99.999%) was purged.
The above vacuum and purge processes were repeated three times to ensure that all the air was removed. During
the glass melting process, the flow of Ar gas was controlled at a rate of 0.5 L min™! and heated at 1100 °C for 2 h
in an Ar atmosphere. After keeping at 1100 °C for 20 min, the glass melt was quenched on a stainless steel plate
kept at 180 °C. After quenching the glass melt, the obtained glasses were annealed at the T, which was measured
by DTA for 1 h. The concentration of Ce was fixed as 0.1 mol%, which is the optimum concentration determined
in a previous study?. The bulk glasses were cut into several pieces (10 mm x 10 mm) using a cutting machine and
the samples were mechanically polished (thickness ~ 1 mm) to obtain mirror surfaces. The T, was determined by
DTA using a Rigaku TG8120 differential thermal analyser (Japan) at a heating rate of 10 °C/min. The error bar of
the T, was +3 °C. The density of the annealed samples before cutting was measured by the Archimedes method
using pure water as the immersion. The error bars of the density measurement were+0.01 g-cm™.

Measurement of optical and mechanical properties. The absorption spectra were recorded at RT at 1
nm intervals using a UH-4150 UV-visible spectrophotometer (Hitachi High-Tech, Japan). The refractive indices
(error bars+0.0001) were measured using a prism coupler (Metricon, NJ) at 452, 633, and 832 nm. The refractive
indices at 532 nm were calculated from the wavelength (A) by Cauchy fitting [A + B/(1?) + C/(I*)], where [ is the
wavelength, and A, B, and C are the fitting parameters. The Brillouin shifts (vg) of the glasses were measured by
the high-resolution modification of a Sandercock-Fabry-Perot system; the experimental details are presented
elsewhere. The longitudinal sound velocity (V;) was calculated by the equation V| =vgA/2#s3,, where vy, A, and
1535, are the Brillouin shift, wavelength of incident light (=532 nm), and refractive index at 532 nm, respectively.
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The c,, values were calculated by the equation ¢, =pV;?, where p is the density. Positron annihilation lifetimes
were measured using a Toyo Seiko PSA TypeL-II system with an anti-coincident system*®. A ?Na source with a
diameter of 15 mm was encapsulated in a Kapton film. The accumulated counts for each sample were 107.

11B MAS NMR spectroscopy. The "B MAS NMR spectra of the glasses were acquired using a JEOL
DELTA 600 spectrometer (11.75 T) at 160.5 MHz using a 4 mm double resonance MAS NMR probe with a ZrO,
rotor. For each sample, 512 acquisitions were obtained with a pulse delay of 3 s, pulse width of 0.3 us, and tip
angle of 15°. The "B MAS NMR spectra were corrected and referenced against a 1 M H;BO; aqueous solution
at 19.6 ppm. To estimate the population and NMR parameters of the boron species, spectral deconvolution was
performed using the DmFit 2002 program with a ‘Q-mas 1/2° model®, assuming the presence of three boron
species. The chemical shift of !'B was mainly affected by its first coordination number, i.e., BO; and BO,. It was
necessary to introduce two three-coordinated boron species for ring and non-ring structures (BO; ring and BO,
non-ring), and four-coordinated boron (BO,).

XAFS spectroscopy. The Sr K-edge and Ce L-edge XAFS spectra were measured at the BLO1B1 and
BL14B2 beamlines of SPring-8 (Hyogo, Japan). The storage ring energy was operated at 8 GeV with a typical
current of 100 mA. The Sr K-edge XAFS measurements were performed using a Si(111) double-crystal mono-
chromator in the transmittance mode at RT, while the Ce Lj;-edge XANES measurements were performed
using a Si (111) double-crystal monochromator in the fluorescence mode using a 19-SSD detector at RT. The
XANES spectra were recorded from 5.52 to 6.18 keV. For the measurements, pellet samples were prepared by
mixing the granular sample with boron nitride. For reference, the XANES spectra of SrO, Ce(OCOCH;);-2H,0,
and CeO, were measured under the same conditions. The Sr K-edge XAFS spectra were fitted using SrB,O; as a
reference. The numerical data are provided in the ‘data_NIMS_MatNavi_4296667309_1_2’ file of the Inorganic
Material Database (AtomWork)®, which is obtained from a previous study”'. The corresponding analyses were
performed using ATHENA and ARTEMIS software™.

Luminescence measurements. The PL and PLE spectra were recorded at 1 nm intervals at RT using a
F7000 fluorescence spectrophotometer (Hitachi High-Tech, Japan). For PL measurements, slits of 2.5 nm were
used for both excitation and emission. The absolute quantum efficiencies, also known as QYs, of the glasses were
measured using a Quantaurus-QY integrating sphere spectrometer (Hamamatsu Photonics, Japan). The error
bars were + 2. The emission decay was measured at RT using a Quantaurus-Tau system (Hamamatsu Photonics,
Japan) with a 340 nm LED. The accumulated counts for evaluation were 50,000.
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