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1 | INTRODUCTION

Vitreous silica and silica derivatives are benchmark materials
for high-power fiber lasers. Depending on operation wave-
length, they may incorporate a variety of rare-earth activa-
tor species such as Yb or Tm ions. Additions such as Al,O;
or B,O; are used in order to modify the silica backbone to-
wards tailored optical performance (e.g., reducing activator

b
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We use low-temperature heat capacity, low-frequency Raman scattering, and THz
time domain spectroscopy in order to scale the vibrational density of states and the
Boson peak in SiO,-Al,05-B,05 Yb-laser host glasses. When substituting B,O5 for
Si0O, at constant Al,O5 dopant level, we find an optimal value for the ratio of B/Al
in terms of mixture stability, at which the excess in the electron donor capability of
Al,O5 (relative to the SiO, backbone) is compensated by the more acidic B,O5. At
this composition, Al,O5 plays a mediating role in the structure of aluminoborosili-

cate glasses, facilitating dissolution of Yb,05; and admixture of B,O; into the SiO,

glass, heterogeneity, optical fiber, silica, Yb-doping

interactions at maximum activator concentration).' Specific
formulations are often found in empirical ways, mostly sub-
ject to the constraints of high-purity synthesis routes in terms
of achievable dopant levels and material homogeneity. More
systematic design strategies require an improved understand-
ing of the specific interactions of minor components within
the backbone of vitreous silica. Despite several studies made
in the Si0,-Al,05-B,0; (SAB) glass system, there are still
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unanswered questions regarding structure, dynamic features,
and mixing of the network-forming cations.>* Due to the
experimental difficulties of obtaining homogeneous glasses
consisting only of glass-forming oxides,” ' network mod-
ifiers are frequently added to the base composition, which
facilitate conventional melt-quenching of glass samples, but
fundamentally change the chemical behavior of the glass sys-
tem due to their strong interactions with the network-forming
oxides.!! Direct measurements of the intermediate-range
structure of glasses remain challenging: the length scales of
interest surpass the typical scale of pair distribution analysis,
but are still below the capabilities of contemporary analytical
imaging methodology. In this report, we consider the effect
of B,0; additions on the intermediate-scale structural het-
erogeneity in Al,Os-doped silica as a host material for lasing
Yb** centers.

Analyzing the vibrational density of states g(w) (VDoS)
and its low-frequency anomalies provides a means for prob-
ing structural heterogeneity. Most prominently, the so called
“Boson peak” (Bp, an excess in the low-frequency [~THz]
VDoS), has gained considerable research interest as a uni-
versal feature of glassy materials.’>!” It can be traced ex-
perimentally through optical spectroscopy techniques such
as low-frequency Raman scattering18 and THz time domain
spectroscopy (THz-TDS)," but also, for example, via low-
temperature specific heat capacity measurements.'> It has
been established that the spatial variability of elastic proper-
ties plays a central role in defining the Bp.20 Elastic heteroge-
neity is intrinsically related to the intermediate range order,”!
therefore, investigations of the low-frequency vibrations
and their interaction with acoustic waves provide a suitable
method for examining structural features of glasses on such
length scales. 12,22

For the present report, we probed the low-frequency modes
of ytterbium-doped ternary aluminoborosilicate glasses
through the combined analysis of low-temperature heat ca-
pacity, low-frequency Raman scattering, and THz time do-
main spectroscopy. By this approach, we aim to derive design
routes for specific glass formulations which would facilitate
cation clustering (or de-clustering) toward controlling the in-
teractions between optically active ion species.

2 | EXPERIMENTAL PROCEDURES

2.1 | Sample preparation

Ternary [(Si05)gg4.« — (B2O3), — (Al,O3), 5] glasses, with
1.25 < x < 9.35 were prepared by reactive powder sintering
of nanoscale silica.>>? All glasses were doped with 0.1 mol%
Yb,0;5 as a representative optical probe for the precipitation
of activator species. The constant Al/Yb ratio of ~15/1 was
kept for all samples in reference to previous studies which

reported a homogeneous distribution of the ytterbium ions
at this ratio.”** The presence of SiCl, and hydroxyl groups
was determined by wavelength-dispersive electron probe mi-
croanalysis (WD-EPMA, also used for verifying the overall
chemical composition) and FTIR, respectively. The measured
impurity concentrations are less than 0.06 mol% of SiCl, and
less than 10 ppm of OH. All samples were colorless, except
for the one with x = 1.40 whose light-yellow coloration is
an indicative of the presence of Yb**. In order to determine
the ytterbium oxidation state, photoluminescence excitation
and emission spectra (PL) of the synthesized samples were
taken with a Horiba-Jobin Yvon Fluorolog FL3-22 spec-
trofluorometer equipped with double grating excitation and
emission monochromators in the wavelength range of 265-
1100 nm, using a continuous xenon-arc lamp (450 Watts) as
an excitation source. The spectra (see Figure S1) confirm that
Ytterbium was present primarily in the form of trivalent ions,
and that the concentration of Yb** is low for all samples ex-
cept for the one with x = 1.40.

2.2 | Material characterization

Physical characterization involved the determination of
density (Archimedes method, using dry ethanol as immer-
sion liquid) and refractive index (Metricon, Prism coupler
2010, operating at 4 = 633 and 1300 nm). Longitudinal
and transversal sound wave propagation times were meas-
ured with an accuracy of 1 ns by means of piezoelectric
transducers (Echometer 1077; Karl Deutsch, operating at
frequencies 8-12 MHz) and from the results the elastic
moduli were calculated.>'® The surface and scratch hard-
ness were investigated through instrumented indentation
testing with a nanoindenter (G200; Agilent Inc., operating
in continuous stiffness mode), equipped with a three-sided
Berkovich diamond tip. Measurement conditions of strain-
rate sensitivity and scratch hardness methods are described
elsewhere. 3%

Raman scattering spectra were collected on a Renishaw
Invia micro-Raman spectrometer equipped with a notch fil-
ter for collecting spectra at low frequencies. Samples were
excited with an Argon laser (gratings: 2400 lines/mm) at an
excitation wavelength of 514.5 nm. The signal was collected
with a CCD camera in the range from 10 to 1998 cm™", using
a 50% objective. A constant baseline was subtracted individ-
ually and all spectra were normalized by their total area. The
low-frequency part of the Raman spectra (<200 cm™") was
corrected for air scattering. The measured intensity Zo,,(wg,T)
was converted into the reduced intensity by36
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where ((UE, T) [exp <—T> - 1] is the Bose—Einstein
population factor, @y, is the Raman shift in cm™'; ¢ is the speed
of light in vacuum, 7 is the absolute temperature, and 7 and k
are the Planck and Boltzmann constants, respectively.

THz time-domain spectroscopy (THz-TDS, RT-10000;
Tochigi Nikon Corporation) was conducted in the spectral
range of 0.2-4 THz, whereby low-temperature-grown GaAs
photoconductive antennas were utilized for both the emitter
and detector. The time window of the measured THz time-
domain waveforms was 54 ps. To account for the effect of
multiple reflections within the samples, the complex trans-
mission coefficient #(wy7;) as a function of frequency wy,
was calculated as follows:

exp (i (n, — 1) dywr,/c
t(wTZ) = tvstsv : ( ( P ) 44 ) s (2)
1 —r,, (o) exp (2ndwr,/c)

where #; = 2n;/ (n; + nj) and r; = (n;— nj) / (n; + nj) are
the complex Fresnel's transmission and reflection coefficients,
respectively, at the interface between regions i and j; n; is the
complex refractive index of the region i and d; is the sample
thickness. The subscripts v and s represent vacuum and sample,
respectively. The extinction coefficient k (imaginary part of the
complex refractive index) was converted to the absorption co-
efficient & = 4nkwy;,/c.

Low-temperature isobaric heat capacity measurements
were conducted in a physical property measurement system
(PPMS; Quantum Design). Samples were cut and polished to
small discs of about 2-3 mm in diameter and 1 mm in thick-
ness, with masses of approximately 15 mg. The heat capac-
ity measurements were done via the relaxation technique,
at temperature intervals of 10 K between 300 K and 50 K,
5 K between 50 K and 30 K, 2 K between 30 K and 20 K,
and 0.5 K between 20 K and 2 K, applying a logarithmically
varying step-size. The VDOS, g(wp), was extracted from
specific heat data using the coherent-potential approximation
(CPA) 7%

C, (D) | docpg (0cp) (0ep/T) ————— 3)

[*)
J 0 eha’cp/ (ksT)
! [ehwcp/(kgr) _ 1]2
where, C,(7) is the isobaric specific heat and wcp is the fre-
quency in rad/s. The data fit was done by Tikhonov regular-
ization, using the transversal and longitudinal sound velocities
and the Debye cut-off kp = (6n*NIV)'? for input, with N and
V being the number of atoms and the volume of the system,
respectively.

Infrared reflectance spectra were collected on an atten-
uated total reflection-Fourier transform infrared spectrom-
eter (ATR-FTIR, Perkin Elmer) across the spectral range of

450-4000 cm™" with a resolution of 16 cm_l, averaged over
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50 individual scans. Absorption spectra were calculated
by Kramers—Kronig transformation, a(v) = 4nvk(v), where
a(v) is the absorption coefficient, k(v) is the imaginary
part of the complex refractive index, and v is the infrared
frequency.

UV-Vis-NIR absorbance spectra were collected on 1 mm
thick samples, polished on both sides, with a double-beam
spectrophotometer (CARY 5000; Agilent technologies) over
175-3300 nm spectral region.

Complex impedance measurements were taken with
a Novocontrol Alpha-A impedance spectrometer paired
with a Novotherm temperature control system. Cylindrical
samples with a diameter of 8 mm and thickness of 3 mm
were polished on both sides and sputtered with a thin
gold film. Measurements were made at temperatures from
250°C to 300°C, with intervals of 10°C and at frequencies
from 107" to 107 Hz using a fixed voltage amplitude of
1V.

Unless otherwise specified, all measurements were con-
ducted at ambient pressure and temperature.

3 | RESULTS

3.1 | Physical characterization

The obtained physical properties of the studied glasses are
summarized in Table 1. Density, refractive index, and elas-
tic moduli decrease upon the addition of B,Oj; surface and
scratch hardness values follow the trend of the bulk modu-
lus.*’ The strain-rate sensitivity is a useful probe of the de-
gree of localization of plastic deformation in glasses, with
small values indicating more heterogeneous and “confined”
flow events.**** The compositional dependence of the
strain-rate sensitivity indicates the presence of two regimes:
up to ~4.3 mol%, replacing SiO, by B,0; results in higher
strain-rate sensitivity, indicating that plastic deformation is
more homogeneously distributed across the glass network.
Beyond that degree of substitution, no further change is ob-
served for m. A similar compositional dependence is seen
in the ratio of scratch hardness to surface hardness, which
remains constant up to ~2.5 mol% substitution, and then
slowly decreases.

3.2 | Raman- and Infrared Spectroscopy

The Raman spectra of all samples after area normaliza-
tion are shown in Figure 1A. The overall spectral shape
is quite similar for all glasses. The most notable changes
are related to the silica main band (~440 cm_l): the ob-
served intensity is reduced between pure SiO, glass and
the sample with 1.25 mol% B,0,, then remains constant
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TABLE 1 Mass density p, refractive index at 633 nm, Young's modulus E, bulk modulus K, Poisson's ratio v, atomic packing density Cg,

strain-rate sensitivity m, and ratio of scratch to surface hardness H/H

Concentration
B,0; (mol%) p (g/cm3) n E (GPa) K (GPa) v Cg m H/H
1.25 2.216 (+0.006) 1.4613 (+0.0001) 73.3 (+0.9) 38.4 (+0.5) 0.182 0.4584 0.0054 0.61
1.40 2.217 (+0.002) 1.4618 (+0.0001) 73.3 (%1.5) 38.4 (+0.8) 0.182 0.4586 0.0069 0.62
2.50 2.211 (+0.003) 1.4608 (£0.0001) 71.4 (+£1.0) 37.5 (£0.5) 0.183 0.4592 0.0069 0.62
4.30 2.195 (+0.004) 1.4602 (£0.0002) 67.3 (x1.1) 36.1 (+0.6) 0.190 0.4585 0.0100 0.58
6.85 2.178 (+0.004) 1.4595 (+0.0001) 62.2 (+1.0) 34.3 (£0.6) 0.198 0.4588 0.0099 0.57
9.35 2.154 (+0.001) 1.4588 (£0.0004) 57.5 (£0.6) 32.9 (£0.3) 0.209 0.4571 0.0098 0.56
A L) ) L] ) * L) L ] B 1 0 - b | ¥ L) i ) L] )
A) 1.0F B,0, (mol%) E ®) B,0, (mol%)
3 — 3
—_ 0.00 (pure SiO,) 1 i) 0.00 (pure SiO,)
*2 08F 1.40 E § 0.8 F 1.40
= L / — 125 1 . | —1.25
: — 250 - ——250
0.7F / : - :
'C% ﬁ 430 S 06F 430
o / — 685 3 | —6.85
> 05 _ —— 935 - —935
R7 O 04}
N
5 03f =
- <
= £ 02}
02} 5 ‘
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FIGURE 1 (A)Raman scattering spectra and (B) and normalized absorption coefficient scattering spectra (FTIR) of aluminoborosilicate

glasses. Silica glass is shown as a reference [Color figure can be viewed at wileyonlinelibrary.com]

up to 2.5 mol% and increases again for higher boron con-
centrations; the silica defect bands*® at D, ~ 490 cm™' and
D, ~ 600 cm™" are similarly affected by the increasing B,04
concentration. The addition of boron oxide also causes the
appearance of a broad band at ~688 cm™', a strong band
located at ~935 cm™' and a weaker band at ~1365 cm™".
These bands are assigned to breathing modes of borosili-
cate rings, Si-O™ stretching vibrations and isolated [BOj;]
groups, respectively.“"47

Figure 1B shows the IR absorption coefficient of the
synthesized glasses. In agreement with the Raman scatter-
ing data, the IR spectra exhibit similar band shapes among
all samples. The spectra are dominated by the characteristic
vibrations of vitreous silica. The envelopes between 800-
900 cm™" and 1050 cm™'-1300 cm™" correspond to bend-
ing and stretching vibrations of the silica network.*® With
the addition of B,O3, two bands emerge at around 932 and
1385 cm_l, and a shoulder develops around 1115 cem”
These vibrations are assigned to B-O-Si linkages, BOj; trigo-
nal groups and Si-O-B vibrations among mixed first-shell
neighbors, respectively.49 Additionally, glasses with B,05

concentrations above 6.85 mol% also develop a weak feature
around 700 cm™', which can be attributed to B-O-B bond
bending vibrations.*>

3.3 | Low-temperature C,, low-frequency
Raman, VDOS and THz-TDS

The reduced low-frequency Raman spectra, excess heat
capacity (CP/T3), VDOS (g(a))/wz) extracted from specific
heat data according to Equation 3, and absorption coefficient
from THz-TDS of aluminoborosilicate glasses are shown in
Figure 2.

The peak frequencies, gy, of Raman, Cp—VDOS, and
THz-TDS are shown in Figure 3. The compositional depen-
dency of the peak position changes for each method used to
probe the Bp, reflecting the different natures of the applied
stimuli: thermal vibrations (C,,) or short- (Raman) and long-
wavelength (THz-TDS) electromagnetic waves; regardless,
all three change their scaling at 4.3 mol% B,0;. In addition,
the low-frequency band intensities inversely follow the wg,
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FIGURE 2 Boson peak in (A) . . T (B) . T
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60 & > 0 0 180 investigated, the incorporation of boron oxide in the silica net-
ssh % * 1165 work occurs via the incorporation of trigonal [BOs] units.”' 3
; Furthermore, in alkali-containing glasses, the addition of
S0F : ]%;W'?gqs“ency Raman ¢ 1150 AlL,Oj inhibits the formation of [BO,] groups, as [Al0,"] are
— z- _ . .
W g 4s| = vDOS . ¢ 1135 gje favored over [BO, ] groups for charge balancing,”*° result-
S & = ing in a net conversion of tetrahedrally coordinated boron to
540 F R A 41.20 E trigonal, with aluminum being incorporated in the tetrahedral
s 3 A A A ] 105 ~ sites previously occupied by boron. This results in the for-
' mation of aluminum “bridges” -B-O-Al-O-Si- between the
30 ® - - = 40.90 silicate and borate glass networks,9 which is consistent with
- ’ the common practice of adding small amounts of Al,O5 to
25 1 1 1 1 1 1 1 1 1 1 1 0.75
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FIGURE 3 Value of wg, from I.4(») (red diamonds), THz-
TDS (blue triangles) and C,-VDOS g(w)/w2 (green squares)

for aluminoborosilicate glasses [Color figure can be viewed at
wileyonlinelibrary.com]

that is, when wg, shifts to lower frequencies, the correspond-
ing intensity increases.

4 | DISCUSSION

4.1 | Short-range structure and mixing of
network forming species

Several studies on the structure of high-silica borosilicate
glasses agree that in the compositional range presently

alkali-borosilicate glasses so as to avoid phase separation.
NMR studies in aluminoborate glasses confirm that there is a
strong preference for the formation of Al-O-B 1in1<ages.57'59
Regarding the present ternary glass series, the incorpo-
ration of boron oxide mainly as trigonal units is consistent
with our mechanical characterization. The Poisson's ratio is
a convenient probe of the overall network dimensionality,*
and its observed increase with increasing B,O5 concentration
suggests a continuously decreasing dimensionality due to the
addition of 2D triangular planar [BO;] units in a fully polym-
erized [SiO,] 3D network. Interestingly, the atomic packing
density of these glasses remains practically constant, imply-
ing that the decreasing mass density is a result of the substi-
tution of [SiO,] by lighter [BOs] groups. The aforementioned
homogenization in the distribution of plastic flow events (as
signaled by the increasing strain-rate sensitivity) is also con-
sistent with the decrease in intensity of the silica D, and D,
defect bands. It seems likely that the addition of boron oxide
preferentially breaks the highly strained 3- and 4-fold rings,
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leading to the appearance of the broad feature centered at ap-
proximately 690 cm™' associated with the breathing modes
of borosilicate rings. With regards to the boron connectivity,
both Raman and IR spectra agree that for samples with less
than 4.3 mol% B,0;, the [BO5] groups seem to be present in
silica or aluminosilicate environments. The appearance of the
700 cm™! feature for x > 6.85 mol% indicates the formation
of B-O-B bridges, and therefore more variability in the borate
environment.

The first coordination shell of the ytterbium ions contains
[AlO,] (and [SiO4]) tetrahedra,28 and the same aluminum
environment is assumed to be the majority in our samples
as it is consistent with literature reports on the coordination
number of aluminum in high-silica glasses.29’61'66 This coor-
dination environment permits the occurrence of the reduc-
tion of Yb*™ to Yb*" and the creation of a positively charged
structural defect (Figures S1 and $2)°7:

hy
Yo L vb! ke @)

Here, hv represents the excitation energy for the charge trans-
fer reaction. It corresponds to the formation of a transient posi-
tively charged hole, /4., which is bound to the oxygen ligand. For
aluminosilicate glasses doped with ytterbium ions, such defects
were identified as Al-oxygen hole centers (OHC), formed by
[AIO4]°.68 In yttrium-doped aluminoborosilicates, the presence
of oxygen triclusters coordinated by one RE ion and two four-
coordinated trivalent species (B*" and AI’") seems to be ener-
getically favorable.”® In analogy, the positive hole created by the
reduction of ytterbium when bound to an aluminum tetrahedron
could take the role of a monovalent ion in the dynamic forma-
tion of the oxygen tricluster.”® Such process could be respon-
sible for the electrical conductivity results (Figure S3), where
the conductivity of our samples is two orders of magnitude
higher than that of fused silica,”’72 and the estimated activation
energies for DC conductivity are much lower than the reported
values for diffusion of Al3+, Yb3+, B3+, Si** and 0%~ in silicate
glasses.m73 A combination of polaron hopping74’75 between the
ytterbium ions of different valence and the tricluster diffusion
by bond switching69 is hypothesized to be responsible for these
results, as the impurity concentrations measured in our samples
are too low to have such a strong effect.

4.2 | Boson peak position and scaling

From the position of the Raman Boson peak, Wgp, an em-
pirical correlation length & associated with the size of the
localized elastic heterogeneities in the glass matrix can be ex-
tracted, & = v/ wBP.76'78 For the investigated aluminoborosil-
icate glasses, the correlation length increases monotonically
with increasing B,0; concentration up to 4.3 mol%, whereas
it strongly decreases for higher substitution levels (Figure 4).

Concentration B,0O, (mol%)

FIGURE 4 Empirical correlation length £ in SAB:Yb glasses
[Color figure can be viewed at wileyonlinelibrary.com]

Such a nonlinear compositional dependence indicates that
there are major changes occurring in the short and interme-
diate range order. The correlation length is expected to be
larger for more open structures and smaller in more densely
packed ones.”® For example, in binary sodium borates, &
was found to be strongly correlated with the size of the su-
perstructural units present in the glass.79 The discontinuity
shown in Figure 4 is consistent with our other results, where
the measured properties are usually divided into two compo-
sitional ranges: up to 4.3 mol% B,0;, and above this value.
Interestingly, density, refractive index, the elastic moduli, and
hardness data do not show this compositional dependence.
As they represent the response of a very large number of
atoms, their behavior is dominated by the disruption of the
3D silica network with the addition of B,0O5. However, char-
acterization techniques which are more sensitive to local en-
vironments show similar nonlinear trends, and always change
in the same compositional range.

A natural explanation for such behavior is that the in-
corporation of B,Oj5 in these glasses does not occur ran-
domly. As already discussed, boron seems to preferentially
disrupt the highly strained three and fourfold silica rings
(as seen from the decrease in the D; and D, defect bands in
the Raman spectra — Figure 1A), but they are a minor com-
ponent of the glassy network, with estimated concentra-
tions of 1% or less.** The results from strain-rate sensitivity
and H/H indicate that the disruption of the silica network
is favored at concentrations above 4.3 mol%, as the dis-
tribution of plastic events in the network is homogenized
and the overall bond dissociation energy starts to change.4o
This threshold is also consistent with the marked increase
in the intensity of the IR band at 1385 cm™ for B,0O; con-
centrations of 6.85 and 9.35 mol%, which is assigned to
the vibrations of isolated [BO;] triangles. Finally, the only
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other possible site that could be preferentially attacked by
boron are the Al-O-Si bridges, which is consistent with our
observations from UV-Vis, photoluminescence, and elec-
trochemical impedance (see Supplementary Information)
as they suggest a higher concentration of the ytterbium-
centered defects (and possibly of oxygen triclusters) for
compositions with lower amounts of B,05. This high de-
fect concentration is then reflected on the compositional
dependence of the activation energy for conductivity as the
presence of boron and aluminum around a reduced ytter-
bium ion is necessary to stabilize the thus-created struc-
tural defects.

Substitution of SiO, by
basic contribution of Al,O; which enhanced the electron
donor capability in SiO,-Al,05 networks (with B,05 add-
ing a more acidic character relative to SiO, or Al,O3). For
a molar content of ~1.5% of Al,O3, the basicity of pure

B,0; compensates for the

T

B,0; (mol%)
1.40 4
1.25
2.50
4.30
6.85
9.35

o]
T

VAOLA D

[o))
T

[\S)
T

g(®)/gp(m) (arb. units)

0.1 0.2 0.3 0.4
0/0p

FIGURE 5 Reduced vibrational density of states g(w)/gp(®)
vs. the rescaled frequency w/wj, [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 6 Schematic representation of aluminum sites in ternary aluminoborosilicate glasses based on NMR investigations
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Si0, is recovered by substituting ~3.5-4.5 mol% of SiO, by
B,0; (see Figure S3). From this chemical viewpoint, such a
substitution ratio could therefore represent the most stable
(best-mixed) state.

In order to investigate the frequency of the Boson peak
with changes in the elastic medium transformation, a Debye
corrected representation for Bp-VDOS is investigated by
evaluating the Debye frequency @wp and Debye DOS gp(w) in
terms of longitudinal and transverse sound velocities®

-1/3
1{1 2
wD=kD lg <v?+v7>] (5)
L T

gp (W)= 30’ /a)?) (6)

Normalizing the frequency by w/wj and the DoS by
g(w)/gp(w) reveals how variations in external parameters
such as temperature, pressure or the amount of polarization
fall within the regime of continuous elastic medium trans-
formations.?' In terms of the CPA model, if disorder does
not change but just the value of the mean elastic constants
or density, all data points should fall onto a single master
curve. In the present investigations (Figure 5), this is clearly
not the case because the addition of B,O5; modifies the glass
structure and, consequently, the state of disorder is changed
by changing the external conditions.®!

For a substitution ratio of 1.7 < B/Al < 2.7 (~2 by in-
terpolation, see Figure S3), the electron donor capability
of the basic Al (and Yb) component is compensated by
the more acidic B species. This reflects in a minimum in
electrical conductivity (Figure S4) and a theoretical optical
basicity which approaches the one of a pure silica glass.
In Figure 6, the three corresponding structural regimes are
depicted schematically: (a) aluminum-sites containing one
or two boron atoms in the second shell for B/Al <2; (b)
aluminum-sites saturated with three boron atoms in the
second shell for B/Al ~2-3 and; (c¢) aluminum-sites with
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details). (A) aluminum sites for B/Al ratio <2, (B) for B/Al ratio ~2-3 and, (C) for B/Al ratio >3 [Color figure can be viewed at wileyonlinelibrary.
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three boron atoms in the second shell and a silica network
containing Si/B-O-B/Si bonds for B/Al >3. Excepting the
sample with elevated Yb** content (1.4 mo% B,03), the
highest PL emission intensity was found for the samples
with B/Al ~2-3, indicating a possible shielding effect of B
in these concentrations. The observations on intermediate
length scales, as probed by the boson peak measurements,
corroborate these interpretations.

5 | CONCLUSIONS
We considered the low-frequency vibrational modes of
aluminoborosilicate glasses as a means to assess material
heterogeneity on an intermediate length scale. Using low-
temperature heat capacity, low-frequency Raman scatter-
ing data and THz-TDS, we scaled the vibrational density
of states and the Boson peak. Across the studied range of
B,0;-for-SiO, substitution, we find a characteristic regime
in which the Boson peak position and the extracted correla-
tion length exhibit a marked discontinuity. This discontinuity
reappears in the macroscopic electrical conductivity, and also
in the strain rate sensitivity of material hardness. The charac-
teristic composition coincides with the theoretical acidity of
a pure silica glass, whereby the electron donor capability of
Al 05 (and Yb,03) is compensated by the more acidic B,0;.
This constitutes an optimal value for the ratio of B/(Al+YDb)
in terms of mixture stability. Al,O5 plays a mediating role in
the structure of aluminoborosilicate glasses, facilitating ho-
mogeneity of the SiO, - B,O; mixed network and dissolution
of Yb,0; into the silica backbone.
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